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IMPLEMENTATION OF THE UNIVERSITY OF MISSOURI TERAWATT TEST
STAND AND THE STUDY OF A LARGE, MULTICHANNELING, LASER

TRIGGERED GAS SWITCH

Keith R. LeChien

Dr. John Gahl, Dissertation Supervisor

ABSTRACT

The University of Missouri Terawatt Test Stand is one of the world’s largest
university operated pulsed power facilities. It was developed and implemented, for a
fraction of similar facilities cost, under the supervision of the author. The test stand was
routinely operated at up to 200 kA at approximately 200 ns FWHM and 600 kV into
appropriate loads. The test stand provides a valuable resource for pulsed power
experimentation in areas ranging from component evaluation to wire array physics.

The laboratories original initiative was to research 2.5 MV laser triggered gas
switches. Experiments were conducted in voltage ranges from 800 kV to 2.5 MV, with peak
currents of over 175 kA, using air and SF; as fill gases. These parameters, along with
electrode type, configuration, and size were varied to experimentally understand
multichanneling and low inductance configurations for large laser triggered gas switches.
This effort discovered that for very low impedance gas switching, avenues of drastic redesign
of existing switches must be explored as opposed to modest design changes to meet
stringent impedance requirements for future inertial confinement fusion programs. From
this initiative, novel results were obtained that may be utilized for the future design of large,

low inductance gas switches.



Chapter 1

Introduction

The University of Missouri Terawatt Test Stand (MUTTS) began assembly in January 2003
and was operational on April 22, 2004. The test stand consists of a 100 k] Marx bank with a
maximum theoretical charge voltage of 3 MV, that feeds intermediate storage capacitors that
are switched with a laser triggered gas switch into a dummy load. The test stand is capable
of supplying a >250 kA damped sinusoidal wave with a FWHM pulse width of 200 ns into
the appropriate low impedance load. The test stand has gone through two major
development phases and has supported thirteen students including one Ph.D., two Masters,
and ten undergraduates. The test stand serves as one of the nations largest university

operated pulsed power drivers.

A. Purpose of Research

The primary purpose of the test stand is to evaluate large, multichanneling, laser
triggered gas switches with low inductance geometries. This will aid in the understanding of
these switches for future very low inductance designs. MUTTS was fitted with a 2.7 MV
multichanneling laser triggered gas switch called Rimfire designed at Sandia National
Laboratories. The long term goal of the research at MUTTS is to improve the
multichanneling reliability of these switches as well as improve jitter when the switches are
scaled to larger voltages and electrodes are either increased in number or in diameter. It is
also to achieve a more fundamental understanding of the effects of laser triggering on

multichanneling and switch impedance. Multichanneling is important for two main reasons:



1) a reduction of electrode wear and 2) reduced impedance. The test facility provides a high
voltage/high cutrent test bed for a number of experiments that are easily scalable to large
accelerators. The results are directly applicable to the requirements of the ZR accelerator at
Sandia National Laboratories [1].

One obstacle in developing large accelerators based on Marx bank technology like
that of ZR is switching the energy downstream of the initial energy storage section in a fast,
reliable way. Thirty-six Marx banks on ZR slow charge intermediate storage capacitors.
Energy is switched using individually laser triggered Rimfire gas switches that feed self-
breaking water switches. Those switches feed transmission lines to the wire array load. The
self-breaking water switches are present because the individually triggered gas switches do
not switch fast enough (too highly inductive) to provide sufficient pulse compression to
drive wire array loads. Lifetime performance limitations of the low inductance water
switches fuels the desire to optimize more robust, faster, laser triggered gas switches. Gas
switching is inherently superior to water switching because it is easier to work with
logistically, has significantly reduced acoustic shock, and easier triggering methods, etc.
Eliminating water self break switches, with a triggered gas switch, has a number of
advantages such as: 1) reduced jitter, 2) increased timing/trigger control, and 3) reduced
mechanical damage that is caused by the water switch shock wave. It is the goal of MUTTS
to investigate ways to lower inductance in previously designed gas switches and perhaps
eliminate the need for water based switching altogether.

We have previously investigated the requirement that, although multichannel
breakdown may occur in the cascade section, a lack of symmetric and uniform breakdown
will lead to higher switch inductance than is possible if symmetric breakdown occurred [2].

A lack of consistent and repeatable multichanneling performance may prevent the switch



from having the lowest possible inductance, thus affecting the risetime. Initial results
indicated the need to encourage channel formation in a symmetric distribution on each
cascade electrode eliminating azimuthal current flow in the electrodes. Methods were
investigated for iterating small changes of currently designed switches rather than entire
electrode redesigns because of the proven performance of the large gas switches [3,4]. We
have also investigated the effects of electrode type, size, switch fill gas and fill gas pressure
on multichanneling in both a laser triggered mode and in a self break environment and how
the switches impedance is affected by a given parameter.

Rimfire has been extensively studied but with limited fundamental understanding
fueling the research effort on scaled versions of the switch [4,5,6,7]. The switch investigated,
depicted in Fig. 1-1, is scaled from a Sandia designed 4 MV Rimfire. It consists of a ten gap
self-break section (called the “cascade section”, Fig. 1-1, item 7) and a long single channeling
trigger gap (“trigger section”, Fig. 1-1, item 3) that is designed to utilize SF,. In self-break
mode the trigger gap is allowed to over volt with no applied trigger pulse. In laser-triggered
mode, triggering is controlled by a pulsed (5 ns) frequency quadrupled Nd:YAG laser (266

nm, 30 m]).

B. Dissertation Overview

This dissertation covers a wide range of subjects from development and design of
system components to, switch testing, data analysis, and paper summaries. It starts with a
review of papers and chronicles the high voltage switch program at Sandia National
Laboratories that led to the development of the multistage Rimfire laser triggered gas switch.
Chapter 2: Rimfire Switch History serves as a history that lays the foundation for the

importance of Rimfire research conducted in this dissertation. The focus of this chapter is
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Fig. 1-1. 2.5 MV Rimfire. 1) Load end (aluminum), 2) trigger electrode with hole for laser
(stainless/Malloty), 3) trigger gap (gas dielectric), 4) cascade gap, ten total (gas dielectric,
stainless electrodes), 5) cascade spacer (acrylic), 0) tie rod (nylon), 7) gas envelop (PMMA
acrylic), 8) I-Store/high voltage end (aluminum).

to highlight how the results of experimentation influenced Rimfire design progression over
its> 20 year history. This section does not describe the programs on which Rimfire was
implemented, but rather how a multigap concept was designed to meet the requirements for
each machine.

Initial development, design, and implementation of the test stand are described in
Chapter 3: Development of the University of Missouri Terawatt Test Stand. In the
first phase, a two intermediate store design was considered and self-break switch data were
collected, mostly with air as the fill gas. This chapter describes the design and initial

experimental results which were used to obtain operational parameters for all subsequent



testing. This portion of the research was extremely crucial not only for gaining experience
with the machine itself, but in the implementation of pulsed power design techniques in
general.

The first switch data obtained were operating the switch in self-break mode and it is

presented in Chapter 4: Self-Break Data. There are three separate sets of electrode trials

presented. All data were taken at either 230 kV Marx charge (IMV peak at the I-Store) or

+40 kV Marx charge (1.4 MV peak at the I-Store). All data are in self break mode using air
as the fill gas. Analysis of self-break data was approached with the mission of obtaining
proper experimental setup and a parameter space for the laser trigger data. Therefore, data
are presented in a manner that was aimed toward guiding the MUTTS program in the
direction of laser triggered experiments. Electrode configurations that were tested included
arrangements of discrete conductors that acted as field enhancement points with the purpose
of forcing a specific number of channels or channel arrangement.

Laser trigger experiments are described in Chapter 5: Laser Trigger Data. This
chapter covers the phase II redesign of MUTTS beginning with test stand design for
implementation of the laser system. This chapter presents the results from cascade electrode
radius experiments and an electrode configuration using field enhancement holes in an SF(
environment. Data were collected in a voltage range of 1.6 — 2.4 MV. Data are presented
for air triggered arrangements and compared to SF, results. Effects of gas pressure on
multichanneling are also presented. An impedance analysis of all data is presented.

An investigation into higher pressure SF, switch testing was conducted because of
the lack of consistency in previously published work and the possibility at the time of
fabricating a switch utilizing elevated SF; pressure. Pulsed SF, gas switching has been

studied for decades, but little data exist for pressures above 50 psig. Experiments on high



pressure SF, — Argon breakdown were conducted as the natural progression of Rimfire
testing was taking place and they are presented in Chapter 6: SF; Breakdown —
Experimental Analysis. This chapter presents a collection of previous work regarding high
pressure SF, and SF, — Argon break down and compares it to the data collected on MUTTS.
Experimental work was conducted to determine how viable these mixtures would be to the
development of a new switch. There are three parts to this chapter; 1) a brief discussion of
impulse gas breakdown, 2) experimental data collected on the breakdown of SF; — Argon gas
mixtures at elevated pressures, and 3) a summary of very high pressure gas switching and
how the previous research relates to experimental data collected. This section served as a
guide for the design of a new switch presented in Chapter 7: New Switch Designs.

Chapter 7: New Switch Designs describes a design process for large Rimfire-like
SF, gas switch that is a result of the lessons learned throughout all of the other aspects
presented in this dissertation. It is an investigation into a reduced inner to outer conductor
ratio and reduced length 2 MV switch. This switch addresses the low inductance issue to
provide a very fast switch that could potentially replace water switches on machines like Z.
It also addresses a problem with the location of the gas envelope on current Rimfire designs.

Experimental results are summarized in Chapter 8: Conclusions. This chapter
serves as a bulleted list of conclusions based on research, data, and experimental analysis. It
contains references to locations within the document where evidence for each conclusion
may be located and, where appropriate, references to other researchers’ work.

A final Appendix chapter coordinates several pieces of data, photographs, and
details items that were too cumbersome to be presented within the main dissertation body.
This section contains equations, calculations, and experimental data that address

assumptions that were made when designing the first phase of the test stand and for other



purposes. This section contains critical information that is useful as a reference for future

machine and multichannel switch design.



Chapter 2
Rimfire Switch History

The following chapter is a paper study that chronicles the high voltage switch program at
Sandia National Laboratories that led to the development of the multistage Rimfire laser
triggered gas switch. A list of conclusions drawn by the authors about Rimfire gas switching
is listed after a summary of each paper. The focus of this chapter is to highlight how the
results of experimentation influenced Rimfire design progression. This section does not
describe the programs on which Rimfire was implemented (Proto II [8], PBFA I [9],
HERMES III [10], SATURN [11], PBFA II [12], Z [13], ZR [5]), but rather how a multigap
concept was designed to meet the requirements of each machine. Most experiments
conducted in the past on Rimfire switches were focused on evaluating a component that
would work for a given setup. Very few experiments were conducted at a basic
understanding level, or with the ability to iterate switch parameters, which is why research
continues today at the University of Missouri Terawatt Test Stand.

The first particle beam fusion accelerator at Sandia (PBFA I) was equipped with a
single gap, electrically triggered trigatron with a trigger pin installed in the center of the
anode electrode. The 11 cm, SF| filled gap had a self-breakdown voltage of 2.9 MV at 60
psia [5]. The switches runtime, or the time from application of trigger voltage to conduction
of current, was 90 ns when a 60 kV pulse was applied to the trigger pin. The jitter, or shot
to shot variation in runtime, of this switch was 2.5 ns. Triggering a similar 2.5 MV switch
with a 120 m] UV laser pulse reduced the jitter to 0.5 ns. An upgrade to PBFA 1, called

PBFA II, required thirty six, 6 MV gas switches. It was determined that more than doubling



the single gap trigatron operating voltage would double the inductance, unacceptably
increasing the jitter and requiring unacceptably high laser trigger energy. It was concluded
that a new switch was needed to meet the requirements of PBFA II. A multistage concept
was considered and was first implemented on PBFA I because its” multistage design allowed
a relatively straight forward scaling to PBFA II voltages.

The first multistage concept considered, depicted in Fig. 2-1, consisted of an
electrically triggered gap in series with 14 smaller cascade gaps [14]. The switch was
operated at 3 MV in its’ initial implementation. Switch operating inductance was determined
to be 70 nH. The fields in the triggered gap were 275 kV/cm and for the cascade gaps the
field ranged from 265 kV/cm to 295 kV/cm with the highest field occurring opposite the
trigger section. Thin plates extended into the outer housing that supported the multistage
cascade section. The plates also provided field shaping for the cascade and trigger sections.
Thirty percent of the total voltage was distributed across the trigger section. The self-break

voltage exhibited a rather large spread of 400 kV at 40 psia and 600 kV at 60 psia. Switch

\
il Trigger Housing
| i]
7

Tﬁ_gge:ed i
Zection

Fig. 2-1. First multigap concept utilized on a large accelerator at Sandia consisting of one
electrically triggered gap and fourteen self break cascade gaps [5].
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jitter was 2.5 ns. A faster rising trigger pulse lead to a smaller spread in jitter per switch and
the jitter decreased slightly with increasing switch pressure. A similar switch, designed for 6
MV operation and a laser trigger, failed at 4 MV because of flashover on the housing
dielectric. This was due to oscillating voltages between the resonant circuit set up between
each electrode, the dielectric spacing, and the subsequent electrode. This particular
multistage design was abandoned because program direction required larger operating
voltages than the switch was able to accommodate without housing flashovers [5].

