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Summary

Recent experiments indicate that synchrcnous
untriggered multichannel switching in water will per-
mit the development of relatively simple, ultra-lcw
impedance, short pulse, relativistic electron beam
(RZB) accelerators. These experirents resulted in
she delivery of a 1.5 MV, 0.75 MA, 15 as pulse into a
20 line with a current risetime of 2 x 104 A/sec.
The apparatus consisted of a 3 MV Marx generator and
a series of three 112 cm wide strip water lines sepa-
rated by 2 edge-plane water-gap switches. The Marx
generator charged the first line in < 400 ns. Tae
2irst switch ther formed 5 or more channels. The
second line was charged in 60 ns and broke down with
10 to 25 charnels at a mean field of 1.6 MV/cm. The
closure time of eaca spark channel along beoth switches
was measured with a streak camera and showed low
Jitter. The resulting fast pulse line construction is
sirpler and should provide considerable cost savings
from previcus designs.
lires in parallel can be emplcyed to obtain power
levels in the 103 W range for RIB fusion studies.#

Introduction

.. High current electron beams capable of delivering
15 wn calll worape 10 e D 5 will e requi d

o 20 W for 10 to 20 ns will be required to
investigate the feasibility of thermonuclear fusion
pellets with intense electron beams. The pulsed
power technolcgy regquired to produce these beams effi-
ciently involves switching of low impedance lines with
very small inductive and resistive risstimes, Ty and

Ty- These parameters are given by J. C. Martin as:®
T = L/NZ
L .
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in ns with L the inductance per switch channel in nH,
N the nwiber of channels, Z the impedance of the line
feeding the switch, and Z the mean electric field in
the switch in MV/cm. In the past, the switching prob-
lem ras been alleviated Tty switching a high impedance
palse formiang line and then transforming the pulse
down to a —ow impedance output.j’“ An alternative
scheme s to use multichannel switching to obtain N
rhan across the switch., The number of channels

N is 2

(2)
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L4fe
between channels given by T L for a switch widsh 4
in a dielectric constant e,.¢ The speed of light in
vacuum 1s c.

A favorable dielectric for high power lines is
water because of the large energy density and the sliow
wave velocity which results in very compact, low-
impedance systems, Multichamnel switchirg in water
has the disadvantage that the electric field breakdown
strength Egp 1s less than that in oil, another good
dielectric, for typical charging times of 300 ns to
2 ws. This fact causes the duration of the resistive
phase in Eq. (1) to be longer in water than in oil.
Experiments were reported™ on the characteristics of
water breakdown with a three charnel water switch. In
those experiments the switch risetime was dominated by
the inductive risetime v, and the field enhanced elec-
trode was charged positively. Recent experiments av
Sandia® with edge-plane water dielectric gaps resulted
in successful multi-channel switching at voltages up
to 1 MV.

We report the results cof a new experiment called
Ripple which features self-breaking water switchirg of
a 2 {1 transfer capacitor and of a 2 (1 pulse forming
line. Charging veoltages range up to 3 MV with charging
times of 200 to 500 ns and L0 to &0 us for the
capacitor and pulse forming line, respectively, on the
112 cm long switches. In these experiments, the rise-
tifte cf the current in the switch was always dominated
by the resistive risetime. Both positive and negative
charged edges were used in the gaps.

R Rarc]
transfer

Typically, five channels are obtained with
charging times cf 200 to 500 ns on the first switch,
and 10 to 20 channels are obtained on the second switch
with the fast-charging pulse. The value of ¢ in the
second gap is measured with a streax camera to be 3 ns
which reflects the intrinsic jitter in the breakdown
and the effect of 10 ns jitter in the gap feeding the
pulfe—forming line.

