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SECTION 1

INTRODUCTION

The switch development work reported here was supported by
Sandia Laboratories, Albuquerque under Contract Number 14-1027.
The work was performed using facilities at Physics Interna-
tional's San Leéndro plant. Several important advances were
made in the technology of multimegavolt. gas sw1tches. The chief

accomplishments were:

1. Successful testing of a plastic switch envelope at a
average field greater than (0.5 MV per inch on the plastic,
about twice that in general use at present

2. Sub-nanosecond jitter in the breakdown of a 3 MV
sulphur hexafluoride (SF } switch triggered by an external-
250 kv pulse :

3. Consistent production of multlple channels closely
grouped w1th1n the switch

All of the above were demonstrated in a single pressurized
SF6 switch ipcorpqrating_aévanced and novel featurés. The switch
is compact, of low inductance, simple to trigger, and can be
economically produced in modest guantities. It should therefdreA
be well suited to the new generation of fast risetime, very high

current pulser systems being developed by Sahdia, as part of a

"program to achieve fusion in the laboratory through the electron-

beam-initiated heating of solid materials.

Work was also performed during this contract on multimega-
volt triggered oil switches, again with encouraging results. The
work on the gas switch is summarized in the'foliowing section.
Full details of: the experimental arrangements-ahd procedures are

given in'Appendices_l and 2 for both types of switches.

1
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SECTION 2

GAS SWITCH DEVELOPMENT

2.1 TRIGGERED OPERATION——THEORY AND PRACTICE

The principle utilized is that of the field enhanced
trigger electrode, Figure 1. The trigger electrode is of thin
metal, with a sharp edge located in the region of high field
between the main electrodes. During charging of the switch, the
thin metal liee on the plane of a natural equipotential, Fig-
ure 1(a), from which the trigger pulse then rapidly displaces it,
Figure 1(b). Triggering produces an increase of macroscopic
electric field on one side of the electrode and, in addition, a
large field enhancement at the sharp edge. Breakdown occurs as

a streamer rapidly propagates from the edge.

Obtaining‘COnSistent_low—jitter breakdown depends on making

the total breakdown time small. The breakdown time in a gas

_switch of this type is largely associated with-theiearly motion

of the streamer while it is still close to the sherp edge and

is in turn determined chiefly by the trigger pulse voltage and
by the-diménsions‘of the edge and of the critical streamer _
transit region. It follows, in particular, that as total switch
voltages rise, the trigger voltage need not increase in propor-
tion but instead can remain relatively fixed. At high voltages,
this gives rise to the design knoWn as the V/N switch, the name
of which refers to the fact that the ratio of the total gap
voltage to that between the trigger electrode and ground is a

large number (N). The trigger electrode is physically and
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Trigger
electrode

(a) Mo trigger pulse

(b} With trigger pulse,

Figure 1 - Three electrode, field enhanced switch. TFor con—
venience of illustration, N = 3. '
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electrically close to ground, e.g., in a switch of several mega—
volts the trigger electrode is at a potential of only a few
hundred kilovolts. The trigger pulse voltage has a comparable
or somewhat greater magnitude, and inverts the trigger electrode

potential with respect to ground.

As well as being appropriate in high voltage switches, the -
V/N approach works best with high.field strengths in the’ gas,
since a given fleld enhancement produces a greater degradation
of breakdown voltage the higher the field. The use of SF6 gas
as the switch medium permits the fleld to be maxlmlzed conven-
iently, because the high molecular welght and low-b0111ng peint .
of SF6 enable high densities to be obtained at. modest pressures
and at room temperature. The switch developed 1n the present

work operates at: l75 psig of SF6

The actual switch used is shown in Figure 2. The spacing
between the maln electrodes is 3 inches, to withstand about
3 MV at 175. p51g SF6
diameter dlsk curved to follow. the shape of an equlpotentlal

The trlgger electrode 1s a 2.75-inch

near the ground electrode. It is supported on a stem that passes
through a hole cut in the ground electrode. The trlgger elec—
trode can be made to assume the desired potential by capacitive
lelSlon, ellmlnatlng the need for balanc1ng resistors. To
achieve this, we use the fact that the trigger’ electrode poten-
tial will be that of the equlpotentlal on which it lies. How- :
ever this is only true if the trlgger electrode capac1tance,
ellmlnated by cutting the hole in the ground electrode, is just
made up by . thefcaﬁacitance of the stem to ground The electrodes

were de51gned to achieve such a balance w1th the trigger elec-

~trode about 0.2 inch from ground. The actual balance point was

found by measurlng the breakdown voltege of”theksWitch with
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different trigger spacings, Figure 3. Balance occurred at a
spacing of about 0.25 inch when the breakdown voltage was a
maximum and was equal to the previously determined value without
the trigger electrode present. The trigger electrode potentlal
at this distance is about 250 kV out of 3 MV, l.e., N = 12 for
this switch. |

. The circuit used to determlne the switch jltter is shown in
Figure 4. A Marx generator charges the sw1tch to voltages up to
and just over 3 MV. fThe Marx also charges the trigger llne to
about 250 kv. ‘The trigger line is 1n1t1ally 1solated from the
trlgger electrode by an isolation gap (built into. the trigger:

.electrode support) in order to avoid upsettlng the. capac1t1ve

balance of the switch. A self-closing gas switch. 1nverts the

-voltage on the trlgger line to produce the trlgger pulse at the

switch. This pulse must break down the isolation gap. If the
charging waveform of the trigger line closely follows that of

‘the trlgger electrode, the 1solatlon gap can be overvolted by

a large ratio and will contrlbute little to the jitter. This
was by no means the case in the present experlments, and the
total jitter may have been partly or largely due to the 1solat10n

gap.

A typical set of data waveforms is shown in Figure 5. The.

times of closure of the trlgger switch, the 1solat10n sw1tch and

the maln gap are all clearly indicated on the same- osc1llogram.
Typlcally, the - 1solat10n gap was found to breakdown in 10 nsec
after the arrival of the trigger pulse, and the maln ‘switch after

"a further 12 nsec._ The rms jitter of the main sw1tch closure

tlme was 0.9 nsec measured from breakdown of the lsolatlon
sw1tch and 1.0 nsec measured from the arrlval of the trigger
pulse. This is consistent with most of the Jltter belng due to
the isolation gap. The values include a contrlbutlon of 0. 5 nsec

probable max1mum measurement error.
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Figure 3 Switch breakdown voltage versus trigger electrode
spacing for two values of main electrode spacing
(d) . Switch pressurized with 175 psig SF6.
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Top: v
Pr Ve
Vert. Sens: 0.5 MV/div
) Horiz. Sens: 100 nsec/
div
Bottom: VCSG
Vert. Sens: 100 kv/div .
Horiz. Sens: 100 nsec/
. div
Tese ¥ Vinp
Horiz. Sens: 10 nsec/div (jx
Vrrie

Horiz.'Sens: 5 nsec/div

Figure 5 Typical oscilloscope traces from which timing
data are deriwved.
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The calculated switch inductance with six channels is
about 90 nH, whlch is in better agreement In fact, because the
monitor system - rlsetlme is about 2 to‘5 nsec, the calculated
inductance still appears high; however, this 15 probably due to
the fact that the switch conductors to some extent form a part

of the transm1551on llne itself.

The ex1stence of multiple channels hav1ng essentlally zero
transit time 1solatlon from each other strongly indicates that
the jitter of the main switch is of the order of a few tenths of
a nanosecond at most, again suggesting that the 1solatlon gap
_breakdown tlme may dominate the jitter. However, the 1solatlon
gap delay may possibly assist the multlple channel operatlon by

sharpenlng the trlgger pulse rise.
2.2 ENVELOPE-DESIGN

. Previous gas switches u51ng a single contlnuous plaSth
wall to contain the gas have been subject to oceasional tracking
on the inside surface, necessitating. reflnlshlng'or replacement
of the plastic} " This tracking is typlcally tolerated if it
occurs only once in. every few hundred pulses. In-systems now
contemplated by Sandia there may be one hundred SWltCheS,

maklng such StatlSthS unacceptable, and 1nductance and space

_con51deratlons prohlblt the relaxatlon of fleld levels to reduce .

the tracklng probablllty by a large factor

The SWitch as shown in Flgure 2;was d631gned with a

pressure vessel composed of 14 Lucite ‘rings, each 1/2 inch

thick, separated by thin aluminum spacers. ' The use of a.segmented

envelope is based on the idea that when a track does 1n1t1ate it

- shorts out only ‘one segment, and if there are enough segments

11
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the remainder will still withstand the voltage. Little energy is -,

-

deposited in sparks that only short out one segment, and refinish-
ing is unnecessary. A probability of 10~2 or highér can now be
tolerated for a single segment track on a given shbt, because:
total failure of the stack requires many segments to track -
simultaneously;ﬁ&nd the probability of such essentially inde-
pendent eventé coinciding now becomes many orders éf magnitude-
lower. It was hoped that such a design might operate safely at
fields higher than those commonly used, which are of the order

of 250 kv/inch. ‘ -

Tests were first conducted on individual insulator segménts
of various designs. The chief conclusions from these tests were
that fields of.600 to 900 kV per inch are requiredfto preoduce
tracking on the inside (gas) interface; that a straight gas
interface normal to the metal spacers gave a result at least as
gooed as ahy other shape tried; that careful design of the oufside
(0il) interface is required to reach these fields; that even given (ﬁ\
good design, the limiting failures may still occur at the oil —
interface or at O-ring seals in the plastic rather than the gas '
interface; that Lexan degrades with even low energy tracks on

the gas interface, while Lucite actually becomes better.