The subsequent design that eliminated electrodes extending into the dielectric was
called Rimfire and was first introduced in 1985 [5]. The first implementation, a 6 MV, 500
kA design, consisted of a laser triggered gap in series with 16 multistage, cascaded gaps and
is depicted in Fig. 2-2. TField shapers were implemented in the dielectric housing, but the
electrodes themselves were pulled entirely into the gas envelope to eliminate problems in
carlier designs. The driving factors of this design were to remove the cascaded electrodes
from the outer housing, to lower the gap to gap capacitance, and to reduce the runtime of

the switch. With a 25 mJ, 248 nm, 20 ns FWHM, KrF laser trigger pulse the jitter for one

oy o
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Fig. 2-2. The first version of Rimfire [14]. One laser triggered gap and sixteen self break
cascade gaps.
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switch was 0.4 ns. The laser created an ionization path a few centimeters long in the
triggered gap. The switch had a runtime of 20 ns and showed a low dependence on self-
breakdown voltage. The inductance of the switch was 400 nH, 100 nH of which came from
the spark channels.

The switch was designed to operate with 325 kV in each cascade gap and 1.25 MV,
or 21% of full voltage, across the triggered gap. Fach electrode’s field enhancement factor
was approximately 1.1 giving a total field of 284 kV/cm per gap. The peak trigger field was
approximately 300 kV/cm. The maximum fields experienced by any plastic surface were
115 kV/cm. As a result of initial testing, several conclusions were drawn about the initial
Rimfire concept:

e (Cascade design is important for fast switching because it allows short conduction
lengths and relatively small capacitances between stages.

e Cascade field uniformity is very important because it insures each gap is equally ready
to fire at the time of triggering. This allows a cascade breakdown to initiate in the
gap closest the trigger and to “cascade” to the other end.

e Uniform fields between the cascade and triggered section insure that triggering will
be dictated by the overvolting of the triggered gap and not by spurious high fields in
the cascade section. This reduces jitter and the probability of prefire.

e The ringing current in each stage between multiple arcs is beneficial because it allows
the arcs to self sustain and encourages multichanneling.

e The jitter of the total switch is approximately equal to that of the trigger gap if the
first cascade gap is overvolted by a factor of four or more.

e The trigger gap should be short enough to be dominated by the laser spark length.

e Shielding all triple points from UV is necessary for lifetime considerations.
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The scalability of the Rimfire concept, one of its’ cornerstones, was more thoroughly
investigated in 1987 [15]. The goal of these experiments was to investigate reliability that
was measured in the jitter and probability of failure caused by prefires. Weibull statistics
were used to determine the prefire limits of the Rimfire switch depicted in Fig. 2-2. These
statistics describe probability distributions that are non-Gaussian and skewed toward lower
values. Implementing the statistical distribution formula, calculated Rimfire pre-breakdown
fields, and experimental prefire data from Hermes III and the Demon accelerators, a
relationship was developed between the prefire rate and the maximum electric fields that a
Rimfire switch may withstand. For a prefire rate of 0.003% (individual switch failure rate
chosen for a 36 switch system reliability of 90%), the maximum electric field is related to

switch pressure by,

E
S <82-35P  for P<4bas Eq. 2-1

where E is in kV/cm and P is in bars. This describes the relationship between prefire rate
and undesired over-voltage of a cascade gap being the cause of the prefire. The statistical
uncertainty of this relationship was = 6% for 50 samples and + 4% for 200 samples.

A similar statistical method was used to determine the prefire likelihood due to
insulator flashover field. Data taken from the Demon accelerator indicated that the
flashover prefire limit was related to the pressure by,

| Eq.2-2
El}l.\' < 25 /é V q

P e bar

for a 0.003% prefire level. The statistical sampling uncertainty was £ 15%. Both Demon

and PBFA data indicated that if the reduced trigger field, E,./p, was below 50 kV/(cm bar),
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the prefires were caused by untriggered gap to gap breakdown and with a reduced trigger
field above 50 kV/cm-bar, prefires were caused by insulator flashover.

The jitter of the switch was determined to be related to the laser trigger energy, laser
pulse width, laser sparking length, percentage of total voltage across triggered gap, and laser

power density. The trigger field limit, based on data from PBFA I was,

E, kL
> 46
ng cm bar Eq. 2-3

for a jitter of roughly 2ns. A test was conducted to determine the effect of trigger gap
voltage on jitter. The trigger gap was replaced by several cascade gaps all of the same length
and therefore with the same impressed voltage. One of those gaps was laser triggered. The
jitter in this setup was unacceptably high at 10 ns for an E /P of 50 kV/cm-bar. It was
concluded that a large trigger gap was necessary to have acceptable switch jitter. Several
additional conclusions were drawn from prefire and statistical analysis.
e At least twenty to thirty percent of the switch voltage should appear across the
triggered section for acceptable jitter.
e The pulse width of the laser should be on the order of the laser gap closure time.
e Flectric field enhancements should be minimized (and certainly be lest than 2) for
low jitter in the trigger and cascade sections.
e The cascade section evenly grades the fields and has a reduced field compared to the
one gap trigatron.

e [Laser spark lengths should be no less than 10-30% of the trigger gap length.
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The Rimfire concept was implemented on Hermes III in 1987 [16]. The switch was
a 2.4 MV, laser triggered, SF, filled version with a RMS jitter of 2 ns and is depicted in Fig.
2-3. The switch was triggered with a 15 m] KrF laser with a FWHM of 30 ns. Thirty two
percent of the triggered voltage appears across the triggered gap with peak electric fields
below 200 kV/cm.

Two different trigger electrode types were used, one flattened and one rounded. The
jitter for the rounded electrodes at 70% of self break was 2 ns while the jitter for the flatter
electrodes 80% of self break was 2.5 ns. The focused laser beam created low level ionization
throughout the length of the gap and a denser laser plasma for a few cm. The field
distribution was non-uniform with the fields in the cascade section varying from 170 kV/cm

to 190 kV/cm. The following conclusions were made as a result of the Hermes tests:
e Insulator field rings may prevent tracking the entire length of the switch.

e The switches runtime was shorter when the switch was submerged in oil as opposed

to water because of the faster propagation velocity of the breakdown wave in the

LASER INPLT

OVERVOLTED
GAFS

Fig. 2-3. HERMES III Rimfire implementation [16]. One laser triggered gap and ten self
break cascade gaps.
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lower dielectric constant oil.

With the Rimfire switch implemented in many of the large accelerators at Sandia, a
shift was made to understand the complexities caused by the laser trigger on switching
characteristics. A set of experiments was conducted on a 5 MV PBFA II switch like the one
depicted in Fig. 2-2 [17]. This switch exhibited a 30 ns runtime and a 1 ns jitter. The
average field for these experiments in the cascade section was 230 kV/cm with 22% of the
voltage across the triggered gap. The first self breaking gap formed one to two arcs while
the remaining gaps formed an average of four arcs. Delay associated with the cascade
section was much larger for the first gap to break than for other gaps. Cascade gaps broke
down sequentially, starting with the triggered gap. Increasing laser energy to 60 mJ did not
significantly affect the jitter of the cascade section, but it did improve the jitter in the trigger
section. The switch runtime and jitter was most dramatically affected by the reduced trigger
field (E,/P) and it depicted in Fig. 2-4.

A detailed account of Rimfire switch operation on Hermes III was presented in 1989

< runtime Wjitter

50 5

45 1% 4.5

40 4
35+ <o 135
g 30 - © 3 3
o £
g 25- 125y
g
5 20 L © 2 B

15 415

|

10 1

5 . + 05

0 0

36 37 38 39 40 41 42 43 44 45 46

Et/P (kV/cm-bar)
Fig. 2-4. Runtime and jitter as a function of reduced trigger field [17].
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[10]. The version tested was 2.4 MV with a 1-sigma jitter (a 1-sigma jitter calculation
assumes a Gaussian distribution and it is found by taking the spread of the runtimes and
dividing by 3) of 2 ns for 70-75% self break. This did not change appreciably up to 90% of
self break. The switch was triggered with a 10-30 mJ, 30 ns FWHM KrF laser. Shortening
the laser pulse width from 26 ns to 15 ns had no effect on switch runtime. Decreasing the
laser energy from 15 mJ to 7 mJ with a 15 ns FWHM affected the runtime slightly, perhaps a
few nanoseconds for the whole switch.

The cascade section was shorted to emphasize the effect it had on the runtime of the
switch. The trigger section alone could be triggered down to 35% of the self breakdown
voltage. The trigger section was noted to close fully in 8 ns for 75% self break and that is
why laser pulse width and energy had little effect on the runtime. It was concluded that a
desirable Rimfire laser triggered switch would posses the following characteristics:

e Low jitter (sub nanosecond).
e Low prefire rate (one failure in several hundred shots).
e Minimal laser trigger requirements (30 mJ in a couple nanoseconds).

An experimental study of laser breakdown of the Rimfire switch was conducted in
1991 [6]. The KtF laser energy was varied from 5-60 m] in a 22 ns FWHM pulse. It was
hypothesized that a spark should be visible in the triggered gap wherever the power density
exceeded 5 GW/cm® at 3 bars. Under these conditions, a spark was observed to be
approximately 2 cm long which was 50% of the gap length. Three phases of laser triggered
breakdown were noted in these experiments. First, there was a dim stage in which a fast
discharge appeared within a few nanoseconds of laser arrival. Second, this stage was
followed by a brighter phase in which the laser spark was visible and the entire channel

heated. Channel heating dropped the resistance. Third, a current carrying phase began in

16



which the conduction current heated the channel further. These experiments confirmed that
the jitter increases substantially when the gap closure time, or the first two stages, becomes
longer than the laser pulse width. As trigger energy increased, the dependence of closure
time on self break voltage was reduced. Focusing the laser in the middle of the gap had the
lowest jitter as opposed to focusing it near the anode or cathode.

It was determined that two principle mechanisms dominate laser-SF6 interaction:
multi-photon ionization and photo detachment (UV photons detach electrons from the
negative ions). In a laser triggered gap, the SF, attachment rate and SF, photo detachment
rate are comparable. As temperatures increase due to ohmic heating, thermal ionization
becomes more significant. As this process occurs, electron density and temperature rise
significantly and the gap is considered closed. Simulations showed completion of these
phases was found to be 60 ns after laser arrival.

A 6 MV Rimfire was installed on the Advanced Pulsed Power Research Module
(APPRM) at Sandia for investigation of the next generation pulsed power technologies in
2001 [3]. The focus of the first round of experiments was on switching runtime and jitter.
The first of two switches tested was a hybrid design that incorporated the best of Russian
and Sandia electrically triggered multigap switch design techniques. It consisted of a
multigap cascade section that was in parallel with the main laser triggered gap. The trigger
gap was isolated from switching voltages via a 4 pH isolation inductor.

The switch was electrically triggered and was implemented with several trigger
configurations. With a 55.6 mm triggered gap, the runtime was 190 ns with unacceptable
jitter. The trigger pin was moved to allow a 45.6 mm triggered gap. This reduced the
runtime to between 147 and 156 ns. The final configuration had a 27.4 mm triggered gap.

Trigger runtime was 31 ns with a jitter of 2 ns. The cascade section had a runtime of 39 ns
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with a 3 ns jitter, providing a full switch jitter of 4 ns. A 5.8 MV Rimfire with 10.16 cm (4”)
radius electrodes and running in self-break was compared to the hybrid design. It was found
to have a runtime of 24 ns and a jitter of 1.3 ns.

Several alternative designs were tested in 2003 [4]. These designs were pursued to
address problematic failure modes of tracking the acrylic gas envelopes. Depicted in Fig.
2-5, the designs included a 6 MV baseline, a modified baseline, and a cantilevered design.
The baseline operated at 4 MV and was originally fitted with 10.16 cm radius electrodes.
Those electrodes were quickly determined to cause very high radial fields because of their
close proximity to the gas envelope. Electrode radius was reduced to 6.67 cm (2.625”) and
in turn the radial fields at the envelope were reduced. The switch tracked on the cascade
envelope housing after twelve shots.

The modified baseline was operated at 4.5 MV and did not experience any failures in
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Fig. 2-5. 6 MV alternative Rimfire designs [4].
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18 shots on a test stand called Z-20 designed to represent a 20° slice of the ZR machine at
Sandia. The modified baseline was tested for 50 shots at 5.4 MV in a different test bed that
was called STB. Two tracking occurred on the trigger envelope and this design was
abandoned for a cantilevered approach that did not require a trigger support envelope. The
cantilevered switch was tested to 4.9 MV and failed once in 50 shots. The failure occurred
on a cascade separator insulator without destruction and with a pressure adjustment, testing
could continue.

