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ABSTRACT.

Physics International has investigated the conditions
necessary for obtaining consistent multiple-channel switching
in a pressurized SFg spark gap of 5.5 nH effective inductance.
The spark gap has been used to switch a 2.5-ohm line impedance

- Blumlein at voltages up to 400 kV with resultant pulse output

risetimes of less than 5 nsec (10 90 percent)
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- FOREWORD

- This report presents the results of a three-month program
conducted to develop and demonstrate a triggered multichannel
gas switch. Switches of this type should eventually supersede
the replaceable stabbed-polyethylene switches which are now

used on the Mylar-line pulse generators.
ported by IR&D contract No. 50-163.

The program was sup-
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~ SECTION 1

~ INTRODUCTION

The Mylar llnes that have been constructed at Phy31cs

Internatlonal generate .at the switches a rate of change of cur-

rent ranging from a few times 1013 to 10 amperes per second.

- This rate of change of current has been made p0531b1e by the use

of a number of SOlld dlelectrlc sw1tches, in which, in effect

many parallel spark channels are created on each shot. The large

number of channels, each quite short, gives a very low 1nductance,

_and to date there has been no other method that achieves the same -

result.

The dlsadvantage of solid SWltCheS is that they must be re-
placed after each shot, slow1ng operation and consuming materials
and labor. fThere are eight sw1tches in the new hlgh—voltage DASA

line (SNARK) If this system is increased, as antlclpated to ten'”

Or more times its present size, the replacement of sw1tches,

_ though tractable and not unprecedented will become very 1ncon—
venient. Therefore, it was desirable to demonstrate that Mylar

lines could be gas-switched, to simplify the operatlon of a

-+ facility-type machlne.

Multlple channel pressurlzed SF6 gaps- offer the best

'approach to. gas—sw1tch1ng. A number of channels similar to

those achleved with solid switching is requlred The Smelest

method 1s to use a single, multlple channel rall ‘'gap for
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each line to be switched. BAn insulating pipe, which is laid
along the edgé of the dielectric stripline, provides a pres-
'sure.vessel_énd contains two rail-like main electrodes and

a third trigger eleétrode to which a fast-rising pulse is 
applied " The sw1tch can . operate repeatedly with only occasional
‘malntenance and is varlable over a large voltage range by

pressure adjustment._
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SECTION 2
THEORETICAL PRINCIPLES

Existing data suggest that, in a uniform-field switch

‘with applied voltages rising in about 0.3 psec, the break—‘

down strength of SF6 is proportional to total preSsure up to
about 100 psi.. At hlgher pressures the field rlses less rapldly

_w1th pressure and does not exceed 1 MV/cm. The standard

deviation, p(V), rises steadlly from about 2 percent at 50 psi |

~to about 7 to 8 percent at 300 psi.

ZACCOrdingly,_SF6 has a breakdown gradient'virtually'

1independent of the rate of application of voltage; i.e. . when

. the risetime of the applied waveform is decreased from 300 nsec

to 10 nsec, a lO to 15 percent increase in breakdown voltage

is observed.

However, in a p01nt—plane or highly fleld—enhanced gap,
the breakdown field of SF6 is time- dependent and, at pressures

'above a few atomospheres absolute, increases only slowly with

pressure.'

Thus, to minimize the formative time and jitter, it is

necessary not only to feed in a large, fast trigger pulse,

‘but for the electrode to have a geometry designed to

achieve an enormous field when the tr;gger pulse is applied}

This means that a very sharp trigger electrode is_requiredf
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the position and potential of which must be carefully controlled
- to avoid prefire. (A fairly stable corona sheath will temp-
orarlly relieve the high field on the trigger electrode ) This
‘switching system was first carried out in hlgh—pressure SF6

by Physics International under a DASA contract, 'DASA 01-68-C-— 0175
"Trigitron SW1tch1ng in quulds," which was later modlfled to

include other promlslng methods of sztchlng

‘The trigger pulse is applled to the sharp trlgger electrode
with a. polarlty which will break both 51des of the gap 31mu1—-
taneously Also, it is preferable that the trlgger electrode
be driven positive with respect to the main electrodes as the

positive streamers travel faster.