Eased'on these results, the design shown in_Figure 2 was
successfully adbptéd. It withstood 3.75 MV, without failure
corresponding to a maximum field of abeout 600 kV per inch in-
clu&ing-io to 12 percent field enhancement. The‘aﬁerage field
is more than tw1ce that quoted earlier -as typlcal of single in-
sulator sw1tches., Occasional tracking of individual segments was
observed to occur, show1ng that operatlon was. 1n accordance W1th X
the design . principles. The results obtained with 51ngle insulators
show that still higher fields might be safely achieved; though
observation of complete flashover in a l2-segment poorly graded
switch at 3 MV iﬁdicatés that further work is neceésary to put

these into useful practice. : S _ - [

12
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Following the jitter test, the switch was installed at one
end of a 20 nsec, 60 ohm pulse line. One objective of this test
was to subject the switch to the current and charge appropriate
to its use in a real application of interest. This objective
was more than fulfilled, since in this test the line was

allowed to ring through the switch.

A more important objective was to measure the switch

risetime. The waveform in Figure 6 was obtained from a capacitive .

“divider in the pulse line and shows a 10 to 90 percent risetime of

just over 3 nsec. This corresponds to a switch inductance of
approximately 85 nH, compared to about 150 nH calculated and
aésuming a single arc channel. This discrepancy is explained by
Figure 7, which shows that from four to eight channels were

regularly obtained.

5 nsec/div

Figure 6 Trace from a capacitive divider pulse
line voltage when switching a 60-ohm line,

13
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2.79 MV 2.60 MV
2.81 MV 2.34 MV
2.65 MV 2.0 MV
C
1.82 Mv
(self-firxe)

2.32 MV

2.67 MV

Figure 7 A sequence of openshutter photographs of the gas
' switch showing multichannel switching. The peak
switch voltage is listed.

14
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GAS SWITCH TESTING



PIFR-605

SECTION A-1

- INTRODUCTION

This report presents the results of the experlmental efforts

by Phy51cs Internatlonal Company under contract to Sandla Labora-

tories for development of a gaseous dielectric’ sw1tch to operate
in an external ¢il environment. "

Gaseous dlelectrlc switch testing began w1th determlnatlon
of the voltage flashover values of a single segment 1nsulator of
a proposed segmented (multistage) envelope. The pulse charge
voltage was derived from a 29-stage air Marx. Condltloned hold-
off values of 440 kV for the 1/2-inch-thick 1nsulator (~ 350 kv/cm)
for a gas presspre of 120_ps1g SF6 were demonstrated for an equiva-

- lent l-cos wt waveform rising to peak in 400 nsec{ The upper

limits were generally set by breakdown through the body from an
O-ring groove edge. ' ‘

A multlstage segmented envelope was tested for voltage hold-
off in the oil tank using the 39-stage Marx. A stack of 12 . seg-
ments without 1nternal electrodes flashed at average envelope _
fields of 160 kV/cm to 190 kv/cm at 120 p51g SF6 ~ This is ‘about
one-half the value for a s1ngle segment. Total holdoff voltage
was 1ncreased by addlng two stages, increasing the pressure and
addlng field shaping electrodes to the end plates.f Fields of
220 kV/cm at 175 psig SF6 were sustalned w1thout flashover.
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In Phase II, the multistage segmented envelope gas switch_
structure was modified to become a triggered switch through the
addition of V/n trigger electrode assembly which included a
built-in trlgger 1solatlon gap (TIG). The self break of the
switch was measured as a functlon of trigger electrode stickout
(TESO) for electrode spac1ngs of 2.5 and 3.0 inches and found
to be near 3. 4 MV for the 3 inch spac1ng and a TESO value of
0.25 1nches.

Jitter measurements of the triggered switch with 300-ohms
isoiation from”tne*Merx system, but with substantial self-
capac1tance due to the field shaping electrodes,.gave a value

of 0 £ 0.9 nsec.g

‘A capa01t1ve monltor 1ndlcated a falltlme of 1ess than
3 nsece (10 to 90 percent) for the switch dumplng a ~ 60 ohm-
oil llne. Multlple channel sw1tch1ng was observed by open-

shutter photography.

-

™
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SECTION A-2

GAS SWITCH TESTING--PHASE I

Gas switch testing‘in Phase I was conducted in two parts.
First a single'seetion of a proposed segmented (multistage)
envelope of a gas switch was tested to determine the limits
of voltage hoidoff for Lucite and Lexan. These materials were
chosen for their:transparency and their reasonable mechanical
properties. Based on the results, a segmented enVelope of
Lucite was assembled and tested for voltage holdoff capability. .

-A.Z.l SINGLE SEGMENT INSULATOR TESTS

Testlng of 51ng1e segment insulaters began with the test
flxture shown in Figure A-1., A scale section of the envelope
and grading rings is given in Figure A-2. A basic schematic of

the test setup is given in Figure A-3.

- The test fixture was placed in a steel tank approximate1y
4 feet wide by 8 feet long with‘the axis of_the envelope'paral-
lel to the tank‘axis and the nearest Lucite plate (gfound side)
approximately 6 inches from the tank end. The fixture.was seti
'bn a 4—inchfthiek.Lucite'sheet,‘ The fixtqre, meﬁitor, ahd a .
portion of the Sefies resistor were'COVered with insulating
oil. After each assembly, the gas enclosure was evacuated and
_ backfllled with' SF6”supp11ed dlrecply‘from a gas:bottle.
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29-stage air Marx

'(20‘nF/stage)

(0,110,220 2)
R series (220 Q)

Test
fisx-

R shunt
(200 2) fure

AN, -
R2(220';110,0 Q)

- To vacuum punmp

Figure A~3 Ba51c ‘schematic diagram’ of Sin

envelope tests

._SF6 supply

gle insulator gas
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The waveform of Figqure A-4 was obtained after a series in-
ductance was added to the Marx generator to slow the risetine
and smooth the oulse shape. The amount of,voltage-applied to
the test ihsulatorlwasrdetermined by the Marx charge voltage
and the voltage'division ratio set by the resistor network.
-Approx1mately 80 percent of the voltage. at the ocutput of Rl
appeared on the 1nsu1ator as a result of (1) the resistive
division of the serles resrstor and the monitor and (2) .the
capacitive loadlng of the test flxture. Rl and- R2 together
consisted of two 110-ohm resistors so that the resistance values
shown were available with the exception that one must be zero
if'the other was 220 ohms. The Marx charge voltage and the
values of Rl and R2 were varied in order—to.cover the entire

voltage range of the tests.

The effect on the output waveform of varylng the . re51stance
values was notlceable but was not considered a 51gn1f1cant change.
In general theuserles resistarice was“malntalned-asplarge as prac-
tical .in order,to‘limit the current in the event the insulator

should flash over:

Early in testlng, relatlvely few osc1lloscope traces were
overlaid, but as. famlllarlty with the system 1ncreased it became
possible to superlmpose as many as 95 traces. on a plcture.r In
. addition to recordlng monltor traces in order to measure the
-voltage and look for flashover, the operators Vlsually observed -
the test of each shot.

The test waveform was estlmated to be roughly equlvalent to’
a 1 minus. cos wt waveform r1s1ng in 400 nsec to peak., Any break-
down at any pomnt on the trace or as v1sua11y observed was con-
: 31dered a fallure for that shot regardless of 1ocatlon in tlme,
T even though as shown by oscilloscope traces, sone.. occurred SO
late in the waveform that the 1nsulator would have ‘held for a

fast pulse charge.
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Figure A-4

Figure A-5

A2360~

Vertical: 46 kv/div
Horizontal: 50 nsec/div

Horizontal: 20 nsec/div

Shots 47 to 56 of Insulatér 1 test.
Three visual breaks were observed..

Vertical: 46 kv/div
Horizontal: 50 nsec/div
p = 120 psig SF6

Initial shots on Insulator No. 1.
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The first test insulator (Figure A-22) was'a circular Lucite-
ring 0.500 inch thick with inner and outer diameters of 10 and .
12 inches, respectively. An uncounted number of shots was madeh
in setting up the system. The pressure of the SF6 gas was lowered
to 30 psig and flashover occurred at 230 kV where the Waveform was
a nearly,llnear,ramp of 80 nsec duratioin to break, Similar results
occurred at 60aand 90 psig. At 120 p51g, flashover occurred
80 nsec later (see Figure A—S) on the first shot, but did not
'_occur on the succeedlng two shots. The follow1ng shot‘was
arbitrarily chosen as the first shot and the data“for the re-
maining tests is tabulated in Table A-1. For alllremaining
tests the pressure was malntalned constant at 120 pSlg except
in the. testlng of 1nsu1ator No. 9, a solid dlSk..

The tabulated data gives the envelope (test) number, the dc
charge voltage of ‘the Marx, the max1mum measured envelope voltage,
the calculated fleld at the gas— envelope 1nterfaCe, the field in
the oil between the aluminum rings, the number of shots and
breakdowns, and in some cases, thé running total of shots and
,breakdowns. The field calculations neglect entirely any field
enhancement, and particularly on the oil 51de the listed. value

isg the lowest p0551ble.