A hybrid Rimfire design was introduced for the purpose of addressing high
impedance/erosion problems in the long single channeling trigger section. These designs
depicted in Fig. 2-6 required the implementation of an isolation inductor like the
Russian/Sandia switch tested in 2001 [3]. The first attempt at a Rimfire hybrid trigger

resulted in failures of the multigap trigger section insulator after 20 shots, although the

b) Trial 2

Fig. 2-6. 6 MV Hybrid Rimfire [4].
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switch experienced similar runtimes as the baseline to 4.9 MV. The switch was redesigned to
reduce this likelihood. A second design was implemented that required shorting the first
cascade gap because of a post fabrication design change. This caused the fields to be non
uniform and to be higher in the second cascade gap than in the trigger. As a result, the jitter
was higher than acceptable and this design was abandoned.

With many years of experimental data for Rimfire conducted on several machines at
Sandia, comprehensive modeling of the switch was initiated in 2003 [7]. The focus of the
modeling was to provide a comprehensive picture of the electrical operation and to aid in
determining causes of failure. The requirements for the hybrid trigger Rimfire at this time
were a 0.2% probability of prefire with a 2.5 ns jitter. Arcs in the trigger and cascade section
were modeled as a constant radius varying conductivity arc that switched from off to on in
less than 3 ns. Modeling confirmed “cascade” breakdown initiating at the triggered end and
ending at the opposite end. It also confirmed runtimes that were rather close to
experimental values in both an oil and water dielectric exterior. The model also determined
an appropriate value for isolation inductor that would have minimal effect on the breakdown
wave, but still force multichanneling in the hybrid section. The model showed quantitatively
the following issues.

e The hybrid trigger section initiates after the cascade section breakdown wave reflects
back to the trigger section.
e The cascade runtime is 9 ns in oil and 19 ns in water.

In October 2005, the Rimfire switch program began a rejuvenated effort to
understand the complexities of gas switching by exploring basic science. A massive joint
effort between Sandia, several universities (including Missouri-Columbia), and industry was

forged to bring experts from diverse backgrounds to work toward one common goal: to
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understand the basic science governing laser triggered gas switches so a reliable switch may
be developed that meets the needs of the evolving ZR program.

The very first multigap design implemented in 1985 at Sandia had flashover
problems on the gas envelope. Twenty years later the problem of unacceptable flashing
frequency of the gas envelope still exists. A reliable design is required for the ZR program
by mid 2007. This is no trivial undertaking. The studies conducted at MUTTS represent the
state of the art for the Rimfire switch program and are directly applicable to the future

development of these switches and large pulsed power machines.

21



Chapter 3

Development of the University of
Missouri Terawatt Test Stand

The test stand was constructed in two phases. Initially, a two intermediate store design was
implemented and self-break switch data were collected, mostly with air as the fill gas. These
data were collected for shots #1 through #141 and a shot log for these data is found in
Table 9-3. In the second phase, the test stand was redesigned to accommodate the laser
triggering system. This chapter describes the first phase and the settings that were used for

self-break testing.

A. Phase I: High Energy Test Stand

The first phase of MUTTS consisted of a Marx bank, two intermediate store
capacitors, a Rimfire switch, and a dummy load [18]. The Marx bank consists of 32, 0.7 uF,
100 kV Aerovox capacitors shown in Fig. 3-1 (additional pictures of this setup are depicted
in Fig. 9-3). The Marx is arranged in 4 rows of 8 capacitors per row [19]. It is charged by a
+ 100 kV, 50 mA Peschel Instruments dc power supply. The Marx is switched using 16
Physics International T508 spark gaps that are triggered by an erected mini-Marx. The mini-
Marx consists of 8, 150 nF, 50 kV Maxwell capacitors that trigger the first two rows of the
four row Marx. The mini-Marx is bipolar charged using two 50 kV Glassman High Voltage
power supplies, one positive and one negative. The mini-Marx is triggered by a fast rising

Physics International TG-70, which is triggered using a PT-55 made by Pacific-Atlantic
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A) Marx B) I-Store and Switch C) Switch and Load

D) Switch

Fig. 3-1. Phase I of the University of Missouri Terawatt Test Stand.

Trading Co. Inc. The PT-55 is triggered by a PT-003 which is pulsed with a 500 ns, 7 V
signal.

The load section, shown in Fig. 3-1, item C, was designed to accommodate both the
resistance requirement of 4 €2 and to allow optical access for the laser. The symmetric array

nature of the load also reduced the inductance. The load consisted of eight CuSO, water

resistors that were 33 cm (13”) long and 5.08 cm (27) in diameter. Each resistor had a
nominal resistance of 32 Q for an equivalent resistance of 4 . It was experimentally

determined as the resistors were made that the maximum conductivity we could expect from
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our deionized water/copper sulfate solution was 50 mS/cm. A comprehensive design of the
load is described in more detail in a following section.

Designed for 3.2 MV, the water filled intermediate stores (referred to as “I-Store” or
“IS”), depicted in Fig. 3-1, item B, have a practical peak voltage of 2.7 MV resulting in a
Marx maximum charge voltage of 70 kV for reliable operation [20]. Deionized water is
constantly circulated through the intermediate stores, which are connected via hosing in

series, to keep the resistivity above 10 MC2-cm. With a very low inductance switch, the Marx

is capable of delivering 2 MV at 500 kA into a 4 Q load. Thus 1 TW is possible, however, in

practice it has yet to be achieved. A simplified equivalent circuit of the Marx, intermediate
store and load is depicted in Fig. 3-2. The series equivalent inductance and resistance for
this model were previously obtained for Proto II [8]. The switch is modeled in a variety of
ways as more detailed circuit simulations were implemented. Other implementations are
described in the following chapters.

The University obtained a 4 MV Rimfire that needed to be scaled to a 2.7 MV
version. The major effect of this decrease in voltage is the reduction in the number of
cascade gaps from 17 to 10 and a repositioning of the trigger side field shaper. The

following is a list that contains the stipulations that were utilized to scale the switch down in

i COTR—AM, L Switch
R(t), L(t)
4Q
Ceq =22 nF 550 Q2
Marx I-Store Dummy Load

Fig. 3-2. Simplified equivalent circuit.
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voltage. This section presents design stipulations and criteria, so the results are good to
within sufficient design accuracies. These stipulations are a result of the physical space that
was available, extensive design experience, and previous performance of Rimfire switches.

The maximum pulsed voltage allowed on the intermediate store is 2.7 MV. For a
static full voltage (2.7 MV) the electric field should be 210-220 kV/cm in each of the ten
cascade gaps. A uniform profile across all gaps is preferred [21]. The voltage distributed in
the trigger section must have 20 to 30 percent or more of the voltage, or a range of 540 kV
to 810 kV.

The original Proto II field shapers are used on both the load side and the
intermediate store side. Fields across the load Tygon (or any plastic) must not exceed 100
kV/cm to reduce the risk of surface flashover [21] (see Appendix Section B). This means
the load must be at least 33 cm (13”) in length. A cylindrically symmetric load design is
preferred for laser access. A voltage range of 2.4 MV — 2.7 MV is preferred, rather than
always operating at peak voltage. Six return copper conductors are to be used to simulate a
full coaxial geometry. This is a result of space constraints. The electric field must not
exceed 400 kV/cm in the bulk oil [4]. The switch should be operated below 50 psig of SF,.

The first step was to analyze the pulse charge characteristics of the intermediate
store. Using an equivalent circuit of the Proto II Marx (Fig. 3-2), the charge voltage on the
intermediate store rises to 2.7 MV with a 10%-90% rise time of 350 ns with a 90 kV charge
on the Marx (Fig. 3-3). A voltage of roughly 180 kV is seen across each cascade gap and
approximately 850 kV is distributed in the trigger section. The switch is filled with SF, with
no independent pressure volumes for the trigger and the cascade section. Each section will

experience the same breakdown fields. The appropriate pulsed breakdown pressure may be
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Fig. 3-3. Intermediate store charge voltage.

determined by investigating the pulsed breakdown of SF;. The pulsed breakdown field of

SF, is empirically determined to be related to the gas density and time to breakdown by,

344
T = 97800 (Ep e"/@j Eq. 3-1
yo
where,
PM
= Eq. 3-2
P RT q

p is the gas density in gm/cc, 7is the delay time to breakdown from the E, breakdown field

in seconds, E ., is the pulsed breakdown field in kV/cm, P is the pressure in atm, M is the

peak

molecular weight in gm/mol (145 for SF,), R is the universal gas constant in atm*L-K"*mol”

[22,23]. In order to solve Eq. 3-1 for E__, the E,, or minimum breakdown field and time to

peak>
breakdown must be known. The time to breakdown is extrapolated from the slope of the
voltage rise from the time of E, breakdown to pulsed breakdown. E, breakdown and delay

time are related to the pulsed peak field by,
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Epeat =" 1 Hq. 3-3
dt d

where dv/dt is the change in voltage over the change in time from Fig. 3-3. From Egq. 3-1

and Eq. 3-3,an E

e MY be determined.

A controversial issue when dealing with SF, breakdown is the appropriate E,
breakdown value to use in a non-uniform field calculation. Several experimental values were
utilized in order to obtain a likely range of potential pulsed breakdown values. Fig. 3-4
shows relevant dc breakdown curves for SF, non-uniform breakdown. The three curves
plotted are E, from Nitta, a J.C. Martin Air breakdown curve multiplied by 2.7 for SF, and a
formula for E. breakdown that was empirically determined [24,25,22]. Nitta’s E, curve is
plotted as a reference and there is a discussion of this curve and its influence on pulsed
breakdown in Chapter 6, Section D. Using the Nitta curve and the straightforward, albeit
largely simplified design calculation for Eq. 3-3, the pulsed breakdown fields are found to be

at odds with previous experimental breakdown fields [14,17]. This curve is rejected for this

400
350 1| = = Fdc T.H. Martin _
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Fig. 3-4. SF, DC breakdown curves.
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calculation and to error on the conservative side, the JC Martin air equation with a SF
correction is used in Eq. 3-1 and Eq. 3-3.

Looking at the system macroscopically, the voltage in each cascade gap will rise to
182 kV with a 10%-90% of 350 ns. Thus dv/dt for the cascade gaps is 414 E 9 V/s. The
triggered gap will rise to 900 kV in 350 ns with a dv/dt of 2.057 E 12 V/s. Each dv/dt is
subject to a delay time associated with the capacitance of each gap. This delay time is on the
order of a few nanoseconds and is ignored in this calculation [7]. Using this information in
Eq. 3-1 and with E; breakdown of the JC Martin type, the pulsed field at the time of
breakdown of the switch for each type of gap is shown in Fig. 3-5. This plot really indicates
what the field is at the time either the cascade or trigger gaps breakdown. For all pressures
the trigger field is larger and therefore the trigger section dominates switch breakdown.

For 47 psig the cascade section has a pulsed breakdown of 255 kV/cm and the

triggered section has a pulsed breakdown of 288 kV/cm. These are conservative numbers
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Fig. 3-5. Anticipated breakdown fields.
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and are used in the field simulations for the switch. As a comparison, for the handbook dc
data, the cascade gaps breakdown at 294 kV/cm and the triggered gap at 319 kV/cm. Using
these values, the 2.7 MV Rimfire was implemented with 10 cascade gaps and a trigger gap

spacing of 4.7 cm (1.852”).

B. Switch Charging Phase

A complete picture of the intricacies of breakdown requires 3D electro-dynamic field
solvers. These field solvers are unavailable, but a 2D electrostatic solver was used to
simulate switch charging and conduction phases. This provided sufficient results for design
putposes. For a 2.7 MV charge the field in the cascade region is roughly 210 kV/cm in the
center of the gap with 180 kV in each gap. The highest field point in the gap is between the
center of the gap and the edge of the ring. The fields at that location are roughly 225 kV/cm

in all gaps as shown in Fig. 3-6. The gap length is 0.866 cm and the field enhancement
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Fig. 3-6. Cascade gaps field at 2.7 MV.
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factor is roughlyl.1. The field is graded evenly via placement of the Proto II field shapers in
the appropriate locations in all gaps of the cascade section. For a 2.7 MV charge there is 875
kV in the triggered gap resulting in a peak field of 255 kV/cm. A 4.7 cm (1.852”) trigger gap
with 8.89 cm hemispherical electrodes and a laser hole for laser propagation results in a field
enhancement factor of 1.4. A field profile is displayed in Fig. 3-7. During charging, the peak
tield on the casing in both the trigger section and the cascade section does not exceed 80
kV/cm. The field on the disks separating each electrode is 83 kV/cm. The highest field in
the oil occurs at the high voltage electrode and it is 351 kV/cm. With a —2.4 MV charge the

peak field in the cascade section is 200 kV/cm and in the triggered section is 227 kV/cm.