_ In the normal “cascade mode" of triggered operation, the
trigger pulse'firSt breaks one side of the switch, which swings
the full potential to the other 51de of the switch, whlch in
turn breaks down. As shown in Figure 1, it would be normal to
'offset the trigger electrode and to provide a trigger pulse
strong enocugh to break ‘the 1arger gap first which in turn

~ breaks the smaller gap.

Ih the case of the "simultaneous mode,"‘after the appli-
catlon of the positive trigger pulse, the potentlal (V/n) of
the trlgger electrode w1ll follow curve ABD. The trlgger pulse
_breaks down both gap spacings before the trigger-electrode '
potentlal sw1ngs back  to negative. The advantage of the
_31multaneous~breakdown mode of cperation is that the time to

‘breakdown and the jitter are minimized.
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: Figure 1 Typical main eléctrodé Voltaqe (V) and triqaer-

electrode-potential (V/n} curves after application

“of the trigger?voltagE'pulse.
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Figure 1 gives a plot of the equipotentiais in 0-percent

steps as they exist at point B in the triggering cycle.

_ When the'spark channel'forms, the voltage'across the gap

- falls more or less exponentially, serious deviations occurring
only when the voitage has dropped to about lO'pereent,of‘its
'initiai'value. Most of the energy is delivered into the chan-
nel.during'the time that the channel impedance falls from a
few times above the driving impedance to a few times below the
driving impedance. ' This fall in impedance, or resistivé phase,
together with the channel and 1nherent electrode 1nductance,

- 1s the llmltlng-factor upon the pulse risetime.

An estlmate of" the pulse risetime may be divided into two
fparts: (l) the re81st1ve phase Tr and (2) channel 1nductance
plus switch-electrode inductance. The approximate resistive

phase risetime is given by

i s 12
r Zl/3N1/3F4/3

nsec

where p- is the switching medium density (gm/cc), 2 is the
dr1v1ng 1mpedance (), F is the mean breakdown strength of the

" switch in (MV/cm), and N is the number of channels.

For the inductive contrlbutlon to the rlsetlme, the chan—
nel is treated as a cylindrical conductor over a ground plane.
Thus the inductance for N channels is '

21
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where 1 is the length of the channel (cm), D is approximately
one third of the distance between channels {cm}, and S 1is the
channel diameter (cm), assuming an expansion velocity bf the
plasma - channel to be approximately 106 cm/sec.

Then

ll\)
[

=

o : D L . ) . - }
Yy > ;n g + switch electrode[g

and the total switch risetime (Tﬁot) is giveh by

Ttot = %TR) + (TL) e-fold.
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SECTION 3

EXPERIMENTAL PROCEDURES

3.1 SWITCH ENVELOPE

The 1n1t1al tests were directed toward fabrlcatlng a gas-
contalnment vessel compatible to coupling into a parallel- plate
Mylar dielectric transmission line. ‘The following basic assump-

tions were made:

1. The electfodes of the rail switch should beé about 12
" inches long. (A greater length, though p0551ble, would

'compllcate fabrication.)

2. The. sw1tch may be coupled to a transm1381on llne of as

low an 1mpedance as 0.6 ohm. ,

3. 'The operatlng fleld in the Mylar may be 1n the region of
1. 3 MV/cm. '

4.: In order that these low-impedance transﬁission 1ines
may operate at high voltages, the lines are immersed in _
water which is loaded with a COpper-sulphate'eoiution,_the
environment in which the switch ehvelope must. functibn
This 1mmer51on reduces ‘the fields at the edges of the con-

ductors. -

Dimensions not exceeding 2-1/2 by_2-l/2rinehes.seem neces-

sary to ensure that, under these circumstances, the switch en-

.~ velope does not contribute more than 12 nsec e-folding to the-
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switch risetime. Conditions inside the envelope -~ with a
working pressure of about 200 psi and a maximum field taking
into account fieid enhancement' of about 750 kvV/cm 1n the SFG -
mak e it seem unllkely that an internal diameter of less than
1-1/4 inches should be considered. These inside dimensions