The results show that the electric field in the
gap is sufficiently large zo reduce the Ty on the
current’s risetime. Pulses of 1.5 MV, .75 MA with a
risetime of 2 ns and a pulse width of 135 ns have been

achieved by this approach with an overall efficiency
of 50 percent (output energy/Marx energy).

foass
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AEEaratus

A low impedance, 3 MV, €.2 nF Marx generator
charges a transfer capacitor in 200 to 500 ns, as
shown in Fig. 1. The transfer capacitor is switched
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to & 2 () pulse-forming iine by a 112 cm long edge-
rlane switch in water. The Ripple lines
joint effort or the authors and R. S. Clark who provi-
ded the line design. The pulse-forming lire is
charg®@d in L0 to S0 ns and is then switched intc a 2
outpgt line through a second, 1i2 em wide, edge-plane
water switch. The field enhancement factor of the
is ~12. The output line is terminated in a load r
tor, which is transit time isolated from the output
monlsor during the experiment. The voltage wavelfcorms
on the line are nmonitored by resistive dividers located
at the center of each lire as snown in Fig. 1.
closure time for each streamer in each gap iz

T




with a streak camera viewing space 1/8 to 1/4 inch in
front of the plane electrode. The recorded luminosity
was time correlated with the rise of the current in the
gap vo within 1 ns. The Jjitter in the closure times

of the streamers in each gap and in the total jitter

in the time between the Marx's erection and the output
pulse is obtained from the streak records and the
voltage waveforms. Time integrated photographs are
also taker for comparison with the streak-camera
records.
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Figure 1. - Side View of Apparatus

The lines extend 120 cm into the paper.
A is the transfer capacitor section; B is the
pulse-ferming line; C is the output line termi-
nated in a load resistor D. E and F are edge-
plane gaps and G represents resistive voltage
monitors that are uniformly graded in the high

Tleld region between the lines. The gaps are

viewed through screens or slits in the upper
aa
line.
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- Sample Deta

The cutput waveform at 1.6 MV/div corres-
ponds to 200 xA/div in the 2 ) line. The streak
record Iirst records the streamers in the second
#zap [B). The open shutter photograph of the
slits 1s alsc shown for ccmparison with the
strzag record.

Filgure 2.
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Results and Discussion

Sample cutput waveforms, streak reccrds and open
shutter photographs are showrn in Fig. 2. This output
pulse was 1.5 MV/ 750 kA, with & 10-90 percent rise-
time of 3 ns and a pulse width of 13 ns. The energy
in the output pulse was 13 kJ with 25 kJ inisially in
the Marx generator. The streak camera and the oren
shutter photograph showed that 15 channels carried
significant curren®t in the second gap and the average
breskdown field was 0.8 MV/em. The calculated values
of 7, and T; were 1.7 ns and 0.4 ns, respectively,
from Eq. (l&. The calculated 10-90 percent risetime
is =* 2,2 Tr = 3.7 ns compared to 3 * 0.5 ns observed
risetime.

The fast risetime cf the pulse is thus related
to the large values of Zpp and N that are obtainable
in the second gap. A plot of Epp vs. topp is shown
in Fig. 3 where equals the voltage at breakdown
divided by the gap spacing and ters és.the Yime dur-~
ing which the gap voltage was above 63 percent of the
breakdown voltage. Gap separations of 2.5 cm to
1.25 cm and 5.7 cm to 4.1 cm were used in the output
and transfer gaps, respectively, and voltages of
1 to 2 MV were used for this data. It is evident that
the negative edge can hold off up to twice the break-
down voltage of a positive edge. Although more
channels were formed when the edge electrode was pcsi-
tive at the same breakdown voltage, a negatively
chargel edge gave & better switching performance
because of the larger electrie fields in the gap with
a negative edge. The superior performance of the gap
with a negative edge, when the resistive phase domi-
netes the risetime, means that the customary proce~
dure of having the field enhﬁncement on the positive
electrode should be changed.
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Figare 3. - Breakdown Eleciric Field as a Function

of the Effective Breazdown Tine

The data taxen with a negasive esdge (=)
and withe positive edge (@) are shown. The
error oars represent the spread in the data
over many shots, gap separations and voltages.
The solid lines A and D are the relations in
Eg. (4) for the regative and pesitive edges,
respectively. The dashed lines B and C are
the relations in Eg. (3) for the positive and
negative data, respectively.