C. Load Section and Switch Fields During the Conduction Phase
The load was designed to be 4 €2 and the conductivity of the liquid in the resistor

must not exceed 50 mS/cm. Load plastics must not experience fields greater than 80 — 90
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Fig. 3-7. Trigger field at 2.7 MV.
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kV/cm despite sharp crimps on the load to hold it together. This results in the maximum
length of the resistor liquid section to be 33 cm (13 in.) with a conductivity of 50.5 mS/cm.
In the conduction phase, the load section of the system is stressed electrically. This results
in adding additional field shapers to the load section to protect the sharp crimps and lower
the fields at the triple points. Though the maximum I-Store voltage is 2.7 MV the load will
never see this because the switch does have impedance. The purpose of experiments being
conducted at MUTTS is to reduce this loss by increasing the symmetry of switch breakdown
and develop low inductance designs. The switch’s impedance will not be eliminated. The
following design is for a system z/2.4 MV was the maximum voltage across the load leaving a
drop of 300 kV across the switch. The peak fields during conduction are experienced on the
grating ring on the switch side of the load. This field is 325 kV/cm. The peak field
experienced across the load is 90 kV/cm at the electrode/water/Tygon triple point. This is
below the absolute maximum 100 kV/cm level for —2.4 MV at the switch plate (see Fig. 3-8).

The field shaper at the high voltage side (bottom of Fig. 3-8) is that of the Proto II

intermediate store connector. The field shaper on the load side is the Proto II trigger side
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Fig. 3-8. Maximum theoretical load voltage gradient and load field.
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field shaper. The field shaper on the load side is in a slightly lower plane than the ground
plate of the switch. The load extends from this trigger field shaper to another field shaper
ring that holds the load. Each end of the load is surrounded, on both sides, by copper pipe
tield shaping rings to alleviate high fields at triple points at the load electrodes. Current is
returned from the load section to the I-Store by six 0.75” copper pipes. A macroscopic

drawing of the switch and load section is depicted in Fig. 3-9.

D. Intermediate Store Considerations

All return conductors must stay at least 18” away from the switch support plate and
bus bar to keep fields sufficiently low in the oil. The following two scenarios were possible.
Each scenario includes a field profile for the water and oil sides of the intermediate store

barrier. The straight feed is for the case where the feed will not naturally interfere with the
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Fig. 3-9. Macroscopic drawing of load and switch (all dimensions in inches). The outer
return conductor is listed here as 36”. This was for simulation purposes only. It was really
517.
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high voltage switch plate. The bowed scenario accounts for this interference. As shown in
Fig. 3-11, the fields due to a straight feed exceed the maximum 100 kV/cm and are
determined to be unacceptable. Fig. 3-11 indicates all fields stay below the 100 kV/cm
theoretical maximum and thus bowed field shapers were implemented for the return

conductors.

E. Output Section Inductance

The shortened 10 gap switch’s inductance is dependant on the distribution of arcs in
the cascade section. Inductance of the switch may be calculated from the electrode rings,
plates, and trigger electrodes and, for non magnetic materials, it is based purely on the
geometry. Six copper pipes are used to roughly approximate an outer conductor coaxial
ground return for the intermediates stores (see Appendix Section A). Since not all outer
conductors are perfectly symmetric, an average return radius was taken. Conductor radii and

length are needed to determine the inductance. The outer conductor outer radius and inner
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radius are essentially the same since the ratio of the radii is very near unity. This radius, both
inner (p,) and outer (p,), is 132 cm (517). The radius of each return conductor is 1.27 cm
(0.57).

Eq. 9-3 in the Appendix was used to find the inductance for several portions of the
switch. For the cascade electrodes, the radius, p;, is 6.67 cm (2.625”) and the combined
length, / of all of the electrodes is 16.535 cm (6.51”). The In{ term is 0.25 for all
calculations (see Appendix). The inductance of the cascade electrodes is roughly 124 nH.
For the switch end plates, the radius is 44.45 cm (17.5”) and their combined length, / is 5.08
cm (27).  The inductance of the end plates is approximately 19 nH. For the trigger
electrodes, the average radius is 3.81 cm (1.5”) and its length is 7.87 cm (3.17). 'The
inductance of the trigger electrodes is roughly 68 nH. For the trigger arc, arc radius is

assumed to be 0.15 cm and have a length of 4.7 cm (1.85”). The inductance of the trigger

arc is approximately 71 nH.
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For cascade arcs, Eq. 9-2 was used to calculate the inductance. The arc array radius
is 6 cm (2.375”) and an arc radius of 0.1 cm is assumed. The arc array is assumed to be
symmetric and all arcs are assumed to be equally spaced from each other. The combined
length of the arcs is 8.86 cm. For a three arc per gap arrangement, the inductance is roughly
74 nH and for 10 arcs it is roughly 58 nH. This inductance is likely a slight underestimate
considering the actual geometry.

Summing all contributions, the total inductance of the switch is 340 nH to 356 nH.
The most significant ways to reduce this inductance is to shorten the switch, or decrease the
ratio of the radii of the outer and inner conductors.

The calculation of inductance of the load carriage is similar to that of the arcs in the
cascade section. There are eight parallel evenly spaced resistors each of radius 2.54 cm in an
array of radius 33.8 cm and with a length, including connections and diagnostics of 53.34 cm
(217). The inductance of the load section is 155 nH. The total inductance of the output
section including the switch is roughly 500 nH.

The inductance of the connection between the Marx and the switch is calculated

using,

=2/ {lny— 0.75} nH (4)

r

where /is 133 cm (52.5”) and ris 2.9 cm (1.1257) [26]. The inductance of the pipe is 1 pH.
Using the same equation, the inductance of the I-Store connection to the switch may be

determined. The shorter leg has an inductance of 210 nH and the longer has an inductance

of 450 nH.
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F. Diagnostics

Phase I had a diagnostic suite consisting of voltage, current and optical monitors for
shots 1 through 141. The following is a description of the diagnostics installed except where
the shot log states otherwise (see Appendix Table 9-3). Load current was measured by eight
T&M Research Model 250-1 current viewing resistors (CVR’s). Each had a risetime of 2 ns
with a maximum dissipated energy of 250 J. Table 3-1 is a list of the resistance value of each
CVR and where it was mounted during phase I. The maximum current theoretically possible
for a £30 kV Marx charge is roughly 200 kA. Thus each load resistor received was roughly
25 kA. The voltage at the output terminals of each CVR was nominally 500 V at this current
level. Each load CVR and a Marx CVR had a 30 dB Weinschel Model 1 attenuator inline.
This reduced the voltage at the scope by a factor of 31.62. The expected voltage
representing load current at the scope (diagnostic lines labeled “17-“8”) was 16 V. The total
cable length for each load CVR was 24.6 meters (80’ 107, 121 ns) to the scope.

Marx current was measured by a single CVR with a value of 0.004995 € (diagnostic
line labeled “9”). With a peak Marx current of 50 kA, the voltage at the Marx CVR was 1000
V. At the scope this attenuated to 8 V. There was 30.1 meters (98’ 10”, 148 ns) of cable for

the Marx current CVR up to the scope

The load voltage was monitored with a voltage divider (labeled “A”) and a 52.4

Table 3-1: CVR resistance values

CVR Value (ohms) [ Load R (ohms)
1-L 0.01967 32.71

2-L 0.02036 32.56

3L 0.01979 33.09

4-L 0.01979 33.63

5-L 0.01981 33.03

6-L 0.01984 33.51

7-L 0.02047 33

8-L 0.01982 32.68
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high voltage attenuator (labeled “A-52.4 input” and diagnostic line labeled “10”). The VM
saw roughly 1.2 MV (could be less depending on energy required to drive the spark gaps).
The output was 28 V with a voltage division ratio of 1220:1 and a HV attenuator division

ratio of 17.7:1 and a 6 dB attenuator at 1.2 MV. The cable length for this monitor is 97” 4”
(146 ns). Marx output voltage is monitored with voltage divider (labeled “B”) and a 49.7 Q
high voltage attenuator (labeled “B-49.7Q) input” and diagnostic line labeled “117). The
maximum this voltage monitor theoretically saw was 900 kV peak at a Marx charge of £30
kV. At 900 kV the output of the voltage monitor was 21 V. The intermediate store voltage
was monitored with a voltage divider (labeled “C”) and a 48 €2 high voltage attenuator
(labeled “C-48 Q input” and diagnostic line labeled “12”). The VM was 500 kV peak. At

500 kV the output of the voltage monitor was 12 V. This monitor has a cable length of 25.2

meters (82’ 87, 124 ns).

G. Gas Operating Curves

The spark gaps in the Marx and mini-Marx (MTG) were each leak tested to 40 psig
before installation. The operating curves for the TG-70, MTG and Marx are obtained from
manufacturer data sheets and are depicted in Fig. 3-12 [27]. A similar set of curves were

obtained using self break data for the Rimfire switch. These curves are plotted in Fig. 3-13.
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Fig. 3-13. Gas operating curves for the MUTTS Rimfire Switch.

H. Marx Equivalent Circuit
An equivalent circuit was derived for the Marx bank, interconnects to the I-Store,

and load. Itis depicted in Fig. 3-14 [28]. The circuit was derived from a previous equivalent
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circuit for a Proto II Marx [8]. The values for each component were determined empirically
using open circuit shots into the I-Store and the circuit served as a preliminary design
resource. This caused voltage and current ringing that allowed a fit to simulated data. The
parameters that provided a sufficient fit are listed in Table 3-1. The load inductance and
capacitance were calculated to be 160 nH and 60 pF, respectively. The intermediate store
impedance is 4.2 € and the load impedance is 105 Q if the load is simulated as a
transmission line. Z, was obtained by assuming the I-Store was an ideal transmission line

with a transit time length of,

T, =AzVLC. Eq. 3-4

Knowing the length z (0.914 m), capacitance C (6.9 nF), and determining the transient time

T, by comparing simulations to data, Z, is obtained using,

_ I,
Az C

0

L
o Eq. 3-5

An example of the output waveforms at the load are plotted in Fig. 3-15. Both circuits were
simulated and compared to data to evaluate the first order accuracy of the model. The
simulated switch inductance was 490 nH (370 nH calculated) in the discrete case for shot 19
and 435 nH (335 nH calculated) for shot 101. A more thorough approach to circuit
modeling was implemented in phase II of the program, but these models are presented here

since they were used as design tools for phases I and II.
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Fig. 3-14. Equivalent Circuits.

Table 3-2: Equivalent Circuit Parameters

RSeries LSeries RShunt LBus RBus LISl LISZ
24Q [525puH| 730Q | 1.4uH | 0.2Q | 600 nH | 450 nH

Zo | TD Zo | TD
42Q|27ns|1105Q|55ns
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Chapter 4
Self-Break Data

The following is a summary of self-break data obtained during phase I. There are three
separate sets of electrode trials presented. Data were taken at either 30 kV Marx charge

(IMV peak at the I-Store) or £40 kV Marx charge (1.4 MV peak at the I-Store). All data are
self-break using air as the fill gas. Breakdown photos for these data are arranged in the
Appendix in Fig. 9-8 to Fig. 9-17. The analysis presented here is an extension of work that
has been reported elsewhere that was conducted concurrently and separately from the
analysis presented in this chapter [29]. The analysis that follows was approached with an
objective of obtaining proper experimental setup and parameter space for laser trigger data,
which has not been reported elsewhere. Therefore, data are presented in a manner that was
directed toward guiding the MUTTS program in the direction of laser triggered experiments.
Three electrode arrangements that were not designed by the author were tested
under self-break conditions [30]. They are described here since they are referred to
frequently throughout the chapter. They are:
1) Original 5.25” disc electrodes. These electrodes exhibited no obvious predictable
multichanneling pattern, but have dense multichanneling in many gaps. The gaps
nearest the trigger section frequently did not multichannel. These experiments are

referred to as “original” electrode experiments.
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2)  Three discrete floating spherical conductors aligned in three columns throughout the
cascade section. This arrangement frequently single channeled in all gaps. These
experiments are referred to as “sphere” experiments.

3)  Alternating sphere electrodes and disc electrodes. This arrangement improved
multichanneling compared to the sphere case. There were three arrangements of
alternating electrodes: two balls spaced uniformly and aligned in a column (referred to
as “2-ball”), three balls spaced uniformly and aligned in a column (referred to as “3-

ball”), and six balls spaced uniformly and aligned in a column (referred to as “6-ball”).

An example of the alternating disc and floating ball electrodes is depicted in Fig. 4-1.
The all ball experiments were similar except with the disc electrodes replaced with dielectric

plates and floating conductors.

A. Data Analysis

Data were analyzed post hoc so that the results could be applied to phase II
experiments. Post hoc analysis of the variance (ANOVA) allows a useful comparison of the
means between different data sets. Two assumptions for relevant ANOVA analysis are that

the data are normally distributed and that all data sets should have equal variance. The later

Fig. 4-1. Example of a 3-ball setup.
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of the two, or homogeneity of variance, is more stringent of a requirement than the data
adhering to a strict normal distribution. Homogeneity of variance was tested using Levene’s
method, which is less sensitive to violations of normality than other commonly used
methods. Post hoc comparison of means was conducted using the Tukey-Kramer method,
which is a conservative method when data sets to be compared are of unequal size. In this
method, the difference in the mean between each paired combination of data is compared to
the value in the studentized range distribution for a given confidence and number of data
categories.