Test No. 1 was characterlzed by the apparent ablllty of the
envelope to condition followrng flashover.r A large step in
voltage from 262nkv‘to‘348 kV resulted in flashover on 20 coné_

- secutive shots. The voltaéefwae lowered to 326 kV to look for
'condltlonlng and recovery, w1th p051t1ve results. -With the
voltage ralsed agaln to 342 kV breakdown occurred on 50 out of
.52 shots, 1 e., there was no condltlonlng. Pu131ng was stepped
due to a gas 1eak and an observatlon was made that the envelope
had tracked at the oil interface as well as on the ‘gas 1nterface.l

iDlsmantllng for closer 1nspect10n dlsclosed a minimum of 40 tracks

A
o
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TABLE A-1 Single. insulator flashover test -data. (a1l pressures
are 120 psig SFg except for No. 9, atmospheric air on
two sides of a solid disk.)

ks

: ‘ Number Running Totals
Insulator VDC Vow Vaeas VoIr, of _ Number Failure
No. (kv)y (kV) (kV/cm) (kV/cm) Tests Breaks of Tests Breaks Mode
1 . 30 262 206 275 3 3 3 3

. 1 0 4 3
: 6 37 10 6
5 0 15 6
10 1 25 7
1 1 26 g
10 3 36 11
10 1 46 12
10 3 56 15
10 3 66 18
10 5 76 23
10 1 86 24
40 0 126 24
40. 348 274 365 20 20 N
35 320 250 336 10 5 10 5
. 10 4 20 - 9
10 2 30 11
10 1 40 12
10 1 50 13
10 0 60 13
2 1 62 14
38 342 270 359 10 8 10 - 8
_ ‘ ' 42 42 52 50 a, b
2 30 237 187 249 1 1 1 1
: 247 194 259 . 3 2 -3 o3 b
3 25 232 183 . 244 7 0 7 0
Lo _ 6 B 13 - 6 c
4 25  gan. 193 257 950 - 0 950" 0
241.. . 190 252 50 0 1000 - :
30 273 215 287 225 0 1235
32 290 . 228 304 240 0 1465
"33 o 335 0 1800
33 386 .. 225 300 65 1865
37 312 246 328 10 "0 1875
37 345, 272 362 578 0 . 2453

A-1L -
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TABLE A-1 (cont.)

" Number

_ ‘ "Running Totals '
Inszé?tor YE%) YE@) (E&?gm) (Ee'gm) Tegis Breaks o¥#$2§€s Breaks Fﬁéégre
3b 330 260 346 5 0 ° 2458 o
32 341 269 358 20 0 2478
35 374 294 393 29 0 2507
32 360 284 378 20 0 2527
35 - 400 318 422 25 0 2552
37 425 135 446 20 0 2572
30 . 403 317 423 1 0 2573
32 435 343 457 1 0 2574 '
32 464 365 487 . 1 o 3575
36 '.483 380 507 1 1 25%6 1
26 393 309 413 2 0 ' 2578
28 420 331 441 5 1. 2583 2
e 7 5 2590 7
. 93 0 2683 7
30 440 346 462 4 2 2687 9
96 0 2787 9
3t 468 369 491 2 1 2788 10 o a
'5 28 304 239 319 15 14 7 d
Sa 24 198 156 208 6 0 5 o
o . 94 1 100 1
T 26 212 167 226 100 0 200 1
28 217 . 171 228 100 0 300 1
30 223 176 234 100 o 400 1
32 7231 . Te2 243 5 o dos 1
34 242 101 254 10 0 415 1
34 267 210 280 29 3 444 4
30 198 156 208 1 1 445 s,
26 181 1437 190 1 446 6 a
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Y . S
(' amwe a1 (cont.)
- ‘ Number - Ruaning Totals
insulator VDC' Ve Vaas VOIL of Number Failure
No. (k.V) (kv) {kV/cm) (kV/cm) Tests Breaks of Tests Breaks Mode
6 24 220 173 231 5 1 5 1
;. 21 0 26 1
24 220 173 231 100 . 1 126 1
- 26 242 190 254 100 0 226 1
28 245 193 257 100 0 326 1
. o 300 253 199 266 100 0 426 1
32 270 213 - 283 11 1 437 2
: : 89 0 526 2
34 280 220 294 100 0 626 - 2
26 312 248 328 100 6 726 2
28 330 260 346 100 0 826 2
30 343 270 360 . 100 o 926 2
- 32 359 282 377 5 1 5 I
( : 8 2 13 3
- 5 1 18 a
10 4 28 8
25 0 53 8
3 3 56 11
102 0 - 158 11
34 373 204 392 5 5
- ‘ 10 0
34 380 300 399 2 2 -
' -2 0 a4 2
3 3 7 5.
22 0 29 5 |
1 1 30 6 a
7 24 225 177 236 100 0 100 0
28 253 199 266 100 . 0 200
32 272 214 286 100 - 0 300 .
34 286 225 300 1600 0 400
26 308 243 1323 - 100 0 500
30 330 260 346 100 0 6§00
32 354 279 372 100 0 700 .
34 390 307 409 16 1 716 1. a

. A-13.
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TABLE A-1 (cont.)

' Number Running Totals
Insulator Vpc  Vsy Veas VoIL of Numberg Failure
No. (kv}  (kv) (kV¥/cm) (kV/cm) Tests Breaks of Tests Breaks Mode
8 24 247 194 259 100 0 100, 0
28 272 . 214 286 100 o 200
32 294 - 231 309 25 0o )
S 1 1 - 226 1
1 0o 227
1 1 228 2
72 0 300
34 300 236 315 100° 0 400
26 330 260 246 100 0 500
321 253 . 337 20 0 520
30 364. 287 382 5 s 525 7
26 332 261 349 20 0 545
‘28 342 270 359 86 0 631
' : 1 1 e32. 8 . b, a |
3 0 635 ‘ o ™
1 1 636 9 S (:;
9 0 645 _ : - ,
28 359 . 283 377 21 0 666
30 378 298 397 44 0 .710 . 10
° 24 215 169 226 100 0o 100 0
28 © 250- 0 197 ©262 100 0 200
30 260 . 205 273 100 . 0 300
320 267 - 210 280 100 - ' 400 .
26 . 330 252 336 100 . 500
30 355 . 280 - 373 © 50 - 5507
32 3600 283 . 378" 30 " 580
26 290 . 228 304 - s 585
30, 344 - 271 361 110 695 .
32 362 285 380 ° 100 , 975
34 385 303 104 50 845

 a-14
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TARLE A-1 (cont.)

: Number Running Totals
Insulator VDC VSW VGAS VOIL of Number ’
No. (kv) (kv) (kv/cm) (kV/cm) Tests Breaks of Tests - Breaks
36 417 328 438 100 0 945
38 171 135 180 1 1 946 1
10 24 170 133 178 100 0 100
28 197 155 207 100 0 200
30 210 166 220 100 0 300
32 221 '-174 232 50 0 350
34 234- 185 246 100 1 450 1
26 240 189 252 100 4 550 5
30 267, 210 280 10 10 560 15
P
Note:
a - failure at "O"-ring groove
b - o0il surface tracking
c —'oil and body breakthrough
d - gas surface tracking

A-15
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on the oil interface. The gas leak was caused by fracture of the
envelope past the O-ring groove. All of the gas-side tracks
were in the lower half of the insulator and appeared to prefer-
entially start frdm the positive ring. A few bits of Teflon tape
used to make a pipe thread seal were found in the ring but could
not be directly associated with the tracks. Hindsight. showed
that the difference in oil and gas-side trackiﬂg could be dis-

tinguished visually in most cases.

‘Envelope,No.ez was identical to No. 1. It held at 190 kV _
-but failed 3 successive shots, one at 237 kV and two at 247 kV,
On the third shot the envelope tracked on the exterior‘oil

surface near the top.

Envelope No. 3 (Figure A-2b) was an attempt to bring the oil-
envelope interface inte a region of weaker fields. After holding
at 232 kV for 6 shots, the insulator failed by tracking through

at the 1nsulator step.

A decision was made to abandon the step in the aluminum
rings as a mechanical stop and the No. 2 insuletor was machined
to remove 0.25 inch from the outer diameter asrshown in Fig-
ure A-2c. One internal track was found and polishéa out before .
assembly as inéulatorlNo. 4. After 1000 shots near 245 kv, the
voltage was raised in steps until 20 shots at 425 kV gave a
total of 2572 shots without breakdown. The voltage on the follow-
ing 4 shots were'respectively 403, 435, 464 ;and 483 kV with ‘

flashover occurring at peak on the last shot. (See Figure A—6 )
| Starting the next day, the voltage was 1owered to 393 kv for 2
shots, then raised to 420 kV where flashover occurred on 6 of
12 shots, but then the envelope held for 93 successive shots. At
440 kv, it flashed 2 of the first 4 shots. and held for 96 more.



A2366—

PIFR-605

Figure A-6

Figure A-7

Vertical: 110 kv/div
Horizontal: 50 nsec/div

Successive shots on Insulator No. 4 (straight
sided Lucite) at 30, 32, 34 and 36‘kv/div.

Shots 1 to 5 at 34 kV dc

Shots 6 to 32 at 34 kV dc
flashed on last 3 shots

Flashed at 30 kV dc
Flashed at 26 kv dc

Lexan ring showing degradation following
initial flashover. All vertical deflections

are 55 kV/div; all horizontal deflections
are 50 nsec/div.

A~-17
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At 464 kV, the envelope held for 1 shot and failed on the second {0
by sustaining an arc through the body from the inner edges of

the O-ring groove.