Flgure 3 also conteins the predicted curves of
Zpn V8. topp which were derived Zrom the relation-

ship for the average streamer velocity U given by
J. C. ¥artin® for V ¢ 1 MV and ars approximated by:



. ) __0.0625
Negative Edge: EBD = t2 7 vo'l
s

ef?f (3)

N O27do.667
Positive zTdge: EBD = :;;6733—_—_
eff

MV/cm

MW/ em

for a gap separation d and effective time topp {the
time during whichk the voltage or the gap 1s greater
than 43 percent of the breakdown voltage V in MV).

Since the data in the recent experiments was
taken in the regime, 1 MV < V ¢ 3 MV, the relations
need not be valid ir this regime. Nevertheless, the
relasions for streamers originating on the negative
electrcdes provide & rzasonable fis to the data for
teff f 59 ns. For teff > 50 ns, the breakdown field
is ~ £0-50 percent mcre than predicted. The positive
relations, cr the cther hand, provide a reasonable
descripticn of the data for t_.p > 200 ns. For
shorter times, the relations cverestimate Epp by as
much as 100 percent. Mcre appropriate, empirical
formulas for the present Jdata were found to te:

0.13 .,
BD 0.5 v/em

eff (%)

Hegative =Zdge: E

MV/cm

AfSer the sireamer leaves the edge electrode, it
propegates across the gap with a velocity that
increasss with the applied voltage. The negative
streamer remains at the edge electrode twice as long
a8 the positive streamer for comparable waveforms
v - Va b/ ~ and, therefore, holds off twice tae
ro‘rage of the positive streamer. The negative
streamer then crosses the gap at approximately 60
percens cf the velocity of the positive streamer with
the same driving voltage V. The velocities of the
streamers were GO am/s and 140 cmfus at Va 2 MV
and 4 = .7 cn for the negative and positive stream-
srs, respectively. This compares to the average

streamer velocity (the ratio of the gap separation
%0 t.rp) of 32 and 52 cm/us for the negative and
positive streamers, respectively.

Teor ConT

Figure 4,

- Streak Protcgraphs of a Single Streamer
Crcssirg the Gap

The luminosity from the rcunded =dge of
the blade is visible as an apparent 'backward"
golng streamer in toth phctograpas. The velo-
city of the positive streamer is much faster
at 7 = 1,- MV than the negative streamer at

Vo= L.z MV,
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The relationship between the number of channels N
and the intrinsic Jitter ¢ is given by Eq. (2). The
value of N is the number of channels that carry 45 per-
cent or more of the current carried by the charnel
with & maximum current, This corresponds to those
channels that close when approximately 85 percent or
more of the maximum voltage is still on the gap.2 It
wes not possible to monitor the current in each
channel. In lieu of this infcormation, the risetime
of the current in the gap, the relative positiocns of
the streamers, and the relative closure times of the
streamers were correlated with the brightness of the
channels in open-shutter photographs. It was found
that: (1) when the vcltage at the root of the
streamer had fallen to 90 percent of its maximum value,
the two streamers were equally bright; (2) when the
voltage had fallen to 80 percent of its maximum value,
taere was a clearly observable difference tetween the
two images. Conseguently, only tne streamers with
brightness approximately ecual to the brightest
streamer were counted as an approximate value of N.
This was normally about half the total number of
streamers that closed.

For charge times of 200 to 400 rs (i.e., the
data in the first gap), the value of ¢ obtained from
Eg. {2) was 1.4 percent witk no significant difference
for positive or negative streeamers. Coﬁ5°quentld,
the larger number of streamers obtained with & posi-
tive edge arises from the shorter charging time To
for positive streamers and not from the intrinsic
standard deviation of positive streamer breaskdown.