. imply that outside dimensions of about 2 by 2 inches are
neCesséry to safely contain the 200 psi SFc.. Thus it was
necessary to show that an insulating envelope with external

~ dimensions of about 2 to 2~1/2 inches square would survive _
at‘voltagés in.eXCecs of 500 kV 'in the environment indicated

- above.

- A Marx generator was used to feed a 1 - cos wt type wave-—
form into- varlous samples. The volts were taken off the
sample by means of a solid dielectric switch parallel to the
sample such that the t. S FF of the applled waveform was typlcally
0.4 psec. - '

Six-inch-wide electrodes 0.040-inch thick with a full
radius on the edges, and 13 sheets of 0.0lO-inch'Mylaf-as the
main-line insulation were used to test a 1-1/2-inch-square
cross section of a Lucite Sample. The sample was tested by
applying successively higher negative voltages to electrode
A, Flgure 2a,. With the water resistivity, Py’ set at 8 kfi-cm
(a level hlgher than normal, thus empha5121ng the gradlng problem)
a track occurred between the electrodes across the Mylar-Lucite
interface at 150 kV. The sample, when turned over and retested,

broke in{thé samé'manner at a voltage of 180 kV.
The face of the Lucite sample adjacent to‘the'Mylar was then

fluted in order  to provide resistive grading between the electrodes,
thus reducing the field on electrode A, at the point where it bends. B

10
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Lucite sample

' Side view

'Figurer2

End view

Envelope testing. -

11
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up the gide of the Lucite envelope. The flutes were approx-
imately 0.01 inch deep, full radius and 0.10 inch between peaks,
 Figure 2b. This sample was tested and failed as it had

before being fluted, but this time at a voltage of 250 kV.

‘The water'resistivity was then lowered to 2 kQ cm to improve the
resistive: grading and another 1-1/2-inch-square cross section of a
fluted sample tested. This sample finally tracked along one of
the flutes at 390 kv. R :

Next a 2- 1nch square ‘cross section fluted sample was.
,'tested with p = 4.5 k@ cm. This sample tracked along the

2 flutes at 528 kV.‘ When the resistivity was lowered to 2:5 k@

| cm, a typical working level, the sample failed at 558 kV but
‘.tracking did not occur. All thirteen sheets of Mylar were
punctured at a point below the field~enchanced bend of elect—
rode A. 7 ThlS corresponds to a mean field in the Mylar of 1.7
Mv/cm. -It was therefore concluded that the envelope and the
means of its attachment to the transmission line were more than

‘adequate for operation at 450 kvV.
3.2 SWITCH SELF~BREAKDOWN CHARACTERISTICS

A switch (Figure 3) was fabricated initially without the.
trigge::electrode in order to investigate the selffhreakdown
.voltage (Vsb).versus pressure (Psb)",The switcn,waseimmersed

in o0il to eliminate external flashover problems "~ Because of
dthe ‘high shunt 1mpedance represented by the switch, additional
_serles inductance was added to the Marx generator, and the
resultant t e of the applied waveform was typ;cally O.Blpsec,_
By this means the self-breakdown voltage was obtained in 20-psi

steps using dried SF6‘

12
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Lucite : : Trigger
envelope: _ electrode

¥ ' R !

| WA B AT A

VAR LA AT |

T

. - S Main
) electrodes

Figure 3 Gas-switch assembly.
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At 95 psi absolute and at a voltage of 276 kV, the switch
tracked from the ends of the main electrodes, via the end—plug-
O-ring, shattering the end of the Lucité envelope. The Lucite
envelope was lengthened, so that the end plugs containing
the O-rings were moved back from the ends of the main electrodes.
With this new design a self-breakdown voltage—vérsus—pressure

curve up to 95 psi absolute was established.