The null hypothesis in ANOVA analysis is that the means are the same. We seek to
reject this claim. On all tests an a0 of 0.05 was used, providing a confidence interval of 95%
for rejections of the null hypothesis. If a p value is obtained that exceeds 0.05, we fail to
reject the null hypothesis. For a Levene test, the null hypothesis is that the variances are the
same. If we fail to reject this, it is concluded that for a given confidence there is sufficient
homogeneity of variance. For both ANOVA and Levene tests, the same o should be used.
All statistical inferences throughout this report follow these standards. When a pair-wise
comparison does not meet these criteria, additional methods are needed.

Nonparametric analysis is used when data do not represent a normal distribution.
Normality is determined using the Shapiro-Wilk test in which the null hypothesis is that the
data are normal. If p > a, we fail to reject the null hypothesis. If data are non-normal a
nonparametric t-test, called a Wilcoxon test, is used to pair-wise compared means between
data sets. The appropriate test, either ANOVA or Wilcoxon was used depending on the
homogeneity of the variance and the distribution of the data.

Analysis of covariance (ANCOVA) is used in situations in which there are several

groups (independent variable 1) that vary along some parameter (dependant variable), and
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that are thought to be directly affected by some other parameter (independent variable 2, the
covariate) [31]. One critical factor that must be considered before relevant statistical analysis
is attempted is that, ideally, compared data should only vary because of the identifiable
dependant variables that are subject to random error. This is the purpose of trying to
eliminate variables that are difficult to categorize when monitoring the influence of one in
particular. When looking at the effects of multichanneling by itself, it would be ideal to
subject all electrode experiments to the same conditions (charge voltage range, trigger
method, gas pressure for a given charge voltage, same circuit, etc). It should be noted that
the interpretation of results of ANOVA analysis must be conducted in the context of the
number of data that are present. All data were analyzed using sophisticated statistical

software [32].

B. Multichanneling

Self-break data were analyzed with an emphasis on determining if there was a
statistically significant difference in the electrical effects of multichanneling between
electrode configurations. At the outset of analysis, it was unknown exactly how electrode
arrangement would affect the number of channels other than that each arrangement had a
cap on the maximum number of channels that could form. It was assumed, however, that
there would be a detectable difference in the electrical performance if a range of
multichanneling was experienced. Differences in electrical performance were monitored as
differences in cutrent rise time, di/dt, ringing frequency, etc. If there was not a detectable
difference in these parameters as a function of multichanneling, the results would be
informative in that it would be known that differences in multichanneling would either have

some or no measurable effect on the electrical performance of the switch.
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Fig. 4-2 depicts a plot of the number of channels visible in seven cascade gaps (out
of ten) for each electrode configuration and at each charge voltage (30 kV means £30 kV
Marx charge). Breakdown photographs are depicted in Fig. 9-8 to Fig. 9-17. It appears
from Fig. 4-2 that the number of channels increases with voltage when a given configuration
is compared, although statistically this is not certain. When grouping each set of data by
electrode configuration there is a statistically significant difference in the number of channels
between the 2-ball and 3-ball experiments. There is generally, though not necessarily
statistically, more channels that form in the original case and more channels form as channel
locations are increased. From this it may be concluded that adding field enhancement points
will encourage more channels in each gap in an air filled environment and that adding more
points will add arc locations. Increasing charge voltage by only 1.25 will not necessarily
encourage more channels for a given electrode configuration. With these multichanneling

conclusions obtained, an investigation was launched into the effect of multichanneling on
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Fig. 4-2. Breakdown voltage versus di/dt.
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calculated switch inductance.

A set of experiments was conducted in which the 2-ball configuration was altered.
Every other electrode was oriented 90 degrees out of phase with respect to the next ball
electrode (referred to as “2-907). This arrangement was attempted to elongate the current
conduction path through the electrodes and to provide a larger inductance separation
between each channel location. By doing this, there should be a larger number of channels
for the larger inductive case since the voltage fall between locations would be more
inductively isolated. There was an average of 13.1 channels that formed in seven cascade
gaps for the 2-90 case and 10.5 in the 2-ball case indicating that in fact the inductive path
affects the number of channels that formed. It is worth noting for the +40 kV charge, the 2-

90 case multichanneled for every shot.

C. Multichanneling Effect on Period, di/dt and Rise Time

In the phase I configuration the output is a damped sinusoid. If the resistance is
assumed constant an approximation to the circuit ringing frequency may be made. For a
damped sinusoid the ringing frequency is given by [33],

1R
LC 412 Eq. 4-1

Using a constant combined resistance of the load and switch of 4.8 €, the inductance may

be found for each shot based on its ringing frequency. A plot of this is depicted in Fig. 4-3.

An analysis of inductance using a more complex method yielded similar results [34].
Multichanneling was investigated using a combination of ANOVA and ANCOVA

analysis. In Fig. 4-4, di/dt (dependant variable) for a given electrode configuration
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(independent variable 1) is plotted against breakdown voltage (independent variable 2). It
was of interest to determine how di/dt differs between each of the configurations since if a
configuration facilitates more multichanneling it should have a larger di/dt (this same
premise is used when comparing risetimes). To determine if this hypothesis is correct, the
null hypothesis for statistical analysis is that all groups have the same di/dt. It was sought to
determine this was false.

A coefficient of determination of 0.87 in Fig. 4-4 indicates that di/dt data clearly
depend on the voltage at which the switch breaks down. Since we suspect the inductance,
and thus the risetime, to be affected by the number of channels, we want to limit the effects
of breakdown voltage on the statistical analysis of the data. Although some sets had
discernable statistical differences between them, the normalized di/dt (di/dt divided by the
breakdown voltage) did not statistically improve as the number of channels was increased.

The same was found analyzing rise time versus electrode configuration. It should be noted
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Fig. 4-3. Inductances obtained from ringing frequency.
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Fig. 4-4. Breakdown voltage versus di/dt.

that risetimes were roughly 10-15% larger in the single channeling 1-ball experiments when
compared to other configurations, though there were five total 1-ball shots conducted.

The self-break data, perhaps most importantly, provided some insight into the
expectation of laser testing and allowed a determination of number of shots necessary to
obtain statistically different sets on phase II. Before conducting such calculations, a
maximum acceptable number of shots must be defined. This was defined as 15 shots per
electrode configuration. Therefore, using the untriggered data, power analysis was used to
calculate how many shots were needed to see statistically different data for a given fidelity of
confidence. Any comparison that requires the number of data points to be above the critical
level is considered too large, and therefore any difference in risetime or di/dt will not be

considered improving operation of the switch.
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For the four electrode configurations analyzed the maximum number of data points
acceptable is 60. Power analysis was conducted with a power of 0.8 and a variable
correlation between the risetime and voltage was set to 0.9 and 0.98 (quite large). The
standard deviation of the set is 1.87 E11. All comparisons of electrode pairings are out of
the acceptable shot number range except those between sphere and all others, 3-ball and all
others, and 3-ball and 6-ball. To obtain a statistically different comparison of di/dt between
the other combinations would require hundreds of shots per electrode configuration. This
number of shots is not practical. Simply put, determining a statistical difference in di/dt
(rise time has a similar effect) between different electrode configurations is not practical. Or
in other words, there is not an improved di/dt (risetime) for increasing the number of
channels beyond two channels per gap that is detectable for a reasonable number of self-
break shots. Therefore, in phase II, the electrodes that were tested addressed both
multichanneling issues and other inductance lowering techniques, such as, a reduced ratio of
the radius of inner conductor to outer conductor in the coaxial arrangement. If a difference
in inductance is not observed within the defined shot count maxima, the electrode
configuration will be deemed to have no improvement over the original cascade electrodes.

Several things must be considered when interpreting the statistical results. Since it is
important to look at consistency of multichanneling, the data were compared by electrode
configuration. Comparing the risetime and di/dt for a given electrode configuration
assumes that each configuration multichanneled in a consistent manner and does not include
the actual sporadic nature of multichanneling other than it being absorbed into error. In
reality, actual breakdown patterns or number of channels for any electrode configuration
must be compared. Therefore, it is important to look at the breakdown configuration for a

given electrode configuration to truly analyze improved electrical characteristics.
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The plot of risetime versus channel factor appears in Fig. 4-5. Channel factor is a
value that was computed by multiplying the number of arcs in a gap by the number of arcs
in the subsequent gap and doing so for each adjacent gap. Then for all pairs of gaps that
were multiplied together the values were summed. The sum of these values was then
divided by the total number of visible arcs (seven gaps are visible). For example, in an
arbitrary three gap system if gap 1 contains one arc, gap 2 has two, and gap 3 has three, the
channel factor would be the sum of the number of arcs in gap 1 multiplied by that of gap 2
(which is 1 * 2) plus the number of arcs in gap 2 multiplied by that of gap 3 (which is 2 * 3).
This is then divided by six, or the total number of arcs present, giving a channel factor of
1.33. This allows for some measure of the density or clustering of channels from one gap to
the next rather than just a total number of arcs. Fig. 4-5 indicates there is no strong
correlation between the channel factor and the rise time. Fig. 4-6, however, shows that the

period is a stronger function of channel factor. This indicates the ringing period is more
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Fig. 4-5. Risetime versus channel factor.
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Fig. 4-6. Period versus channel factor.

susceptible to the number of channels, or that inductance due to different channel
arrangements is more pronounced in late time than in early time. Comparing Fig. 4-5 and
Fig. 4-6 and the statistical analysis of the electrode groups, questions arise on the detection
of small rise time changes in the phase I setup. Both the fact that the number of channels
does not seem to effect the rise time drastically beyond two channels per gap and that the
small difference in inductance between different multichanneling arrangements may lend to

this lack of detection. This was the driving force for a test stand redesign for phase II.

D. Transitioning from Phase I to Phase IT
Phase I allowed a period of familiarization with the control of the machine as well as
time to address problems and correct issues in the Marx and intermediate store. Operating

the switch with a laser trigger is more applicable to the environment that the switches are
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normally operated in on Z. Moving from phase I to phase II, several lessons that were
learned in phase I were applied to the framework of the phase II experiments. Since the
purpose of phase II experiments was to investigate multichanneling under the influence of a
laser trigger, all sphere electrodes were not utilized since that arrangement frequently single
channeled. A hybrid electrode configuration consisting of field enhancement points and
holes that allow optical line of sight to subsequent gaps was attempted along with original
style electrodes of varying radius. Pressure effects on multichanneling and impedance were
investigated. The impedance was considered for laser data by observing characteristics of

the entire waveform to ensure accuracy in calculations.
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Chapter 5
Laser Triggered Data

This chapter covers phase II of MUTTS beginning with the redesign of the test stand. It
includes all laser data taken for shots #A1 to #A216 as described in the phase II shot log in

Table 9-4.

A. Phase II: Test Stand Redesign

The output section was redesigned for vertical orientation by splitting the two
intermediate stores into two separate testing “towers”. There were six main reasons driving
this redesign. The redesign:

1) Has a substantially simpler laser propagation path.

2) Provides two test stands for two experimental setups simultaneously.

3) Drastically simplifies technician operations when removing the switch.

4) Lowers output section inductance and increases the percentage of switch

inductance contribution to the total output section inductance.

5) Allows lower Marx charge because of higher intermediate store ring up.

6) Has a more coaxial geometry, which is of interest for future research.

The phase II redesign consisted of four major changes (See Fig. 5-1) to the phase I
setup. The new load that is one concentric water resistor with four CVR’s is much smaller
and much less awkward to remove and maintain (Fig. 5-1, item 1). This drastically improves

the ability of a single technician to work on the switch inside the tank. Reduction to four
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CVR’s instead of eight simplifies data acquisition. Fields along the Lexan and acrylic load
envelopes remain below 80 kV/cm on all surfaces for a 1 MV load voltage. The load was
replaced with a magnesium sulfate/DI water mixture with a resistance of 2.5 Q. The radius
of the return outer conductor was reduced from 132 cm to 76 cm (Fig. 5-1, item 2). These
modifications decreased the inductance, resulting in the reduction of the output section
inductance by 10% to 15%. This system decrease assists in measuring the switch inductance
contribution. A field shaper was added to I-Store side of the switch (item 3, Fig. 5-1). This
decreased the fields from near breakdown levels to under 300 kV/cm everywhere for a —2.7
MYV charge. The conductor connecting the I-Store to the switch was shortened (item 4, Fig.
5-1), reducing the inductance contribution while maintaining acceptable fields in the oil.
This reduction coupled with the more coaxial design reduced inductance significantly for the
I-Store, switch and load section. Fields in the cascade and trigger section remained as in

phase L.