Insulator No. 5 was made from Lexan to be similar in dimen-
sion to No. 4. The first shot was at 304 kV and held, but flashed
on the next shot. Breakdown occurred at succeseively lower
voltages as more'attempts were made. Egamination.of the ring
disclosed a single track mark of much greater damage than shown
by the Lucite. -

- The envelope was remachined on the inner surface to remove
all trace of traoking and retested as insulator No. 5a to a maxi-
mum of 267 kV where after initial flash, the same decreasing hold-
off ability and tracking damage was found. The trace records for
the higher voltage shots are shown in Figure A-7.

Lexan was abandoned in order to investigate the effect of (f}
shaping the inner envelope surface. Insulator No. 6 was machined
from Luoite to have a concave surface on the gas side as shown
in Figure A-2d. The gas surface was more prone to tracking than
the straight surface of No. 4, but fallure was by volume breakdown

from the inner edge of the O=-ring groove at 380 kv

_ Insulator:No. 7 was also of Lucite with a conecave chevron
bevel as shown in Figure A-2e. No flashing was observed prior
to fallure by volume breakdown from the O—rlng groove edge
on the 51xteenth shot at 390 kV

The'O—ring-grOOVe edges were machined to'a.0.015~inch71
radius and a straight edge Lucite envelope similar to No. 4 was
tested as No. 8. Some flashing occurred at 294 kv but condition-

ing occurred up to‘364 kV. - The voltage was lowered to 332 kV

A-18
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where the insulator held and then pushed up to 342 kV where oil
surface tracking occurred. It is believed that this was due to
oil impurities settling out on the insulator surface. After
cleaning, the insulator held 378 kv for 44 shots before again

failing at the O-ring groove edge.

Insulator No. 9 (Flgure Au2f) was an’ attempt to preserve ‘the
usefulness of the gradlent—rlng—mechanlcal stop concept as well as
to evaluate the effect of lettlng the gas glow at the O-ring
groove edge by malntalnlng air at atmospheric pressure. In thls
caSe.the unit was assembled without evacuation or preSsuriza—
tion. It was specuiated that the discharge (if any) might-diffuse
and reduce the fields. The o0il side was machined with a concave
radius section 0. 20-inch deep with a 0.030- -inch edge which fitted
agalnst the alumlnum step. The intent was to reduce the surface
component of the field in the o0il at the triple junction. Failure
occurred at 417 -kV. The mode appeared to be volume puncture at
both sides and surface tracking between breakthrough- p01nts on

the .0il- Lu01te surface.

Insulator No. 10 was a straight Lucite ring coated on both
sides with cOnductive silver paint. Eleshing occurred at 240 kV
and 10 of 10 shots at 267 kV flashed. In coating the surfaces
some paint got on the inner surface but was cleaned by polishing.
The thlckness of paint could not be carefully controlled and
examlnatlon of the ring after shooting disclosed that tracking
continued around the corner of the Lu01te suggesting there was at

least a small separation of Lucite and aluminum.

The general conclusion was that within the limits of these
tests, the stralght edged envelope was as good or better than the
other shapes, and that the upper llmlts 1n any operatlng switch
might be breakdown right through the 011 or volume breakdown from
"O"-ring grooves. Lexan was rejected due to its contlnued degra-

datlon after flashlng, 1 e., the weak spot became ‘continually

A'_-_l9'



PIFR-605

A.2.2 SEGMENTED ENVELOPE TESTS _ I

Based on the results of the single stage tests, a segmented
envelope was constructed as shown in Figure A-8. Major differ-
ences 1in design were the shape of the gradient rings and the
O-ring grooves. The gradient rings are 0.125 inch thick and
the O-ring groeves are 0.140 inch wide by 0.077 inch deep com-—
pared to 0.344 inch wide by 0.205 inch deep for the test fixture
electrodes. Additionally, the insulator diametere were shrunk -
from 10 inches to 8 inches inside diameter and 12 inches to lO

inches outside dlameter in order to reduce the overall size.

A basic sehematic of the test system is given in Figure A-9.
The Marx generator and test tank are the same as ueed in the oil-
' switch experiment. The o0il capacitor is used to smooth the
Marx generator. output waveform. It consists of the trigger
Blumlein line components from the oil switch tests. The dump |
gap was a point plane, self-breaking oil switch. Originally : ‘ .
mounted with the point negative, it was later modlfled with _" (:;
point_positive—to get better breakdown characteristics. . Rl was
eliminated during testing in order to get sufficient voltage
output, i.e., increase the Marx gain. R, was on the order of
60 ohms and served to both smooth the waveform and damp the
Marx dischargeifelloWing dump gas closure. R3'started as
1200 ohms but was later reduced to 300 ohms, again to produce
a greater percent of Marx Cutput voltage across the switch. R3
and the switch monitor formed a voltage divider through which the

capacitance of the switch is charged.

At the start of-testing, the envelepe was assembled with
12 stages without the stainless-steel electrodes and then:was
mounted horizoatally in the tank. Prior to filling the tank
with oil, the switch was evacuated and backﬁilled with SF¢. gas
directly from & bottle, the same one used in single insulator

tests. Pressure was maintained by means of a regulator.

CA-20
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Figure A-8 Segmented envelope structure.
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Figure A-9 ° Basic schematic of segmented envelope test system.
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The charging waveform was determined by the circuit constants,
and the amplitude (and hence duration) of voltage applied to the
switch envelopé was controlled by the Marx charge voltage and the
spacing of the dump gap. To change Voltage‘over small intervals
either charge voltage or spacing could be changed, but in order to
breserve time to dump gap breakover, it was neéessary to vary both.

Starting with 120 psig SF ¢ in the switch, 1.5 MV peak was
applled on the first shots.” The voltage was raised in several
sters until at 2.4 MV the envelope flashed over with both visual

‘and monitor trace confirmation, with similar results at 2.2,

2.5 and 2.3 MV. After holding at 1.6 and l 3 MV, the switch
failed at 2. 23 MV in an oil arc. Initial observatlons of the
switch in the tank showed tracking had occurred along one of

the top nylon tie rods and the switch was removed to the bench

for closer study. The tracking began near the negative end and
followed surface flaws (lengthwise scratches) in the rod. Surface
tracks were found both on the oil side (3) and gas side of the
insulator rings and the switch was dismantled for thorough examina-—
tion of the track marks. Table A-2 is a 1isting of the location

 of the internal tracks at the gas—-insulator surface. The circum-
ferential location is the space between nylon rods as viewed

‘counterclockwise from the ground end. The rings‘are numbered

sequentially Starting at the ground end. The three oil-insulator

-surface tracks'wére on the uppermost part of the rings where

impurities are:most likely to settle. 1In all three cases, the
tracks branched in both directions with a missing portion of

track near the start.

" Prior to reassembly and continuation of testing, the insula-
tor rings were remachined.on the inner surface to remove all
traces of track marks. The gradient rings were hand polished to
remove the damage due to the arcs. The nylon rods were care-
fully cleaned énd, in subsequent tests, the switch was washed
with 0il if debris was observed to be settling on the rings during
immersion in oil. | ' ' '

A-23
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TABLE A-2:Location of tracks on insulator rlngs follow1ng
tracking of nylon rod. Number 1 ring 1is the
ground (plus) end of stack.

CIRCUMFERENTIAL LOCATION

BOTTOM TOP
Ring No. 1 2 3 4 5 6 7 8
1 2. 2
2 1 1 |
3 1 1 2 1 {(0IL)
4 1 1 1. 2 ' 1
5 1 2 (OIL)
6 1 |
7 1 1
8 1 1 4 1
9 1 4 3 (0IL)
10 1 1 1 | -
11 1 1 1 1
12 1 2 1
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The switch Was pulsed approximately 125 times at voltages
ranging from 1.5 to 3 MV during which the pressure was maintained
at 120 psig. When the envelope flashed at 2.94 MV, the switch
was again disassembled for inspection. The track mark locations

are given in Table A-3.

The rings were again machined on the inner diameter to remove
track marks and.the gradient rings were hand wOrked before being
reassembled with two additional rings making a total of fourteen.
The switch was mounted with its axis vertical, the ground (plus)
end being on the top. In addition two field shaping electrodes
were added in order to make the voltage division among the rings
more uniform. The ground end electrode was 3 féet in diameter with
a radius of about 0.5 inch to a skirt. The high voltage end
field shaper was'approximately 34 inches in diameter and con-
sisted of a sheet of plywood covered with aluminum foil to give
a good optical reflecting surface. The pressure was raised to

150 psigqg.

The switch then withstood almost 4 MV successfully. The peak
switch voltage for the succeeding series of shots is plotted in
Figure A-10. Shots 34 and 35 may have. had some insulators flash
but the stack held voltage as shown in Flgure A~lla. "A trace
showing gas sw1tch flashing is given for comparison in Flgure A-1lb.
No other visual indication of flashing was observed nor did any |
scope trace indicate breakover. At values of 183 and 170 kv/cm,

individual insulators may have flashed but the énvelope held.

‘Typically the envelope was stressed.to_a.value_6f l80 kvV/cm at

150 psig SF and 200 to 220 kV/cm at 175 psig SF6:without flash-

over. The pressure was raised to 175 psig following_shot_No. 37.