The trigger_eléctrode was then positioned at a ratio of
short-gap (b) and long-gap (a) spacing of 44 percént to 56
. percent. The tfigger,was held in this ratio by meané of _
copper-sulphate resistors. The self-breakdown vbltageFQefsus—
pressure curve was reestablished with the trigger- electrode
in position. In Table 1 the standard deviation (V} is indicated

(kv) .

as a percentage-of-vsb

TABLE 1

VOLTAGE VERSUS PRESSURE

Voltage (kV) ' -Voltage'(kv)

SF, Pressure | o Without ‘ ~ With
(psia) , Trigger Electrode Trigger Electrode
35 | 122 ¢ 1.5% 123 +°2.3%
55 - : 194 + 3.5% 194 + 2.9%
75 B 245 £ 1.9% o247 4 2.8%

95 - 7 ‘_ 299 + 4.3% 304 t 2.5%

-14-
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3.3 SWITCH TRIGGERED CHARACTERISTICS

The triggering'of the rail switch is achieved by feeding the
trigger pulse down a high-voltage coaxial cabile which is con-
nected to the trigger electrode via a series resistor (R ),

Figure 4. This resistor serves to reduce the amplltude of
transients fed back down the cable when the rail switch ferS.
It has been demonstrated for example, that without a 'series
resistor RG 17 breaks due to sw1tch1ng transients at a line
voltage of'about 150 kV. With a series re51stor twice the

cable impedance, it does not break at a llne voltage of 450 kV._

%Copper—sulphate solution is used to form the serles resistor and
:1s contalned 1n a block of Luc1te. ThlS Lucite block prevents.

_capa01t1ve and re31st1ve coupllng, due to the presence of water

both across the series resistor and between the trlgger—

electrode studs and ground. This is 1mportant not only in

| holdlng the trigger electrode at the correct potentlal during
'the charglng phase, but in redu01ng the loading imposed upon

the trlggerlng pulse, which flres the rail switch.,

A parallel—plate.Blumlein circuit was.fabricated using 12-
'inch—wide} lO—ﬁil copper foil. The thickness of the copper is
artlflcallv 1ncreased at the edge by soldering a 50 ~mil- dia-
meter wire around the edge of the copper. This 1ncreased
thlckness together with the 2 kQ-cm water gives adequate re-
51st1ve grading in the water to prevent edge breaks, during

‘both the slow-speed charging phase and the high~speed transient_

phase. Each line of the Blumlein is composed of 13 sheets of

0.010-inch Mylar 2 feet wide. Since the resulting-lines cach

have an 1mpedance of 2.5 ohms, the Blumlein-output 1mpedance 1s

5.0 ohms ‘The length of the active portion of the transmission

line initially had a double-transit time of 23 nsec.

15
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. _ Copper .
Lucite sulphate Trigger- .

blocking : ' Resistor §22ée

SN VAN

(::: Rail gas switch
]
/ &
1
. Mylar dielectric

transmission line

.Figure 4 Gas switch with Lucite bloéking and trigger feed.
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The Mylar forming each line and the outer copper sheets
are contlnued beyond the active portlon of the Blumlein. The
Mylar ‘and copper form a matched transm1551on llne which is

termlnated by a matched copper-sulphate load. The reason for

‘this length'of'matChed transmission line is that the load,

although designed to be low 1nductance, will not prov1de a per-

fect registive termination. By p051t10n1ng the capa01L1ve output

-monitor near the end of the active portion of the Blumleln,_a

clear—space“ is'obtained, so that the pulse risetime may. be‘

3recorded before mlsmatch tran51ents return from the load

(Flgure 5).

The general arrangement of the Blumlein test assembly is
shown - in PFigure 5a and 6. The equivalernt circuit is glven

in Figure 5b A Marx generator of effective capacity 0.25 uF

'(C ) and 1nductance 10 uH (L ) pulse charges the test Blumlein.