The waveform on the second gap (i.e.. the output
gap with charge times of 40 to 30 ns) was not a
“inearly rising pulse, Sirce dV/dt was nearly zero
or even negative, a value of 0 was difficult to deter-
mine accurasely. Using Eq. (2) to give an upper
limit of o, one finds ¢ is < 3,0 percent for both
positive and negative streamers in the second gap.
These values of ¢ given by Bg. (2) from N measured
with open shutter photograpay can be compared to the
o of the closure times of transit-time isoclated
streamers as measured with the streak camera.
data is shown in Table I.

Sample

TABLE T
T Tirme Integrated
gng Data Time Resolved Data
o] T,
N Eg.(2 Ntr isolated
220 6 1.0% 5 3.2%
220 € 1.2% > 3.0%
L5 9 3.0% e 6.2%
50 2 3.0% ) b,
The value of ¢ measured with the streak camera
is “wo %o three times that given by Zc. (2). The
discrepancy apparently liss in the assumpsicn, impli-
cit in Eg. (2}, that all chernels thet clese within

3 time interval of 20 V/(dV/dt) contribute to N,

wnile the present expprAmen: indicazes that o“lJ those
that close within OT A tc N ard determine

the switch risetime.

The larger, fractional standard devieticn @ for
streamers in the second gap is attributed to the
long -imescale required for the vcltage on the second
gep S0 equilibrate along “he entire length of that
gap. Since the single-transit time along the gap
lengtn is comparable to the charging %ime, “he volt-
age varies along “he gep. This voltage variation



increased the apparent jitter in the second gap over
the intrinsic jitter of the same gap with a uniform
voltage along the lengthk.

For large accelerators, many lines would be
fired simultareously. For this scheme to be practical
she total Jjitter between the Marx's erection and the
closure of the second gap must be much less than the
desired 20 pulse length. The charge time of the
transfer capacitor was varied by adding an inductor
tetween the Marx and the capacitor and the total
time between Marx's erection and the output pulse was
measured for S tc 7 shois for each charge time, Since
tile reference time t = O was taken from the time at

which the erecting Marx waveform reacned 2 set volt-
age, the value of ¢ Includes thne variation in t = 0
zaused by transients in the Merx. Thus, ¢ is an
upper limit to the irtrinsic jitter in the gaps.
TABLE IT
Charge Uime v T
(ns) output ns Gap #1
260 1.0 MV 10 edge/plane
320 1.h My 18 "
430 0.7 MV 21 "
500 1.0 MV 20 "

Apparently, the jitter for a slow charge time
with edge-plane gaps lncreases suddenly when the
nnarge time is more than 300 ns. Nevertheless, even
for a charge time of 260 ns, Lhe overall jitter was
teo large to allow the unsynchronized operation of
anits to form a 20 ns pulse. Therefore, either
the first gep will nave to be triggered or the trans-
fer capacitor must be charged in ~ 100 ns for a 20 s
cutput pulse.

Conclusion

We have exanined multichannel switching in
water and found that the standard deviation in break-
doern time is 2-3 percent of the charging time for a
linzarly rising wvoltage waveform. The generally
wzsed relation for caleulating the number of chanrels

IT should te modified to reflect thav only streamers
trat close within o7, of each other carry significant
carrens,  Tae value of N so cotained can be neasured

¥ well with cpen shubter photography or streak
rraphy. For T > 2 on a 112 cm long edge-plane
risetime oI txae rcurrent 1s adequately
descrived by she usual relation of Eq. (1). When
the kxnife-edge o2 the

clectrode is regatively charged,
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breakdown fields for 1 MV < V < 3 MV are adeguately
described by the empirical relation based on data
for V< 1 MV for short charging time. When the knife
electrode is charged positively, the corresponding
relation overestimates the breakdown voltage by as
much as 100 percent. Alternative empirical relations
are presented. In general, better switching perform-

ance 1s obtained with a knife-edge electrode charged
negatively. Current risetimes of dI/dt in excess of

2 x 10% A/sec have been achieved.
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