Having determined a lower bound {~ 3.5 MV) df'insulator
holdoff voltage, the next step was to develop electrodes ébmpatible
with the required switch inductance and selfwbreak_voltage_and to
determine, if possible, the effect of electrodes ‘on envelope

flashover. -
C A-25
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TABLE A-3:

Location of tracks on insulator rings.
on gecond unstacking inspection. '

Number . of

| Ring No. Tracks _ Location Branching
1 6 Lower half From +
2 ‘f3j- Bottom 2+, 1 unbranched
3 16 12 on bottom 104, 2-, 42
4  5__ ' - _7 3 Both directions
5 5. 4 Bottom, 1 TDC 3+, 2 Both
6 '3 ~ Bottom : + |
7 2: ‘1 Top 1 Bottom +
8 -2 7 ;— : +
9 1 Bottom +
10 1 Bottom | +
il ‘4 Bottom 3¢, 1 Both
12

4 Bottom o - 3+, 1 Unbranched _
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Figure A-11

Upper traces: szitch

Vertical: 1.0 Mv/div
Horizontal: 100 nsec/div

(k)

(c)
Comparison of shot records for dump gap only

closing (a), switch flashover (b), and dump
gap closing with switch flashover following (c).
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Electrodes were installed as shown by the solid lines of
Figure A-8 which gave an electrode spacing of 2.5 inches. All
shots with these electrodes are plotted in Figure A-12. Breakover
occurred on shot No. 3 at 2.85 Mv. The trace for this shot is
given in Figure A-1lb. The voltage was then 1owered in steps
until at 2.52 Mv the switch flashover occurred after the dump
gap had already closed. The switch held at 2.1 MV at shot
No. 7. :

The switch was removed to the bench for examination of the

electrodes. All arcing had occurred near the tangent point on

the ends in a length of about 1 inch. The electrcde radius was

increased to 0. 75 inch and the end tangent p01nt ‘was blended
to feel smooth.

Several 1nsulators flashed on the first succeedlng shot
(No. 8) without total breakover, and again at 2. 84 and 3.04 MV.
None were cobserved at 3.33 MV, but the switch closed at 2.90 MV

and 2.6 MV. The only damage that could be seen with the switch

in place was a track on each of insulators Nos. 2 and 3.

‘Following shot 26, the switch was removed to a bench where

in addition to the tracks on 2 and 3, a single track on No. 1 and

12 rings and multiple tracks (grouped over .about a half inch)

on Nc: 14 were~found. Only the tracks-on 2 and 3 were aligned.

One ehdplate_was removed for examination'of'the electrodes
and inner surfacesfof the rings. The arc marks on the electrodes
were concentrated over approximately one fourth of the c1rcum—
ference and loosely grouped about the tangent of the end to the
corner radius. The electrodes were buffed to remove all arc

marks.

Before the‘electrodes-and endplate were replaced,'the inner
exposed surfaces of the insulator and gradient rings were cleaned
with lint-free‘Wipes in the stacked condition, i.e., no unstacking
or track_cleanup was made.
| | a A-29
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On the fourth shot (No. 30) following restart of testing,
the switch flashed at 2.65 MV. The switch was again removed to
the bench to check the breakdown mode. A single arc mark was
found on each electrode. These were symmetrically opposite each
other and located approximately l/4—inch inside the tangent circle

on the end.

In order to increase the electrode dominated self-break of
the switch, the electrode spacing was increased from 2.5 inches to
3.5 inches by removing 1/2-inch from the base of each. The faces
were buffed to remove the arc marks and the electrodes and end
Plate replaced. The insulator gradient ring inner surfacés wefe

wiped to remove lint.

Again the switch was mounted in the tank and testing con-
tinued as the voltage was raised in steps to 3.72 MV without
flashing so the.pressure was lowered first to 165 psig on shot 40
which held 3.70 MV, and then to 150 psig on shot 41 with breakdown
at 3.50 MV. The pressure ‘was increased again to 175 psig and
pulsing continued. On shot 56 the dump gap went té 3.58 MV with

- the switch breaking over approximately 40 nsec later at 3.0 MV.
(See Figure A-11lc.) On shot 60 a small insulator flash was observed

but the switch held when the dump gap fired at 3.61 MV. There
was no indicated reason for the low value (3.08'MV) for shot 65.

At the end of'the_series, arc marks were found to be rather
uniformly distributed over both electrodes over the_radiused

section.

Increasing the holdoff of the insulator stack would allow.
either shortening the overall switch for lowered. inductance and

cost for a given voltage holdoff, or for a given switch operation
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could be at a reduced percentage of self-fire voltage for in-
creased reliability. As the number of switches increase, the
latter becomes increasing important. Possibilify of such in-
crease is strongly suggested by comparison on the sihgle to
stacked insulator:flashover'fields, and consideration of a

static field‘piot of an envelope with electrodes.

First bréakoﬁer of the single straight edge insulators was
observed at ZdG'RV/cm (No. 1), 185 kV/cm (No. 2), 195 kV/cm‘
(No. 8) and 315 kV/em (No. 4) at 120 psig SF,. Number 4 was,
however, a retest of No. 2 with one internal trackmark polished
out so that a'valﬁe of around 200 kV/cm would seem (on a statis-
tically very small sample) to be the typical fresh insulator
flashover. The initial flashover strength of both the 12
(120 psig) and 14.(150 psig)-insulator stacks was 185 kV/cm
neglecting field enhancement. That is, this value is the total
voltage diVided-by a product of the number of rings and the
single insulator length (1.27 cm). This would seem to indicate
~that the stacked'and single insulator flashover'field strengths

might be comparable.

Single insulator test results indicated that the conditioned

Strength of a single insulator on the gas side was in excess_bf
300 kV/cm, the field at which breakdown at the O-ring groove
tended to occur. On test No. 4, a value nearer 350 kV was

measured prior'to'failure at the O-ring at 365 kV/cm.

" A field plot of this switch configuration was prepared by
Sandia Laboratories for the switch installed in a closed coaxial
line. Thié plot is reproduced in Figure A-13. An estimate of
uniformity Qf'ﬁield was made from this plot by estimating the

potential on thé gradient rings from this plot and plotting -

A=-32
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SECTION A-3

TRIGGERED GAS SWITCH TESTING--PHASE 11

The gas multistage segmented insulator switch was modified
as shown in Figure A-14 to include a trigger electrode and TIG
with provision to individually control the pressure of the main
chamber and the TIG. The diameter of the electrodes was in-
creased from 3 inches to 4 inches, thé'edge radii increased to

1 inch, and the sparking area was made of brass. The trigger

~electrode was made of S8303. The major diameter of the electrode

disk was 2.75 inches. It doubly tapered from a thickness of
0.030 inch to a sharp edge over a distance of 0.060 inch. The
trigger electrode stickout (TESO) was made adjustable by remov-

" ing the center of the TIG electrode and inserting a wrench through

the center of this electrode and engaging a captive 6-40 set screw

in the trigger electrode.

Inclusion of a trigger isolation gap in the switch allows a
wide range of trigger source design. The requirements to be met
are that the TIG isolates the trigger electrode allowing itfto
capaéitively float to the desired potential corresponding to
its geometry and spacing from the near electrode (trigger elec-
trode stickout) and that the trigger pulse be of sufficient ampli?
tude to cause rapid overvoltage of the TIG when combined with
the existing trigger pulse charge voltage which appears on the
TIG. In the event the trigger source is at ground‘potential,
the TIG must hold off full trigger electrode voltage. This was
assumed to be the worst case for TIG holdoff, and hence switch

A-35"



PIFRh-605

1-1/4 inch nylon

8 each,

TIG

Partial assembly drawing of triggered

gas switch.

Figure A-14

A-35




o

PIFR~605

tests were made with the TIG source electrode grounded. In
triggered tests, the trigger voltage was derived as an integrated
fraction of the charging waveform so that the voltage on the TIG
was greatly reduced during pulse charge in comparison to these

tests.

The self-break value of the switch as a function of TESO
was measured starting with an electrode spacing (TES0=0) of
2.5 and 3.0 inches with the same test circuit used in the
multistage segmented insulator tests. Switch pressure was
175 psig SF6 in these tests.

The data for main electrode spacing of 2.5 inches are
plotted in Figufe A-15. This spacing (rather than the 3.5 inches
of the envelope tests) was chosen to provide an initial curve at
less than peak envelope test voltages but with the expectation
of some increase in self-break values due to the increased
diameter and edge radii of the electrodes. Balance (maximum
holdoff) was found for a TESO of 0.25 inch or n = 10 although
electrically it might be less, say n = 8, due to field enhance-
ment. During tests it was necessary to increase the TIG spacing
from 0.25 to 0.44 inch in order to prevent TIG closure with a

grounded TIG electrode.

The switch Wés disassembled and cleaned before reassembling
with an increased electrode spacing to raise the self-fire voltage.
Inspection.of the electrodes disclosed five heavy arc marks.on
the negative (sdiid) electrode and many fine arc marks. The
trigger electrode had five arc marks on the surface approximately
1/2 to 3/4 inch away from the edge but scattered and many marks
around the periphery of the sharpened edge. The arcs on the néar
electrode were well distributed. Multiple tracks were found on

insulator No. 1, and single tracks on insulator Nos. 2, 12, 13,
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4.9 I
TIG spacing. (inches)
k- oo
0.25 C0.44
3.0

. - TIG
C breakover
®) .

g L. -
e
9]
=
02}
> ‘
2 Electrode spacing: 2.5
' inches
Pgw = FPrig = 17> psig SF¢
1.0~ . ' ~
TIG electrode grounded
7 o ‘ | — )
0 ‘ 0.1 6.2 -~ S 043

‘Trigger electrode stickout, in.