(Serles inductance .o uH (L ) was added to slow the time to

“peak on the charging waveform to approx1mately 3-usec, the

time to peak on a fac111ty~type Mylar line.}) A ‘sample of

‘the charglng voltage (V) existing on the Blumlein is applled to

a variable- -geometry copper- sulphate resistor (V/n resistor).

By means of a tap-off sectlon in the V/n resrstor,'a fractlon
of the charglng voltage is applied ‘to the master switch. This
switch connects, via the trigger cable and series resistor - "

‘(R ), to the trlgger electrode of the rail switch. Thus the

trlgger electrode is held at the correct potentlal (0 44 V) by
means. of monltorlng the V and V/n waveforms and tunlng the V/n:.

re51stor

The master'switoh l’ ‘consisted 1n1t1ally of a solid di-

'electrlc prestabbed- polyethylene switch and flnally of a gas
-(SF ) switch which was desmgned to operate at the same pressure

17
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b. Equivalent circuit.

Figure 35 Blumlein-test assembly.
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as in the rail switch, 82. Both were arranged to fire at 85 per-
cent of the peak of the charging waveform, and the rail switch was
pressurlzed 50 that it received the trlggerlng pulse when

charged to 80 percent of self-break.

A capac1t1ve monltor around the trigger cable and up aqalnst
the rail switch (Figure 7) was used to look at the trquer

‘waveform’ and for time-referencing the rail-switch closure

The e-folding decay time of this monitor was 370 nsec. grv;ng
a droop time of only a few percent during the time of interest.

The parallel—plate capa01t1ve monitor, used to record the Blumleln-

output waveform, ‘had a droop time of about 3 usec.

Initially‘the impedance (Zg of the coaxial trigger cable

was 50 ohm and that cf the series . reSLStor (R ), 63 ohm. . The

system was flred at successrvely higher voltages up to about 300
kV; v and vV/n: waveforms together with a Blumlein-output wave-

forms are shown in- Flgure 8, and the multlple channel break-

downs. in the rail switch in Figures 9 and 10. A11 the photo-

‘graphs are of multiple-channel breakdowns occurring in the

large gap (a) ; however photographs taken of the smaller gap (b)
indicate a 51mllar number of channels.

- The capacity of the trigger electrode to the main electrodes

Was measured .at 20 pF. In order to increase the rate of rise

of the trlgger pulse and at the risk of breaklng the trlgger'

cable, the serles resistor (R ) was shorted out by means of

'dlsplac1ng the copper sulphate with Mercury. At 300 kV a similar

number of channels were observed'ln the rall switch with no

‘change in the output-pulse risetime.

19
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With the series resistor (R_) still shorted out, a trig-
ger cable of 18-chm impedance was used and records taken over

a range of pulse-charge voltages.

At this time a break occurred in the Mylar that forms
the dummy line of the Blumlein, where inadequate grading had
been used. The Blumlein was rebuilt with the active portion
somewhat shorter (2 Ty = 16 nsec) to give more "clear tiﬁe“ at
the output end. Three 50-ohm trigger cables in parallel
were used, each fed from a common master switch Sl and éach_
connecting to the rail-switch trigger electrode via a 60-ohm

copper-sulphate resistor, Figures 6 and 7.

Figure 6 Blumlein-test assembly.

20
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Figure 7

R9301

Gas switch

with Lucite blocking and trigger feed.
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280 kv
10ns/division

295 kv
10ns/division

320 kv
.lOns/division

Figure'B Blumleinboutgut waveforms. (2Tb = 23 ns).
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f 22 Neutral Density 1.0

£f 22 Neutral Density 1.6

113 psi SF6, vsb 375 kV
triggered at 313 kV

from 500 cable via 62—} series resistor.

Figure 9 . Multiple-channel photo.