N

5 413 Load

L
L 2
17.17 _
Switch
RS
4

2973 ——————————=

I-Store

Fig. 5-1. Test stand redesign (dimensions in inches).
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B. Output Section Inductance

The inductance for phase II was calculated using the same techniques as in phase I
(see to Chapter 3, Section E). The major difference between the phase I and phase 11
geometry is the return conductor radius. Both inner (p2) and outer (p1) radius are taken to
be 76 cm since the actual ratio is very near unity (within 1% for an individual conductor
diameter of 1.27 cm (0.5”)).

Eq. 9-3 was used to find the inductance for several switch portions. For the cascade
electrodes, the radius, p;, is 6.67 cm (2.625”) and the combined length, / of all of the
electrodes is 16.535 cm (6.51”). The In{ term is 0.25 for all calculations. The inductance of
the electrode rings is roughly 100 nH. For the switch end plates, the radius is 44.45 cm
(17.5”) and their combined length, / is 5.08 cm (2”). The inductance of the end plates is
roughly 11 nH. For the trigger electrodes, the average radius is 3.81 cm (1.5”) and its length
is 7.87 cm (3.17). The inductance of the trigger electrodes is roughly 56 nH. For the trigger
arc, arc radius is assumed to be 0.15 cm and has a length of 4.7 cm (1.85”). The inductance
of the trigger arc is approximately 64 nH.

For cascade arcs, Eq. 9-1 was used to calculate the inductance. The arc array radius
is 6 cm (2.375”) and an arc radius of 0.1 cm was assumed. The arc array was assumed to be
symmetric and all arcs were assumed to be equally spaced from each other. The combined
length of the arcs is 8.86 cm. For a three arc per gap arrangement, the inductance is
approximately 64 nH and for 10 arcs it is approximately 48 nH. This inductance is likely a
slight underestimate considering the actual geometry in Fig. 9-2. This is because the
equations assume a continuous return conductor sheath and it is only approximated using

discrete return conductors. The calculated is likely 10 to 15% lower than the actual
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inductance given its arrangement. Summing all contributions, the total inductance of the
switch is 278 nH to 295 nH.

The calculation of inductance of the load carriage is similar to the cascade electrodes.
It has a radius of 25.4 cm and a length, including connections and diagnostics, of 46 cm
(187). The inductance of the load section is 156 nH. The total inductance of the output
section including the switch is approximately 440 nH. This is 12% reduction in inductance

from phase L.

C. Experimental Setup

The number of current viewing resistors was reduced from eight to four for phase II.
They had values of R; = 0.01979 Q, R, = 0.01967 €, R, = 0.02047 €, and R, = 0.01982 €.
All pre-shot settings were based on the self-break switch curve depicted in Fig. 3-13. Data
were collected via two Tektronix TDS2024 oscilloscopes and one Tektronix TDS224. All
three are capable of connecting via serial port to a common data acquisition computer. A
Canon PowerShot A75 camera is used with neutral density filters to capture all breakdown
photographs as in phase I. All images were remote captured to a data acquisition computer.

The laser timing system consists of a combination of triggering from data acquisition
lines and delay generators. When the fire button is pushed, a Tektronix Type 114 pulse
generator supplies a 100 ps wide, 5 V pulse immediately to the flash lamp input on the laser
and to the first delay generator called RoxBox. RoxBox provides a delay time for the
application of the Marx trigger signal. The optimum delay time between the flash lamp
input signal and application of the QQ switch signal at the laser is 180 ps [35]. The delay

between the time the fire button is pushed and the Marx begins to conduct current is 2 ps.

Therefore, a trigger signal for the flash lamp is needed approximately 178 ps for the flash
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lamp prior to triggering the Marx. The time delay on a second delay generator (HP 222A
Pulse Generator) is set to trigger the QQ switch depending on the delay required for the
desited breakdown voltage. The voltage on the I-Store tises at approximately -2.11 kV/ns
so the desired laser application voltage is determined using the timing delays for all the
connections in Table 9-2. Laser light detection via a photodiode and Q-switch engagement
(items R and S in Table 9-2) are monitored at oscilloscope 3 in the screen box and are
subject to a specific shot settings and pre-firing caused by noise. Noise issues plagued laser
trigger controls and a discussion of the solutions to these issues is described in the Appendix
Section D.

The laser used for triggering is a 30 mJ, 5 nanosecond, frequency quadrupled
Nd:YAG made by New Wave Research (custom made Tempest model at 1 Hz). The laser
delivery system consisted of a CVI Laser 3X beam expander with a UV coating to expand
the beam to 1.5 cm. This beam expander was required to have a convergence angle at the
output of a CVI Laser plano-convex lens with a focal length of 31 cm so that a visible laser
spark at the focal point would result. This spark was approximately 1 cm in both
pressurized air and SF,. The laser beam exited the laser, propagated through the beam
expander and was reflected 45 degrees via an 5.08 cm aluminum coated dielectric mirror.
The beam then propagated through a 5.08 cm UV coated laser window that isolated the
switch volume from the ambient air. The beam continued through the lens and into the
middle of the trigger section. ILosses for the total laser propagation system were
approximately 15%. The laser tube that housed the window and lens was pressurized to the
switch volume. A configuration that was attempted in which the tube was not pressurized to

the switch pressure and was left open to the ambient air resulted in catastrophic disassembly.
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D. Electrode Radius and Field Perturbations in SF;

Four sets of cascade electrode configurations were tested, all of similar cross section
as in Fig. 5-2. Three configurations were implemented to study the radial dependence of
multichanneling in a multigap switch. These radii included 6.67 cm (2.6257), 8.26 cm
(3.25”), and 10.16 cm (4”) electrodes with a radially uniform field enhancement factor of 1.1.
A fourth set was implemented using a 6.67 cm radius electrode with four 0.318 cm (0.125”)
holes drilled through the electrodes aligned with the cascade stack axis (see Fig. 1-1).
Electrodes were oriented so as to align the holes in all gaps throughout the stack. Holes
were located uniformly about the perimeter at a radius of 5.86 cm, the radius at which arcs
usually form. The holes served as both field enhancement locations and provided an optical
line of sight to subsequent gaps. This was to encourage uniform channeling in all gaps via
the localized presence of UV photons by the irradiation of one gap to the next as the switch
was over volted. Shots were conducted at a nominal 1.5 MV and at a switch pressure of 18
psig of SF,. All shots were triggered at 65-70% self break to allow maximum over voltage

and dv/dt in the cascade gaps to study their multichanneling characteristics.

RO0.750 4»‘ }_.7

Fig. 5-2. Electrode cross section and a picture of a 6.67 cm electrode with holes (dimensions
in inches).
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Fig. 5-3 depicts a synopsis of the total number of channels in the cascade section for
each configuration. There were seven shots taken at 6.67 cm both with and without holes,
fifteen shots taken at 8.26 cm, and thirteen taken at 10.16 cm. Fig. 5-4 depicts a summary of
the breakdown pattern per cascade gap. Gap one is the cascade gap closest to the trigger
gap with gap ten located nearest the intermediate store (I-Store). A general pattern is evident
with fewer channels present at the trigger gap end (gap one) and more channels present
toward the IS end. All gaps single channeled on at least one occasion for each electrode
configuration, though not necessarily all at once and with no consistent pattern from shot to
shot.

Fig. 9-18 through Fig. 9-28 depicts breakdown photographs that were obtained using
a commercial off-the-shelf digital camera in open shutter mode equipped with a neutral
density filter. Although there was no consistent pattern from shot to shot, gaps 4-10

frequently channeled in some nearly alignhed manner for up to eight gaps without the

30
28 1
26
24

<o

22 7

> DOR> D

20
18 7

XX XXEXXXX

OooOomOod

16 7

COoOoMO

14

Total number of channels

12 7

10

6.67 an 6.67 an w/ Holes 8.26 am 10.16 an

Electrode Configuration

Fig. 5-3. Total cascade channels. Box denotes channel average.
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Fig. 5-4. Multichannel breakdown synopsis.

presence of field perturbations. The field enhancement holes reduced and effectively capped

the maximum number of channels that formed when compared to the 6.67 cm case with no

Ideal uniform channeling (four channels in all gaps at each hole position) was never

holes.

In many cases there were

achieved using the hole scheme for an SF, environment.

consecutive gaps that formed arcs at aligned hole positions. Frequently this would result in

no more than two consecutive arcing gaps at the same location and never occurred for more

Only one shot formed an arc at a non-hole location. Data

than seven consecutive gaps.

suggest that using field enhancement locations susceptible to only self irradiation does not

laser triggered environment and, in

6

improve uniform multichannel performance in an SF

fact, worsens multichannel performance. This is contrary to results observed in an air filled

environment where the presence of holes more uniformly aligned channels, although still

The number of channels,

with a capping effect on the total number of arcs per gap [36].

therefore, may not be predetermined by assuming a localized number of field enhancement
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There is no statistical difference in the average number of channels that

points for SF.

There is also no difference

formed between the 6.67 cm case and the 10.16 cm case.

Therefore it is concluded that an increased

between the 8.26 cm and the 10.16 cm case.

electrode radius will not attribute to worsened multichanneling performance.

A comprehensive circuit simulation was implemented that included all capacitances

(obtained from Maxwell 2D static solver), calculated inductances, and calculated resistances

to analyze the switch at the time of breakdown (see the Appendix for a brief description of

26,37]. A capacitance matrix was implemented that includes

the software packages utilized) [

the capacitance between each conductor and each conductor and ground. The capacitance

between adjacent electrodes in the 6.67 cm case is 11 pF, for the 8.26 cm case it is 18 pF and

at 10.16 cm it is 21 pF. The matrix, consisting of nearly 80 elements, creates a voltage

distribution throughout the switch that does not scale by a simple factor as radius increases.

This matrix will influence the breakdown characteristics of the specific switch studied.
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Fig. 5-5. Simulated rise rate of voltage across each gap at time of breakdown.



and was applied to all gaps [7]. Fig. 5-5 depicts the difference in simulated dv/dt at the time
of breakdown for each configuration assuming a breakdown voltage of 1.55 MV (67% of
self-break). The differences in dv/dt between each case are due to the slight difference in
the capacitance distribution as the electrode size increases. A dv/dt of >60 kV/ns is
required to ensure multichanneling for electrodes without field perturbations as occurs in
gaps 4 through 10.

The switch appears to breakdown sequentially from trigger end to I-Store end as
depicted in Fig. 5-6. A similar result was observed on a 6 MV Rimfire where the runtime
from trigger closure to the 7" gap breaking down was 3.4 ns. That agrees quite well with 3.6
ns depicted in Fig. 5-6 [7]. Comparing Fig. 5-4, Fig. 5-5, and Fig. 5-6 a parallel may be drawn
between experimentally observed breakdown and simulated breakdown. As breakdown time
increases a larger dv/dt results as depicted in Fig. 5-5. A larger number of channels are

observed in these gaps as depicted in Fig. 5-4 [2,38].
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Fig. 5-6. Simulated breakdown sequence after presence of laser trigger at t=0 ns.
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E. Impedance Calculations

Intermediate store voltage (V ), load voltage (V) and load current (I,) were obtained

for the switch and load section using monitors positioned as in Fig. 5-7. The voltage across

the switch is related to the switch current via,

d . ;
Vie @=Ly, — i), +RO) i),V Eq. 5-1

Vg () =V () =17.(2) T Eq 5-2

Switch inductance (Lgy), is comprised of the total arc inductance and the inductance of the

conductors within the switch. Ly is assumed constant and calculable and is based on a

specific shot’s breakdown pattern that is obtained from a photograph. A time varying switch

resistance (R(t)gy) is comprised of a varying arc resistance and a constant resistive drop

element. R(t)gy is obtained from Eq. 5-1 and this assumption of constant Ly . Resistance

may then be solved for a time varying arc radius, if the conductivity is assumed constant and
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Fig. 5-7. System equivalent circuit.
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known, since the time varying nature of resistance is typically attributed only to arc radius
[39,40]. In order to apply this time varying arc radius to each gap, an additional assumption
of the relationship of arc radius to arc current must be made [44]. Once a time varying arc
radius is obtained, it may be substituted into the geometrical equations for calculated switch
inductance and the assumption of a constant switch inductance may then be evaluated.
Then, the obtained time varying inductance and resistance may be substituted back into Eq.
5-1 for quality of fit analysis. This process is conducted one time, though slightly more
adequate fit parameters (less than 5% different) may be found through multiple stable
iterations.

A 6.67 cm shot was sampled at random to illustrate this commonly used method.
The time scale of interest is during current rise or the first 150 ns after switch breakdown.
The total switch inductance for this example is 290 nH when the specific breakdown pattern

is considered with a 140 nH contribution from the electrode rings and switch end plates.
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Fig. 5-8. Switch impedance for a 6.67 cm electrode example.
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Using this value, the resistance may be solved using Eq. 5-1, and an assumed conductivity of
160 Q' em™ [39,40]. This resistance is plotted in Fig. 5-8 with peak switch current occurring
at 140 ns. The resistance falls several orders of magnitude in approximately 40 ns (30% of
the time to peak current). A conduction value of 2.8 Q is reached in another 50 ns.
Kushner observed a similar time to plateau resistance of 50 ns, with a time to peak current
of 80 ns [41]. Akiyama observed a resistive fall to below 0.5 € in 50 ns, with a time to peak
current of 680 ns [42]. Resistance remaining large for a significant portion of the risetime
indicates the resistive phase will contribute substantially to overall switch impedance during
this time. All shots conducted at MUTTS illustrated similar behavior. There is no notable
difference in switching resistance between untriggered and laser triggered data [36]. This is
because only 20% of the gap is shorted by the focused laser beam and the ionized channel
created by the laser is not wide enough to dramatically affect the radius of the trigger section
arc.