Figure A-15 Switch voltage self-break valves for an electrode
spacing of 2.5 inches and various trigger electrode
stickout. (Multiple data points indicated by number.)
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and 14. Only insulator No. 13 had not previously been noted
as tracked. No cleanup of tracks was made except for wiping
with Freon TF.

The electrode spacing was increased to 3.0 inches by re-
moving 0.25 inch from the solid electrode, and adding a 0.25~inch
spacer between the flange of the trigger end electrode and end-
plate. Data for this spacing is shown in Figure A-16. Again,
TIG breakdown required an increase in TIG spacing. At a TESO
of 0.25 inch thé self-break values showed a large scatter so
the switch was dismantled for inspection. Two additional tracks
were found on insulator No. 14 but were not judged to be serious

enough to cause the data scatter or breakdown. The insulator and

.gradient rings weré wiped with lint free wipes to remove any

haze or dust. - Then, just prior to installing the £rigger elec-
trode assembly, the opposite solid (fixed) electrode was

found to be loose and away from the endplate approximately

1/4 inch. A péséibility exists that some of this spacing may
have been caused by rotating the electrode durlng w1pe down of
the insulators but an immediate review of the procedure at the

time suggested it was not likely.

All insulators and rings were cleaned with dry, lint-free
wipes to remove most of the surface haée and thé‘switch was
installed for continued testing at TESO of 0.3 inéh.

: o 1

Next at TESO of 0.26 inch self-break values were again
scattered and low. ‘The acrylic plate supporting the trigger
electrode was found to have multiply tracked through. The arc
appeared to start at the threads nearest the small'O—ring.

"This part was replaced and more data points taken at TESO = 0.25

inch and a TIG spacing of 0.71 inch. Arself—break value of
= i .
VSWSB 3.3 MV wgsrdetermlned
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4.0
ITIG spacing i |
(incges) 7 - .y
0.44 Z 0.68
3.0 -
®
® .
- Trigger electrode
S - support plate
8 @ failed
e IR ' ®
= 2.0 p~ ® T —
% TIG flashover _ | Loose
0 this series ' _ - electrode
> found after
‘geries
Electrode spacing:- 3 inches
1.0p— l ‘ = = i . —
_ PSW PTIG 175 psig SF6 |
@ Last series
— I i . i
o N , 0.1 0.2 B 0.3

TESQ, inches’

Figure A-16 Switch voltage self-break data for an electrode
: spacing of 3.0 inches and various trigger electrode
stickout. (Multiple data points indicated by number.)
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The test setup was next modified to provide a trigger pulse.
A basic schematic is given in Figure A-17. Coy represents the
capacitance of the switch and field shapers. R4-was initially
infinite. The oil capacitor is the o0il transmission line
initially used to provide a trigger in the o0il switch tests and
smooths the output of the Marx generator. R2 ishepproximately
60 ohms and is a sink for the dump gap. R, is 300 ohms and

3
limits the current through the test switch so that the dump gap

‘will fire. The TIG series resistor started at 20 ohms.

The trigger cable is a length of high voltage coaxial cable
pulse charged to some fraction of the switch voltage as deter-

mined by the ratio of R, to the monitor resistance of the self-

breaking trigger cable gap (VCSG) and the capacitance of the
trigger cable. With closure of the cable shorting gap, a pulse
is sent down the trigger cable. This pulse overvolts the TIG
through the series limiting resistor, and then drlves the trigger
electrode in the opposite polarity to the pulse charge value,

thus 1n1t1at1ng switch closure.

Initial tests involved varying values of Rl' CSG monitor

~resistance values, CSG spacing and pressure, and TIG spa01ng

until the conditions for triggered switching. were achieved.

'RG-220/4 was used for the initial trigger pulse cable. This

failed eventually after having been subjected to voltages in
excess of 350 kV and was replaced. The replacement RG-220/u
cable failed at lower pulsed charged voltages. A section of
Belden YR-13181 was substituted and no further trigger cable
problems were encountered. In Figure a4-18 typicalrwaveforms

are shown of a serles of shots for which Pgyr PTIG and

Pegg 2re respectlvely 120, 70, and 34 psig SF6, and the dc charge
voltage of the Marx is 70 kV. The switch and trlgger llne

voltage waveforms are straightforward. The lower waveform- is
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Top: VSW

Vert. Defl: 0.5 MV/div

Horiz. Defl: 100 nsec/
div

Bottom: VCSG {(trigger line
voltage)

Vert., Defl: 50 kV/div

Horiz. Defl: 100 nsec/
' . div

Tese ¥ Vorie ¥ Ving

Horiz. Defl: 10 nsec/div

Figure A-18 Typical oscilloscope traces from which data plotted
in Figure A-19 are derived.
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the sum of the output of three monitors. The signal from the
resistor in series with the trigger cable shorting gap is used
to trigger the oscilloscope extefnally and is %hen displayed
internally on Channel B. This appears as a negétive going
signal approximately 14 nsec lnto the grld The”signal obtained
-from a capa01t1ve pickup at the output end of the trlgger cable
is mixed with the,delayed 51gpal obtained from an inductive
division of the switch voltage appearing on the chain supporting
the switch in the oil tank. The former appears as a positive
going signal 55 nsec into the grid and the latter causes a sharp

negative break . at 79 nsec.

A direct comparison of traces from individual mbnitors
combined with cable length measurements were used to assure
the correct interpretation of events. For this presentation a
fixed delay equal to the pulse length of the trigger line
occurred between the ICSG and VTRIG signals sinée the cable
lengths from the monitors had been adjusted to be equal with
1 nsec. The data available from this series concerns the switch
voltage, trigger wvoltage, and switch closure time, and are
2.61 MV, 240 kV}'and 24 nsec, respectively for the traces‘of
Figure A-18. Times are estimated to w1th1n 1/2- nsec with probable

accuracy within 1 nsec.

The integrating effect of the trigger cable charging
circuit is clearly seen by comparing the shapes of the

waveforms in the upper photograph.

Data from a series of shots are ‘plotted in Figure A—19a 
Self-break was not measured at 120 psig, but a linear 1nterpo—
lation from 175 psig would give a value of 2.4 MV for self-break.
Slnce no  self-breaks were observed in this series, ;t must be

7‘assumedrthat self-break is not exactly linear with pressure.

- A-44
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Figure A-19 Trlggered closure times for switch voltages
@ changing waveform. ,
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In order to assess the effect of the TIG pressure on
closure times, a series of shots were made with all parameters
fixed except for TIG pressure. The data of Figure A-20 gives the
results, a nearly linear increase with pressure. During this
series the switch voltage varied from a maximum.bf-3.ll MV to a
minimum of 2.88 MV. The TIG pressure was then held éonstanﬁ at
45 psig and thé CSC pressure varied to change the voltage over
the range 3.1 MV -to 2.72 MV. These points are indlﬂded in
Figure A~20.

Changes following thlS series included: 1mprov1ng the
capa01t1ve plckup on the trlgger output moénitor, ;nstallation
of a dryer in the switch gas line, increasing thg‘serigs TIG
resistance froﬁ—zo_ohms to 50 ohms, and instaliation of the high-

voltage trigger line coax cable.

Closure time and jitter measurements were again made but at
pressures of 150 and 175 psig SF. from waveform data shown
typically in Figure A~21. The trigger monitor output was separated
from the_ICSG and VIND outputs and displayed separately on a
5 nsec/div display. This monitor shows the arrival of the
positive trigger pulse (near trace start); the negative break
at TIG closure (2.4 divisions), and end of trace aﬁ 5,divisions'
when a negative signal due to switch closure is induced in the
monitor. Time of switch closure is plotted in the ubper portion
.of the Figure'AAZZ; Total switch closure times were read from’

the 10 nsec/div trace of Figure A-21 and are plotted in the

lower portion of Figure A-22. A fixed delay of l8:nsec'is included

in.these-latter data.

The switch closure time following TIG closure was measured
with a probable error less than 0.2 nsec. The absolute time
spread was 10.3 to 14.5 nsec averaging'about 13 nsec with a

jitter of 0.9 nsec.

—
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Figure A-20
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Switch closure time fpr-vériable_TIG pPressure.
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Top: V
P SW

Vert. Sens: 0.5 MV/div

Horiz. Sens: 100 nsec/
div

Bottom: VCSG

Vert. Sens: 100 kV/div

Horiz. Sens: 100 nsec/
div

Tese * Vinp

Horiz. Sens: 10 nsec/div

Vioric

Horiz. Sens: 5 nsec/div

Figure A-2]  Typical oscilloscope traces from which timing
data are derived.
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Total switch closure time including TIG closure

and a fixed delay.
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) : 3 I I | f
ﬁ;—g/ 2 o=0,90
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Switch closure time after TIG closure -
1 ! | i _ i i
1 | | | ,l : |
: . Lo /,2.; _ .
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PTIG = 50 psig SF6 50
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Ve B
charge= 78 kV 78
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A W’ MV

S

3.1 3.

Flgure A—22 Closure tlme and jltter measurements Wlth 1mproved

monitoring.
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TIG closure was measured directly from thenVTRIG monitor
trace and as the difference between switch closure from this
trace and the total time measured from the I.g . and Vi, monitor

output. Reading error from the V, monitor was introduced by

the uncertainty of trigger pulse_giiit due to finite risetime.
Reading accuracy from the 10 nsec/div trace was better than :
0.5 nsec/div hbwever and comparison of a number of traces'sug—
gested that pidbable error in reading overall time from either
tracerwouid'be*iess than 0.5 nsec. Total closure time averaged
24 nsec with a-méasured jitter of 1.0 nsec. TIG closure was
measured as the difference or 11.5 nsec. A guadrature summation
of jitter times would assign a value of 0.95 nsec to TIG closure

Jjitter.