23
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f 22 VNeutral Density 1.0

f 22 Neutral Density 1.6

. 113 psi SF, Vsb 375 kV

triggered at 320 kV
from 50~ cable via 62-0 series resistor

Figure 10 Multiple-channel photo.
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Records ware again taken at voltage up to 350 kv, Flgures 11
and 12. The self-break point at 205 psia was establ*shed and
found to be 400 kV + 2.2 percent

The follow1ng table gives the average number of breakdown
channels for effective trigger 1mpedances at varlous operatlng
voltages. The change from a solid dielectric master switch
to a gas master switch was not made until after the data for: '_5'

' Table 2 were accumulated. However, a number of these shots

were repeated with a gas master sw1tch and showed 1dentlcal

-.results.
'TABLE 2
NUMBER OF CHANNELS VERSUS INDUCTANCE
Trlgger Impedance Plus Serles Re51stance :
18 + 0 3 x (50+60) 50 + 0 50 + 63
: _ , Effective Trigger Impedance
Line Voltage 18 37 @ 50 Q 113 @
' (kV) - _ - _ L
wo 5 - S
150 . 5 o 5-1/2 A 6
200 o100 7e12 10
250 14 10 i - .
300 14 16 S 20 20
350 ‘ ' . _ 19 T

- 25
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Trigger waveform
switch not firing
3 cables each

50 2 + 60 ) series
resistor.
10ns/division

113 kv
10ns/division

150 kv
10ns/division ..

160 kv
10ns/division

Figure 11 Blumlein-output waveforms (2 Ty, léns).
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210 kV
10ns/division

267 kV
1l0ns/division

320 kv
10ns/division

Chargingi-
waveform Lo
SOOns/division
Trigger o
waveform

Figure 12 Blumlein-ocutput waveforms (2rb = léns).
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SECTION 4
DISCUSSION OF RESULTS

Due to the field limitation‘in the SFG,_switching voltages of
400 kV were not exceeded, -As the pressure - (and hence the operating
voltage) lS 1ncreased, the number of channels also increases; how~'

. ever, the gap 1nductance decreases by only 10 percent when the g‘-,--

-number of breakdown p01nts 1ncreases from 6 to 20.

_ Over the range of pressures 1nd1cated, any change ' in time to
breakdown or ‘shot-to- ~shot Jitter was not measurable by equlpment
on hand. Thls,.Wlth the roughly equal number of channels on each
side O£ the trigger electrode and with the_shape of the trigger
waveforms,'indicated that simultaneous,triggering had:been.achieved

instead of the more normal cascade mode.

' Apparently, the number of breakdown channels is independent
of the trlgger lmpedance and of the number of points at whlch the
~trlgger pulse is fed into the trigger electrode. ThlS 1s somewhat
,Surprising; since,-for example, shorting out the series re51stor
_should have 1njected a faster-rising pulse 1nto the trigger elec-—

e " trode. When the switch is- dr1v1ng a lower- 1mpedance transm1551on
llne, resultlng in a longer resistive phase, a lower- 1mpedance

- trlgger c1rcu1t may then cause more channels to be formed._

It was expected that feedlng the trlgger pulse in at three

_ polnts on the trlgger electrode would result in more channels
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being formed, if only due to the reduced transit time of the
trigger'pulse along the electrode. Again, this did not occur.
In the case of the singlefcable'feed, the trigger pulse may have
transversedathe.transmission line formed between the trigger
electrode and main.electrodes, and doubled at the open circuit

: reﬁresented by both ends of the switch, offsetting . the reduced
transit time. Thus the delay of the trigger pulse in reaching
the ends of the trigger electrode would have been'compensated

for by the'triggerﬂelectrOderexcursing to a greater extent at

"the ends.