Time varying inductance is solved by obtaining a time varying arc radius from the
resistance plotted in Fig. 5-8 and the breakdown geometry. The inductance, also plotted in
Fig. 5-8, has a conducting value of 290 nH. The inductance varies by 20% over all time, not
several orders of magnitude as for the resistance. It is therefore acceptable to consider the
inductance constant as was assumed at the outset of analysis.

Both the time varying resistance and inductance are used to determine voltage and
current waveforms from Eq. 5-1 and compared to the original data. Lgy, Rgy and Iy are
used in Eq. 5-1 to find V.  Lgy, Rgy and Vg are substituted into Eq. 5-1 to find Ig.
Calculated voltage and current solutions to Eq. 5-1 are plotted in Fig. 5-9 with the measured

voltage and current waveforms. The closeness of fit indicates that the time varying
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Fig. 5-9. Measured voltage and current plotted with solved voltage and current using the
time varying parameters in Fig. 5-8.

resistance and inductance plotted in Fig. 5-8 are sufficient fit parameters to the original
differential equation.

The aforementioned method was applied to each electrode configuration for all data.
Conduction, or final value on state inductances and resistances were determined by
averaging the time varying values about the peak current, or from 100 to 200 ns. The spread
in the total channels for all data is fourteen, giving a range of 1.4 to 2.8 channels per gap in
the ten gap system. The inductance, depicted in Fig. 5-10, is quite linear with an R? of 0.85.
There is a statistically significant difference in inductance with 95% confidence between the
6.67 cm with holes tests and all other configurations. There is no difference in inductance
between the 6.67 cm without the holes and 10.16 cm tests. This echoes the data for the total

number of cascade channels indicting that the holes experiments had a significantly larger
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Fig. 5-10. Total switch inductance.

inductance than all others and for the arrangements tested. A lowering of inductance due to
increased electrode radius was not observed. It can be concluded that arrangements that
experience denser multichanneling will have lower inductances and that number of channels
dominates inductance over electrode radius for these experiments.

A summary of total arc inductance arranged by electrode configuration is depicted in
Fig. 5-11. A spread in inductance increased slightly from 6.67 cm to 10.16 cm indicating
that perhaps the arc distribution pattern had an influence on measured inductance outside of
the number of channels, since there was no discernable difference in the number of channels
between the two. A general increase in normalized risetime (rise time divided peak current)
as a function of inductance was observed within each electrode configuration and is depicted
in Fig. 5-12.

The total switch conduction resistance, plotted in Fig. 5-13 is more loosely

dependent on the number of channels than inductance. When the cascade section resistance
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is plotted versus the inverse of the average number of channels per gap, n,”, a positive linear

relationship is evident as in Fig. 5-14 to within 10%. For a total cascade switching length of
8.86 cm, assuming a constant conductivity of 160 Q' cm™ and an assumed arc diameter of

0.15 c¢m, the cascade conduction resistance R may be related to ng’1 by,

/o :
Ro=—n,"=313-2," Q.
oA } Eq. 5-3

This line is plotted with measured cascade conduction resistance in Fig. 5-14. A shift of
approximately 0.3 mQ more closely matches the data that is due to other switch losses.
Kushner found a 1.2 cm SF laser triggered arc to have a conduction resistance of 0.25 Q at

a peak current of 18 kA [41,43]. Applying this resistance per unit length to the Rimfire

geometry and considering a multichanneling arrangement for an average per arc current of
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18 kA, the fit line in Fig. 5-14 suggests a total cascade resistance of 0.42 Q that is within a

factor of 1.4 of Kushner’s extrapolated value of 0.3 Q.

The trigger gap is a long, single channel gap contributing approximately 35% of
overall switching length. Experiments were conducted in which the cascade section was
shorted and only the triggered gap was allowed to conduct. The measured trigger resistance
contributes >50% to the overall switching resistance for the first 70 ns. After this, its
contribution is 25 to 40% depending on the number of channels and typically has a
conduction resistance of 1.1 €. The calculated inductance contribution of the trigger
section is 40 to 50% of the total switch inductance depending on the channel arrangement,
with a typical value of approximately 65 nH. This indicates the single channeling trigger gap
must be the focus to improving switching performance for both inductance and resistance.
Hybrid trigger schemes have been utilized to address the large inductance of a single

channeling gap but the designs tested to date have provided no conclusive solution [3].
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Fig. 5-14. Cascade conduction resistance with Eq. 5-3 line.
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Switch resistance is highly influenced by both the drive circuit impedance and switch
inductance. If the driving circuit or switch inductive impedance is large, the current will rise
more slowly as is generally seen in Fig. 5-12. This alone causes slower arc expansion, but
aside from this, voltage fall in a typical application of a large multigap switch may be dictated
by impedances external to the switch that it is driving [44]. High driving impedance will lead
to a slower resistive voltage fall, thus producing the effect of a higher measured resistance at

the time of peak current. In air experiments conducted by Akiyama, the conduction
resistance for a 1 cm gap at 20 kA was 50 mQ while Kalstrom measured a 0.4 cm gap with a

peak current of 25 kA to have a conduction resistance of 7.5 mQQ [42,45]. These
measurements differ by a factor of 2.85 when scaled to the same length and they are both
neatly an order of magnitude different from Kushner and the results presented in this work.
Each experiment used different driving circuit impedances that affect measured conduction

values and how the voltage is distributed at the time of peak current. For example a 6.67 cm
shot with a cascade conduction resistance of 1.42 €2, at the time of peak current (t,), falls to

0.78 ) at three times t,, which is much closer to observed values by Akiyama and Kalstrom.
The long resistive fall time has significant implications for the design of fast switches.
Reducing the resistive fall time will extend the ceiling to which a reduction in inductance
provides improvement to rise time for a given switch. For example, in a simulation using
the circuit in Fig. 5-7, a 6.67 c¢cm shot was simulated for two cases: 1) with a reduced
inductance by a factor of two, and 2) with a reduced inductance by a factor of two and a
rapid transitioning resistance to the conduction state (essentially instantaneously). The rise
time of switch current for case 1 decreased by 20% while the peak current increased by 6%,
and for case 2 the rise time was reduced by 37% and peak current increased by 20%. For

fast switching, geometrical changes must be implemented that reduce inductance and trigger
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methods or gas types must be chosen to reduce resistive effects for a truly optimized

switching scheme. This is discussed in more detail in Section G.

F. Switch Gas Type and Pressure

The scaled Rimfire is designed for use with a fill gas of SF at roughly 20 psig
(referred to as the baseline Rimfire test case), but multichanneling experiments were also
conducted using air in a pressure range from 25 to 35 psig. Electrode configurations tested
included 6.67 cm disc electrodes of the cross section in Fig. 5-2 and the 6.67 cm electrodes
with holes. Experiments were also conducted utilizing SF; in elevated pressures of 35 and
50 psig. High pressure SF, shots required the trigger gap to be shortened from 4.7 cm to
2.45 cm and gaps 1, 5, and 10 to be electrically shorted due to voltage limitations of the Marx
and I-Store. The voltage distribution between the trigger and cascade section remained at

roughly 30%, while the fields increased 32%. The fields are uniform in the cascade section
within £ 10% as in the baseline scaled Rimfire case. A self-break curve is depicted with the

scaled Rimfire self-break curves for all shot configurations in Fig. 5-15. All shots were

i + Self Break Air
: e ns ---- 75% Air SB
400" * Self Break SF6 |

- 75% SF6 SB
200+ = Self Break Short
75% SB Short
0. = |
0 10 20 30 40 50
pres (psig)

Fig. 5-15. Self-break curves for all Rimfire variations tested.
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conducted in a voltage range from 820 kV to 2.1 MV at a varying percentage of self-break.
Fig. 5-16 gives a synopsis of the breakdown pattern for the both air and SF, shots.
Air shots were triggered between 75-85% self break (SB). SF, laser shots at 18 psig were
conducted between 65-70% of SB. The 25 psig shots were conducted between 75 and 90%
of SB. Breakdown photographs are depicted in Fig. 9-18, Fig. 9-19, and Fig. 9-23 to Fig.
9-27. In gaps in which there are six or more channels, referred to as “dense” channeling,
the number of channels assigned to that gap were six. This was to curb erroneously high
total channel numbers where dense channeling occurs. It is evident by the time evolved
photos that when dense channeling occurred, some arcs carried substantially lower current,
hence the need to define a maximum (six). Dense channeling was observed in the air filled
gaps and is consistent with previous experiments [2]. Dense channeling occurs in the first
few gaps for untriggered air experiments and throughout the entire cascade section when a

laser trigger is implemented. There are a higher number of channels for air for any given

O Air Self-break B Air Laser B SF6 Laser 25 O SF6 Laser 18
O Air Holes Self-break O Air Holes Laser B SF6 Holes Laser

g; 6

-

0

o 5+

w2

E 1 _

S 41|l m '

= i | _

—g —] —
3

= 5l (i |

— | i

0
0

g 21

]

(=)

L

an 1 A

g

0
< 0 - 1 T N - " 1*T " «¥0 /v

1 2 3 4 5 6 7 8 9 10
Gap

Fig. 5-16. Breakdown synopsis for the air and SF, experiments.
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setup in Fig. 5-16, even though the pressures and breakdown voltages vary widely. This
pattern is not observed in the SF, case and in fact multichanneling exhibits much different
behavior between gases.

There is a dramatic difference in the multichanneling ability between the two gases as
is depicted in Fig. 5-17. Sulphur hexafluoride is a highly electronegative gas. Fluorine, with
an electron affinity of 3.45 eV and an electronegativity of 3.98 on the Pauling scale, is the
highest of all atoms. A high electronegativity means the SF; molecule is exceptionally willing
to absorb free electrons into its’ outer most shell because of its relatively large electron
attachment and electron scattering cross sections coupled with high electric breakdown
strength. These factors hinder free electrons from accelerating in the applied field and this

hindrance prevents avalanche breakdown. This absorption is primarily governed by
resonance capture (SF, +e¢— SF, ) or through dissociation (SF, +¢— SF, +F) [46,47].

These properties are what make SF; an ideal high voltage insulating gas [48].
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Fig. 5-17. Total channels breakdown synopsis.
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These properties also contribute to the relative inability of pure SF, to multichannel
when it is compared to inhomogeneous gas mixtures that primarily contain components that
are not electronegative. Many of the most recently studied multichanneling gas mixtures
seem to exhibit a relationship between low proportions of gases with high electron affinity
and high multichanneling ability. SF has a relatively large electron affinity (3.45 eV for
fluorine, 15.32 eV ionization energy, relative breakdown voltage of 2.5), and multichannels
relatively poorly [49]. Air, containing 78% nitrogen and 19% oxygen, exhibits dramatically
better multichanneling characteristics when compared to SF, (nitrogen electron affinity 0.072
eV, ionization energy 14.53 eV, relative breakdown voltage of 1, oxygen electron affinity 1.46
eV, ionization energy of 13.62 eV). SF, — Argon mixtures (argon has an electron affinity of
0, ionization energy of 15.76 eV, relative breakdown voltage of 0.15) with low (<10%) SF,
content are known to multichannel better than air [50]. Although the lower breakdown
strength of the buffer gases in this mixture will increase the relative production of ions as the
breakdown strength is exceeded, it is unlikely that the combination of a highly
electronegative gas and the buffer gas increases the multichanneling ability of the buffer gas
compared to it by itself. The SF, merely increases the breakdown strength of the buffer gas
[38]. For example, argon is known to multichannel well by itself and the addition of SF
does not improve its’ ability to multichannel, but rather the breakdown strength of the bulk
gas. BExperiments using SF; — Argon mixtures were not conducted, however, because of the
impractically low breakdown strength caused by the high argon content needed in such a
mixture for multichanneling.

There were fewer channels that formed in the holes experiments then in the original
clectrode configuration. In addition, field enhancement holes forced a more aligned

breakdown pattern for the air filled case and effectively capped the maximum number of
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channels that formed at four per gap. There was no increase in the total number of channels
formed using a laser trigger in this arrangement compared to SB experiments. The spread in
the total number of channels decreased from nine total channels in the SB case to only four
in the laser triggered case. Data suggest that using field enhancement locations susceptible
to only self irradiation, limits the number of channels that form in a gap, but improves their
uniformity. This was seen in an air laser triggered environment, but not in an SF
environment as described earlier. This is consistent with experiments conducted by
Sandstrom and Furuya using the bombardment of ionizing radiation into an air or nitrogen
filled gap [51,38].