Thelswitdh_was next moved to the side of the tank and
connected directly to an oil transmission line 6f approximately
60 ohms impedance and 20 nsec pulse length. A photograph of the
switch in pos1t10n in the tank is shown as Figure A-23. Note
that the switch has been remounted with the axis horlzqntal and
the end field shaping plates removed. The switéh capacitance of
Figure'A—l7_has'been replaced by a transmission line and R4 was
added to control the trigger voltage. A capacitive monitor was
installed on the ground side of the transmission line ap?roxi-
mately 20 inches‘from the switch énd consisted éf a 6 inch by
36-inch strip of 1/16-inch aluminum bonded to a;l/S—inch sheet
of‘polYethyleneLr A series resistor made up of six 810-ohms,

- 2-watt resistors connected the aluminum to the center conductor

of an 8l-nsec ldthRG—214/U éable.f The output traces from this
mogltor are labeled VPULSE -LINE 1D Figure A524.n-
The 10 to 90 percent risetime is estlmated from Figure A- 24

to be a trace measured maximum of 3 nsec from a scope with a

2.4 nsec response time. This means that the switch voltage fall

timelis‘less than 3 nsec.
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Figure 2-23 A top view of the triggered gas switch attached
to the o0il transmission line in the oil tank.
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C.

Figure A-24

VSW: 0.53 Vpulse—line
MV/div
20 nsec/div
Vrr1G*
100 kv/div
Same
as (a)

5 nsec/div

Traces showing the switch voltage, trigger voltage,
and pulse line voltage when switching a 60-ohm line.
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A - series Of-photographs ofi the sWitch'is.showﬁ,in'Figure A-25
in the sequence taken. The peak switch véltage is listed in ‘éach
case. The trigger electrode (ground end of switch) is to the
left in these photographs. Each photograph clearly shows multi~

- channel switching. The general absence of looping and the dis-

tribution of the channels strongly suggest that the channels are
all formed promptly and simultaneously. Shot No; 4 was a self-
fire shot and the pulse-line photo was missed. The fall time
of shot No. 9 is approximately 3 nsec measured on 5 nsec/div

sweep.

The oscilloscope response is 1.4 nsec, 10 to 90 percent, so
that the pulse risetime must be less than 3 nsec. (A quadrature
summation of risetimes would give a value of 1.8 nsec.) A 3 nsec
risetime corresponds to a switch inductance of approx1mately
85 nH (2 = RT/2. 2 where T = 10 to 90 percent risetime). This
dlscrepancy from the 150 nH calculated single arc channel switch
1nductgnce is explained by the regular multichannel switch

operation.

A tabulation of the number of triggered shots attempted is
given in Table A~4 for the switch voltage in 100-kV steps. Dif-
ferentiation is made between the two basic test arrangements,
i.e., whether with the 300 ohms series limiting resistor or

connected dlrectly to the 60 ohms pulse line.

TABLE A-4

NUMBER OF TRIGGERED SHOTS ATTEMPTED AS A
FUNCTION OF VOLTAGE FOR THE TWO BASIC TEST ARRANGEMENTS

Peak Switch _ .
Voltage <2.5 2.5-2.6 2.6=-2.7 2,7-2.8 2.8-2.9 2.9-3.0 3.0=-3.1 3.1-3.2

# with 300 @ 32 35 92 58 24 44 33 -7
# with 60 £ iz - 2 4 4 4 3 0 0

TOTAL = a4 37 96 52 28 47 33 7
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Table A—S'is_a listing of basic switch dimensions

materials as used  in the jitter and risetime tests.

A-54
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Insulators:

Number
Material
Thickness
0.D.

I.D.

Gradient Rings:

Tie Rods:

Number
Material
Thickness
0.D.

I.D.

O-ring groove

Material
Number
Diameter

Trig Electrode:

TIG:

Material
Diameter
Top radius
TESC

Blectrodes

Stem

Material
Diameter -

Material
Diameter

Electrode Spacing
Pressure '

Electrodes:

Diameter
Spacing (Nom)

TABLE A-~5

- A-55

14

Lucite

0.5 inch
10.00 inches
8.00 inches

13

Al

0.125 inch

10.50 inch

7.62 inch

0.140 W x 0.077 DP

Nvlon
3 _
1.25 inch

55303

2.75 inches
3.0 inches
0.25 inch

S5303
0.25 inch

Brass
0.50 inch

0.68 inch
75 psig

4.00 inch
3.00 inch.
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End Plates:

Material
Thickness

-Gas:

Material
Pressure

TABLE A-5 (cont.)

2-56

Al Plate -
1.25 inch

SF
17§ psig '
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2.79 MV

2.81 MV

2.65 MV

1.92 MV
(self-fire)

2.67 MV

2.60 MV

2.34 MV

2.0 MV

2.32 MV

Figure A-25 A sequence of openshutter photographs of the gas

switch showing multichannel switching.

switch voltage is listed.
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APPENDIX B

OIL SWITCH TESTING
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SECTION B-1

INTRODUCTION

This report presents the results of the experimental efforts
by Physics International Company under contract to Sandia Labora-
tories for development of a switch to operate in an oil environ-

ment,

A three electrode, V/n, open switch was tested in oil for
several values of trigger electrode position. The essential
elements of the switch consisted of main electrodes formed by
10-inch-diameter semielliptical domes mounted on support plates
and a small diameter (1/8 inch) single point trigger electrode.

A trigger pulse was derived from either a single pulse line or

Blumlein line. In both cases the switching element was a self-

closing gas gap. The trigger electrode of the test switch was
resistively balanced, and was isolated from the'trigger line
during pulse charge by another self-closing gas gap, the trigger
isolation gap (TIG). The test switch discharged an oil trans-

' mission line with series resistance presenting an effective

impedance of 100 ohms. Charging was performed by a 39-stage

Marx generator.

The best results measured for this switch were for n = 5
with total switch closure times following TIG closure on the
order of 48 nsecu-.A jitter of 0‘2_2.7 nsec was measured over a _
voltage range of approximately 1.8 to 2.25 MV peak switch voltage

corresponding to values of 70 to 87 percent of self-fire.
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SECTION B-2

OIL SWITCH TESTING--PHASE I

The first tests in Phase I were attemps to measure delay and
jitter of a single channel triggered oil switch. A basic sche-
matic diagram of the electrical circuit is given in Figure B-1,
and a top view of the approximate partial physical layout of the
apparatus is given in Figure B-2. A gwitch line énd'trigger line

-were pulse charged from a 39-stage Marx generator. Each line con-

sisted of three parallel 5-inch pipes joined by a 180 degree bend .
at each end which form the charged electrode. . The tank wall is
the other side of the line. The o0il switch discharged the test
switch line through a CuSO4 resistor such thet the resistor and
line combined presented a 100-ohm impedance. The trigger was ini-~

“tiated by a self-breaking gas trigger gap which, in turn, shorted
‘the trigger line to ground initiating a pulse. At the output end

this inverted pulse broke down the trigger isolation gap (TIG)

and applied trigger volts to the trigger electrode. The trigger
electrode gap 1solated the trigger line during pulse charge from
the trlgger circuit in order that the trigger electrode could be
resistively balanced at the potential corresponding to its physi--

cal location. The TIG also served .as a pulse sharpening gap.

Durlng attempts to trlgger with the trigger electrode at v/2
and V/3, it was found that the trigger gap was removing voltage
from the switch line back through the resistors from the Marx
generator to each line. To reduce this effect, the charging
connections were changed as shown by the dotted llnes in Figure B~2.
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The pulse charge resistor to the trigger line was eliminated and
replaced in function by the dump gap series resistor. The
dotted lines of Figure B-2 represent 1/2-inch tubing which was

installed to provide transit time isolation between the lines.

Prcviding.the'proper‘balance and trigger resistors was a
major task in testing. The schematics of Figure B-3 assume that
the TIG has just closed due to arrival of the triéger pulse. It
is readily appareﬁt from Figure B-3a that the trigéer pulse has
its greatest'effect on the trigger electrode when the balance
-resistors‘R and RZ' (R2 includes the monitor); aré large and

. 1~
RT is small. In this case the RC time constant of the trigger
source .impedance (RT + ZT) and the strays associated with the
trigger electrode and resistors are a minimum, as is also the
resistive division due to R2 in parallel with Rl + RO + Zd in
. . + . )

series with RT ‘,ZT

The circuit of Figure B-3b assumes that closure has occurred
in the wide {(off ground) side. Now Ri is shorted out and the
switch voltage is applled te the short smde of the switch. If
R., is large the voltage across R2 or the second switch side is

2
given by

(Zb + Ro)

This shows that the trigger line and series resistor acts as a
load to the sw1tch iine and that the second side closure may be

degraded by reducing R i.e., it is in confllct W1th achieving

_ T’
fast first side closure.

.

S
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Figure B-3 Switch configurations following TIG closure (a), wide

side closure (b), and short side close (c).
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The circuit of Figure B-3c assumes the ground side of the
switch closed first. In such event, the remaining switch voltage
is determined by the resistive divider Zo’ Ro’ and Rl and is

given by

v = v Rl :
e o R. + R + % *
1 o] o]

Note that the trigger pulse polarity is such that the voltage of

“the ground'sidé of the switch is first removed and then reversed

in polarity so that this mode of switching is most apt to occur for
large values of n, i.e., small spacings and the wide side must
close with less than full switch voltage over most of the switch
spacing. - |

The values of R, and R, are limited by the requirement that

1 2

' the stray capacitance of the switch electrode and attachments

must be charged in times that are short compared to the pulse

charge time.