‘ Accordlng to J. C. Martin the time, AT, durlng which useful

channels may - form is

AT = thot

- where f is,approximately 0.1. To this must be added'an allowance

for transitetime_isolatioﬁ.l Thus,

AT = 0.1 Tiot T 0.8 Ty ans

_ A switch opefating in the single-channel mode will haﬁe a

breakdown Voltage (V), the standard deviation o(V) of which may
be measured. Wheﬁ a trigger pulse, rising at a'rate'dV/dt, is
_ applled to the system, the standard dev1at10n in voltage may be

transformed into a dev1atlon in time:

i

Oy T Sy V(dV/dt)

To a reasonable degree of accuracy; AT may be equated.to-Zo(t).

Thus,

26, v(av/ae) L = 0.1 1, + 0.8

(V). tot
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A Now 5,172
T nsec,.
r 1.35 n/3 p4/3
150 kV 300 kv
) o2 0,148 0.225
_ pd/3 0.148 0.37
1 = 5 - 5 x_o}225*
SR s Nl/3 1.35 Nt/3 0.37

Us;ng the above relationship and the graph of number of
channels versus 1nductance, it lS p0551b1e to- draw up Table 3
show1ng N versus. AT where '

"'l
A = g v
AT 20y V(dv/dt)
TABLE 3
N Versus AT
S TR Ttot - AT
g- Lo T, 150 kv 1300 kV 150 kV 300 kv Terans 150 gv 300 kV:
) 1 14 5.6 3.7 2,25 9.3 - 7.85 1.0 1.73 1.59
2 9 3.6 2.94 1.78 6.54 5.38 - 0.5 1.05  0.94
4 6.8  2.72 2.34 1.33 . 5.06 - 4.05 Q.25 ~ 0.71  0.61.
8 6 2.4 1.85  1.12 4.25  3.52 °  0.125  0.53 0.45
16 5.7 2.28 1.47 - 0.83 3.75 3.11  0.06  0.43 0.36
32 5.5 2.2 1,04  0.59 3,24  2.79  0.03  0.25

0.30

@
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In this case, ¢ ) was measured to be 2.8 percent with a

{(v
trigger pulse rising linearly through V in about 8 nsec.

Therefore: AT = 0.44 nsec.

' This value of AT, referred back to Table 3, predlcts
approximately 16 channels at 150 kV and 8 channels at 300 kV,
instead of the observed numbers of 6 at 150 kV and 20 at 300 kv.

The. breakdown of p01nt-plane switches was 1n1t1ally 1nvest1ga—
rted at Aldermaston, where sw1tch—breakdown tlme once . the trlgger
pulse has been applled was estlmated from the equatlon

'Ftl/n d1/6.

‘leading to the result

e = ®E)® . a7V

If we assume that a smaller closure time would be obtained
at hlg%"r _pressures, where F would rﬁcrease more Lh’l ﬁ, it may

be argued that
to (1/p)*

ThlS argument can be applied to the data on the number of
channels formed, using a factor of (5. 7/p)0 -7
absolute pressure in atmospheres. 'This results in a reasonably
consiStent_setlof nﬁmbers that are in agreement with the.observed

data.

where p is- the
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The validity of this assumptlon is somewhat in questlon, as .
data obtained with point-plane gaps at Physics Internatlonal under

SIEGE Phase II Study indicate strongly that to pl/s.

The expressions listed in Section 2 may be used to compare '
calculated and - observed switch rlsetlmes. ' '

Téking an ocperating voltage of 300 kv with'20'channels,

P o= _0.006.x-8.5gm/cc(SF6-§t 8.5 atmos)
z = 2.5iﬂﬂ
‘?"=_-§%g§_ = 0.475'MV/cm
N = 20.
. o 5x (0.051172 |
R (2.5}1/ % (0.0475) 43 x (20)173
. 5 x 0.225
R 1.35 x 0 37 x 2. 7
Tp = 0.84 nsec' “
&sz  %6§§95g%'1n :;f; *,313
'Tt. ="o.025,x:3,3 +2-1
'Th = 2.18 nsec
Top = \/(0.84)2'+ (2.18)°
T£Ot. = 2.3nsec..
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Taking an operating voltage of 150 kV with 6 channels,

p = 0.0006 x 3.66 gm/cc (SF, at 3.66 atmos)
z = 2.5 9
F -='%%%§- = 0.238 MV/cm
N '¥ 6.
e .'s'g(o.oéz)l/z_ |
R st x 02393 5 (613
= | 5 x 0.148 |
R - T35 x 0.148 x 1.82
g = 2.03 hséc
R S = n e Roc Bl
Ty, = 0.84 X 5.5 + 2.1
Ty, = 6.7 nsec
Top = '\/(2.03)2 ¥ (6.7°
Tror. = 7 bsec |

- Both ekamples are in reasonable agreement with the records in

- Figures 8, .11, and712.
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SECTION 5
CONCLUSIONS

The rnltlatlon of multlple channel breakdown in the ra:Ll:.i
switch described has been ‘consistently achleved. It has also
been shown that when the rail switch is coupled into a low-
1mpedance transm1551on line operatlng at voltages up to 400 kv
and flelds in excess of 1.5 MV/cm, the gap 1nductance is only
5.5 nH (Flgure 13) S

In order to demonstrate the switeh in a lower- impedance_
line, two further rail switches and the assoc1ated Luc1te block-

'-1ng, etc., have been fabricated (Figure 14 and 15). At present

they are: belng installed in a service~facility system. Each
switch will feed a l-ohm transm1551on llne and the resultant two
2- ohm output-— 1mpedance Blumleins paralleled into a tube of 1l-ohm

matched 1mpedance._

The sw1tched—11ne voltage will be limited to a.maximum of

350 kV until further experlence has been galned. This maximum

COrresponds to a peak current in the SWltCh of 350 kA as opposed‘

to the orlglnal peak test current of 160 kA Triggering will be
achleved by means of .a single 50— ohm coaxial cable and a 50-ohm

'~ series re51stor feedlng each sw1tch

When the switch feeds a lower impedance llne,_the number of
channels is expected to increase, due to the re31st1ve phase

1ncrea51ng as the cube root of the drive 1mpedance A longer'

re51st1ve phase.allows the trlgger to excurse more, thus

1n1t1at1ng more breakdown sites along the trigger electode.

As Teot predomlnantly determined by the inherent
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Figure 13 Pressure and inductance curves.
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14 Gas switch disassembled.

Figure

37
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Figure

15

Gas switch assembled.
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envelope lnductance, more than six channels may seem an unnecessary
luxury. However, with higher currents, electrode erosion may '
become a problem and the extra channels prove useful. Unfor-

tunately'the-pOSSibility of a single-channel self-break cannot

- be overlooked. During these tests the existing switch was sub-

jected to single channel currents of 160 kA without any serlous
erosion occurrlng, but at very hlgh currents (approx1mately 1 MA),
electrode materials like heavy metal or molybdenum may have to be

used.

Because of the electric-field limitation in the SFG' 1t is
1mp0551b1e to raise the operating voltage from 400 kV to the

.desired level of 500 kV simply by increasing the pressure. Nor

is it de51rable to greatly increase the envelope size, due to
rlsetlme conSLderatlons. However, it may well be possible to
make use of a polarlty effect that has been observed in. SF6
With a ball-rod gap, fleld ratio 3:1, it was found that at 265

_p51a the enhanced field on the small electrode was the expectedjr
~value when positive, and greater by l.33 when negative. Thus it-

may be possible to reduce the diameter of the negatlve electrode

so that ' the fleld on the negative electrode is as much as 33

percent higher. - The gap would thereby be 1ncreased ‘without the
~mean breakdown-fleld being reduced. One fact_that may compllcate
this approach is that in transformer oil, the polarity effect

seems to 1ncrease ‘with field enhancement: however, these data are

‘confusing and sometlmes contradlctory. If this effect is present

in SFG’ then optlmlzatlon to achieve hlgher operatlng voltages
may not be p0551ble without a more careful 1nvest1gatlon of this

phenomenon.
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