Noise on monitor traces was a major problem that made

resolﬁtion of time data difficult.

The switch electrodes were 10-inch diameter sémi—elliptical

steel heads weldéd'to flat plates for mounting and spacing. The

‘trigger electrode was a 0.125-ihch—diameter stainless steel rod

extending 8 inchés from a l-inch-diameter steel stem. The latter
was mounted in a hole through a Lucite block clamped between
the electrode babkup plates. The stem was mouhted'in‘the center

of'thehplates and trigger . electrode-to-dome SpaCing_was adjusted
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by bending the electrode sharply near the stem and gradually over
the remainder in an attempt to approximate field lines near the
domes. The electrode tip ended approximately 1 inch from the
center of the domes. The tip was ground over a distance of about

1 inch to a point of less than 1/32-inch diameter.

The V/n monitor is the principal source of timing data
included in this report. Note that it forms, in fact, a'portion
of the balance divider and so reads proportional to total switch
voltage until the TIG or one side of the switch gloses. It should
be noted that if the wide side of the switch closes first, for
example, the monitor should show a change of nrtimés in amplifude

neglecting other loading.

Traces forjtwo shots are given in Figure B-4 for n = 3. The
measured switch spacings were 2.15-inches dome-to-dome at the
center and 0.7-inch electrode edge-to-ground dome and 1.4-inches
electrode edge-to-floating dome. The resistor between TIG and

‘trigger (RT') was eliminated by now and the value'of'RT was set

at 390 ohms. R, was 3.0 k2 and the parallel combination of

R2' and ﬁonitorrwas 1.5 k&. 0il switch self-break was measured

at 2.5 to 2.7 MV for these spacings.

The traces in Figufe B-4 are interpreted to give in (a) VSW =
1.97 MV, closure of the first side 40 nsec, total switch closure
61 nsec and by'difference, second side closure is*él nsec. The
respective values in (b) are 2.02 MV, 43 nsec, 64 nsec, and

21 nsec.

The initial trace of the V/n monitor is negative with the

electrode voltage being one-third the switch voltage. When the

trigger pulse arrives, it is capacitively coupled to the switch
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(a) (b)

VSW Monitor

Vertical: 0.43 My/div
Horizontal: 20 nsec/div

{b)
V/3 Monitor

Vertical: 1,18 Mv/div
Horizontal: 20 nsec/div

Flgure B-4 Switch and trigger electrode monitor waveforms for

two shots. Switch spacing dome to dome measured
2.15 inches. Electrode to domes, measured 0.7
{(from ground) and 1.4 inches.

B-10




PIFR-605

and electrode causing a positive going charge followed by the
start of recovery when the TIG closes. At this point the elec-
trode tends to be even more positive until breakdown to the
negative charge wide side occurs when the electtode is pulled
negative again. Second half closure (short or ground side)

takes all test switch electrodes to ground except for switch
inductive and resistive effects First side closure is taken

as the time from arrival of the trigger pulse, (capa01t1Vely

fed through) (first plus g01ng break), to the negative g01ng
break leading to the larger excursion. Total closure is measured
from trigger pulse arrival to second side closure. Thus the TIG
closure jltter is included in the data for first side and overall
closures. The switch monitor shows the effect of capac1t1ve
trigger pulse coupling but the voltage recovers until the TIG
closes and the resistive division starts taking Voltage off the
switch. The second negative going hitch may be,dﬁe to pulse
line or trigger pulse line reflections. The values of voltage
stated in the data plots are the peak value measured following
recovery from the capacitively feedthrough trigger pulse. The
slow fall time shown by VSW monitor traces (Figures B-~-4, B-5, and-
B-6) are due to the CuSO4 monitors. (In tests of the gas sw1tch
where other parameters were establlshed a capac1t1ve monitor

was used to measure fall time on the switched pulse line.)

Data for the V/3 switch is plotted in Figure B-7a in which
rthe breakdown time is plotted for first 51de, second 51de, and
total closure as a function of voltage. Attempts were made to
flre at particular voltage by malntalnlng the Marx voltage and
pressure constant, but scatter was introduced by trlgger gap
jitter. The values of ¢ given'are calculated from the spread
from the ruled line, the latter an estimated best fit.g There

are five more data points on total switch closure than for
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single side closures representing data points that the total
could be reasonably well read. However the break following

first side closure was too rounded to be read with confidence.
Figures B-7b and Figures B-8b for n = 4 give plots for best esti-
mates of TIG closure and first side closure. The sum of the

two closures is typically read within * 2 nsec at each break-
point for a total spread of 8 nsec while the reading of TIG
closure is probably as great as t 4 nsec on many traces for o B
a possible spread of 12 nsec. Since the probable sum error -
is less than the error in reading either part, it is only
fortuitous that the root mean sguare value of thé mean devia-
tions for the V/3 case corresponds closely to the'mean devia-
tion of the measured sum; whereas for the V/4 case the root

mean square value of the mean deviation is substantially

greater, thus indicating the greater probable error in reading

the TIG closure value.

The electrode spacings for n = 4 were reset to nominally. ' ' (:}
0.5 inch and 1.5 inches. The balance divider consisted of |
Rl = 7.5 k&2 and R2 = 2.5 ki (the monitor). Waveshapes were
guite similar to the V/3 and data are plotted in Figure B-8a.

The electrodes for n = 5 were next set at 0.4 inqh and
1.6 inches with the balance divider made up of R, = 10 k9 and _
R2 = 2.5 k2. The traces of Figure B-5 are typical of this series,
and data are plotted in Figure B-9, but in this case do not include
the TIG time. The trace labeled ISW is from a resistive- 1nductlve
monitor connected between the ground side ‘electrode and tank
ground. Comparison of a number of traces led to the conclusion
that the start of the‘trace is roughly coincident with the
trigger pulsé feedthrough, and the positive break is the closure
of the TIG. The large negative excursion is the closure of the

0il switch. Time measurements made on any particular shot are
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perhaps within 6 nsec of recorded value, but consistency in
reading from trace to trace is somewhat less. This series was
characterized by the closure of the switch on the positive
excursion of the trigger pulse suggesting that second (short)
side closure is very rapid or nearly coincident with the wide
side closure. Data in Figure B~9 are for total closure only,
but do not include TIG jitter as the traces are interpreted.

The next step in testing was to try to increase the trigger
pulse amplitude by changing the trigger pulse line into a Blumlein
line source. The traces of Figure B-6 were taken as the most
informative set. The top trace is taken from a monitor attached
to the output end of the trigger Blumlein line. The middle trace
shows the V/n monitor with the TIG breaking at 1.4 divisions on
scale. At 3.2 divisions, the wide side closes and switch closufe
completes at 5.3 divisions. Data according to this interpreta-

tion are plotted in Figﬁré B-10.

The trigger electrode was next-sharpened to a fine point and

the series repeated. Data are plotted in Figure B-11.

The jitter in measured closure times for'the 0il switch was
significantly greater than the test objective of o < 1 nsec, even
for the case of n = 5 where the first and second sides appeared
to close nearly simultaneously. Several ways of improving oil
switching were suggeSted; - These included-(l) operating with a
more uniform switéh field obtainable through electrodés with a
larger-radius but with increased fields'near'the:benter; (2) re-
ducing trigger losées‘by providing more trigger pulse but arrangf
ing to reduce'the effect on switch voltage due to first side
closure, (3) an'eiectrode with a smaller radius, and (4) use of

an edge instead of a point trigger electrode.
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Sandia Corporation was simultaneously working on an oil

-
K

switch and to prevent duplication of effort and to provide a
viable backup, Physics International Company was directed to

proceed with the gas dielectric portion of the contract.
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Costs of producing production type quantities of switches
were obtained as part of Contract 14-1027. Methods of fabrica-
tion were discussed with vendors to establish the most economical
switch costs, and the information given in this addendum to
PIFR-605 is based on vendor guotes and estlmates of 1nflat10nary-

increases covering a period of three to twelve months.

Switches identical to the latest modification of the switch
tested under the above contract are priced in guantities of 10,
50, and 100 each with respective estimated unit prices of
$2700, $1800 and $1500. This price is FOB San Leandro. It
includes procurement of parts, quallty control, assembly, pres-
sure check, and shipping bPreparation. These items are listed

as a percent of total costs.

The tabular listing of costs shows that no eingle part

‘dominates the cost and that significant geins might be expected

only through careful attention to all parts and assembly pro-

cedures.
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TABLE I

DISTRIBUTION OF SWITCH PARTS COSTS GIVEN AS A PERCENT OF
TOTAL FOR QUANTITIES OF 10, 50, AND 100 SWITCHES

Quantity Switches

Ttem _lo _50 100

) Insulator rings : 10.2 13.5 14.3
Gradient rings 19.1 o 22.4 20.4

Tie rods | - 3.1 4.7 5.5

End plates S 9.3 12.8 o 12.6

Solid electrode 2.0 2.8 ‘ 3.L

(Q} Trigger electrode assembly 13.8 : 18.5 19.5
- Trigger isolation gap 2;0 ‘2.9-" | 3.0
Miscellaneous parts 2.9 1.3 1.2

PI labor _ 37.6. 22.2 . 20.4