A comprehensive circuit simulation was implemented in a similar manner as for the
electrode radius tests described in the previous section. For these simulations the transition
time for switching from off to on in a given gap was simulated as a rapidly decreasing

resistance as in Fig. 5-8. Fig. 5-18 depicts the difference in dv/dt at the time of breakdown
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Fig. 5-18. dv/dt at the time of trigger for all cascade gaps for air filled Rimfire. Gap 1 is
nearest trigger gap.
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for a triggered and untriggered shot for air. For triggered experiments (at 85% of SB) the

average breakdown voltage is 0.942 MV (E,, = 108 kV/cm at 35 psig) and the breakdown

b
voltage for the SB case is 1 MV (E,, = 90 kV/cm at 26 psig). dv/dt is larger for the
triggered case in all gaps and in the SB case there is a declining trend in dv/dt from gap 1 to
gap 10. This explains the observed increase in number of channels between untriggered and
triggered experiments in gaps five through ten without holes since multichanneling
likelihood is affected by voltage rise rate [38]. The larger dv/dt in the first three gaps agrees
with the results in Fig. 5-16 in which the switch multichanneled more readily in these gaps
where the dv/dt exceeds 5 kV/ns. This is consistent with work conducted by Neil and
similar trends of increased multichanneling were observed by Bergmann as dv/dt increased
[52,53].

Similar analysis was for SF,. Fig. 5-19 depicts the difference in dv/dt at the time of

breakdown for a triggered and untriggered shot for SF,. For triggered experiments (at 70%
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Fig. 5-19. dv/dt at the time of trigger for all cascade gaps for SF filled Rimfire. Gap 1 is
nearest trigger gap.
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of SB) at 18 psig the average breakdown voltage is 1.55 MV (E, = 200 kV/cm at 18 psig
with a SB voltage of 2.2 MV) and the average breakdown voltage for laser experiments (at
83% of SB) at 25 psig was 2 MV (E, = 216 kV/cm at 25 psig with a SB voltage of 2.4 MV).
dv/dt is quite similar between the two cases which coincide with the observed result in Fig.
5-16 in which there was no observed difference between the two cases indicating that
percentage of SB did not influence multichanneling substantially.

dv/dt in Fig. 5-19 is rather similar from gap to gap and does not explain, by itself,
the breakdown pattern observed both in Fig. 5-16 and Fig. 5-4. This is because in addition
to dv/dt there is the concept of a multichanneling window that will affect the number of
channels that form. This window is described by the period of time in which the voltage
that is imparted across a gap exceeds the breakdown voltage of that gap before the resistance
falls. Since the resistance does not fall instantaneously, there is a finite time, of several
nanoseconds in which the gap could potentially multichannel because breakdown voltage is
exceeded in this interval. If dv/dt is increased, or this time is increased, multichanneling
should increase. In Fig. 5-20, an over voltage value is presented in which dv/dt is multiplied
by the multichannel window time. This voltage value is really a combined measure of each
factor in which a large value corresponds to a gap in which multichanneling is more likely. It
is interesting to note the similarity between Fig. 5-20 and Fig. 5-5 in which dv/dt was
obtained by assuming an instantaneous transition from off to on. The over voltage value
explains the breakdown pattern for SF; much more thoroughly than purely looking at dv/dt.
For an over voltage value of 60 kV, increased multichanneling is seen in a given gap.
Similarities may be drawn between the breakdown patterns and the over voltage value for

air, although they are not as strong,.
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Fig. 5-20. Over voltage for a theoretical instantaneous switch transition.

Experiments were conducted at elevated pressures to determine if channeling would

decrease as pressure increased for the electrically negative SF, as others had observed with

There were eleven experiments conducted at 80% of SB for 35 psig and five

oxygen [38].

There was statistically no

experiments conducted at 50 psig in a shortened Rimfire.

observed decrease in the number of channels as pressure increased. These experiments, with

were conducted at approximately twice

b

-21

a channel breakdown synopsis depicted in Fig. 5

but did not form more channels than SF, laser shots as

the dv/dt per gap as in Fig. 5-19,

depicted Fig. 5-16.

Cascade gaps are overvolted differently depending on the percent of SB and whether
or not the laser trigger is present. In the laser trigger mode the switch breaks down nearly

sequentially from trigger end to IS end as depicted in Fig. 5-22. In the untriggered mode,
cascade breakdown is nearly instantaneous and does not breakdown in a sequential order as

in the laser triggered case. The runtime and breakdown sequence will affect both dv/dt and
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Fig. 5-21. Breakdown synopsis for shortened switch. Gap 1 is closest to triggered gap. Zero
time is when the first cascade gap breaks down. Gaps 1, 5 and 10 are electrically shorted.

the time over which the voltage exceeds the breakdown voltage, whereby a longer time
between gaps breaking down will increase both factors.

The impedance was calculated using a similar method as in Section D for all data.
The spread in the total channels for all data is 406, giving a range of an average 1.4 to 6
channels per gap in the ten gap system. The measured inductance, depicted in Fig. 5-23
exhibits a generally decreasing behavior over the channel range. Inductance was plotted as a
function of one over the number of channels since the calculated inductance in Eq. 9-1
depends on this term. Fig. 5-24 depicts a rather linear fit to the data indicating the strong
influence of the inverse of the number of channels and the relatively lesser influence of the
natural log term. A summary of total arc inductance arranged by electrode configuration is
depicted in Fig. 5-25. The single channeling trigger gap has a similar influence on the

inductance and resistance as was stated in Section D.
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Fig. 5-23. Total arc inductance by electrode configuration.
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There is a statistically significant difference (with 95% confidence) in the inductance
between the SF laser shots at 18 psig and all other data. There is a difference between the
air laser and the SF laser experiments, which is due to dense multichanneling in the air case.
The SF laser shots at 18 psig have a larger inductance than the shots at 25 psig likely due to
the larger number of single channeling occurrences at 18 psig. There is no difference
between the inductance for the air SB shots and the SF, 25 psig shots indicating that above
four channels per gap there is no advantage for inductance.

Total conduction resistance exhibits a similar relationship to the number of channels
than the inductance as depicted in Fig. 5-26. Data indicate a 1/n dependence of switching
resistance on the number of channels. Above 26 total channels in the cascade this
relationship deteriorates to a value that is not dependant on the number of channels. This is
consistent with the data presented in Section D. Eq. 5-3, the resistance as a function of the
number of channels, is plotted with cascade section resistance in Fig. 5-27. Resistance was
found to have no dependence on breakdown voltage, peak current, or any other identifiable
variable other than the number of channels up to 26 total channels. There is a statistically
significant difference in the resistance between the SF, Hole experiments and all other sets.
This indicates resistive losses in the switch are not purely a function of the number of
channels and may not be expected to decrease necessarily as channel number increases to
large gap densities. This is because as the number of channels increase, the current any one
channel carries is reduced, thereby reducing the radius it will expand to. Thus each arc will

become more resistive and there will be increased losses per arc.
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Fig. 5-27. Cascade conduction resistance and Eq. 5-3 line with a 0.3 Q shift.
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G. Impedance Discussion for Laser Data

An assumption must be made, either with resistance or inductance, in order to solve
Eq. 5-1 since both time varying parameters are unknown. There is no direct way to measure
either parameter, so both must be inferred from switch voltage and current. There is one
general approach to this problem: assume one is known, or has aspects of it that are arguably
known, then solve for the other parameter. In the previous sections, the inductance was
assumed to be calculable using established inductance calculations that are based on the
known geometry of the system. The inductance was also assumed constant because the only
geometrically changing parameter is the radius of the arcs. This radial dependence of the
inductance is natural logarithmic. The radius is known to grow from some initial value (10’s
of micrometers) to no more than a few millimeters [39]. Therefore the total arc inductance
can vary by no more than a factor of two and is often assumed constant when spark gap
switches are analyzed [25]. The inductance assumptions made in the previous section are
consistent with physical processes and with previous researchers’ work [41,42].

The time varying resistance that results from the previous section has a final
conduction value that is consistent with other researchers work on SF; conductivity. In
addition, the time varying resistance in this model will produce exactly the voltage and
current waveforms, when combined with the assumed inductance. Solutions obtained will
not be unique in that a change in the inductance assumption will change the resistance result.
This emphasizes the importance of proper assumptions that were used in the previous
sections.

Time variance in the resistance and inductance will only be a function of time
variance in arc radius if the conductivity is assumed constant, or relatively constant on the

time scales of interest [7]. Itis clear that as the switch transitions from off to on, the largest
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change that will take place in either parameter is during early time through peak current.
Although in reality both parameters will change to some degree during this time, they both
will reach some relatively constant or conducting state, at least until current changes
directions. According to commonly used arc physics techniques, a conduction radius is
reached within a 15% or less by the time of peak current [44]. It is therefore reasonable to
believe that a time varying impedance would have more immediate and direct effects on
switching current and voltage during this transition phase (early time) and that the
conduction value will more directly effect things like peak current, ringing frequency, and
other late time characteristics. Under this framework it is clear that assuming a time varying
resistance and a constant and calculable inductance is appropriate.

A large early time resistance has significant implications on the design of fast
switches. If when optimizing a switch the inductance is reduced, and not the resistance,
such as by reducing the ratio of inner to outer conductors, the resistive contribution to rise
time will begin to approach the rise time contribution due to inductance. Since this limiting
factor will be reached for any lower inductance design, it is advantageous to address the
reduction of switching resistance along with switching inductance. A reduction of resistance
alone will not decrease switch rise time significantly and will have less of an effect as the
reduction of inductance alone. Reducing the resistive rise time, however, will extend the
ceiling to which a reduction in inductance provides improvement to rise time for a given
switch. For example, in a simulation using the circuit in Fig. 5-7, a 6.67 cm shot was
simulated for two cases: 1) with a reduced inductance by a factor of two, and 2) with a
reduced inductance by a factor of two and a rapid transitioning resistance to the conduction
state (essentially instantaneously). The rise time of switch current for case 1 decreased by

20% while the peak current increased by 6%, and for case 2 the rise time was reduced by
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37% and peak current increased by 20%. There is dramatic improvement by removing this
long transition, that is gas, pressure, and trigger method dependant.

Theoretically, reducing the inductance may be accomplished by increasing number of
channels, reducing the ratio of outer to inner conductor radius in a coaxial system, and
reducing length. Most SF, experiments exhibited between one and three channels with only
30% of shots experiencing over three channels in any one gap, eliminating this as the
primary inductance reducer for SF switching. The outer to inner conductor ratio is limited
by the hold off distance between the two at high voltages. For a dramatically reduced
inductance, a ratio of less than two would be required, that is physically impossible using any
known gas dielectric. One way to reduce both inductance and resistance is to reduce
switching length. This is the best option for dramatically reducing switching impedance, but

likely has the most challenging design hurdles. These hurdles are addressed in Chapter 7.
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Chapter 6
SF, Breakdown — Experimental Study

This chapter presents a collection of work regarding high pressure SF; and SF; — Argon
break down. These subjects have been studied for decades, but little data exists for high
pressure (>50 psig). Experimental work was conducted to determine how viable these
mixtures would be to the development of a new switch. There are three parts to this
chapter; 1) a brief discussion of impulse gas breakdown, 2) experimental data collected on
the breakdown of SF, — Argon gas mixtures at elevated pressures, and 3) a summary of very
high pressure gas switching and how the previous research relates to the experimental data
collected. There is also discussion on very high pressure SF, switching. This section served
as a guide for the design of a new switch presented in Chapter 7. In the end, a new switch
using high pressure SF; was not pursued because the program funding the research was

redirected post data collection and analysis.

A. Impulse Gas Breakdown

A wide array of data exists on gas breakdown of mixtures of SF; and argon
[54,55,56,57]. There is, however, very little data available for pressures above 40 psia. In
most previous works, data are usually presented in Paschen breakdown form, or plotting
breakdown voltage versus the product of gap distance and gas pressure. There are several
parameters that will effect an obtained Paschen curve outside of gap distance and gas
pressure. They are pulsed versus static conditions, percent argon in the SF, mixture, and

uniform field versus non-uniform conditions.
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Generalizing voltage gradients into “uniform” and “non-uniform” categories can be
misleading because of the wide variety of conditions these terms are used to describe.
Paschen form is inconvenient because it forgoes field enhancement effects and invites broad
comparisons between data collected in dramatically different conditions. In some cases non-
uniform field can mean point-plane geometries. In others it may mean point-sphere
geometries and yet in others it may mean sphere-plane. In all conditions the field
enhancement factors may be very different and therefore comparing breakdown voltage is
less useful than comparing breakdown field. Determining breakdown field from a Paschen
curve takes some effort, but enough information is usually available to do so.

The condition under which electrodes are pulsed is another factor that affects not
only the pulsed breakdown voltage, but also the field at the time breakdown is observed.
The rate of rise of the applied voltage will dramatically affect the pulsed breakdown strength
of a gas. As voltage is pulsed with increasing risetime, the breakdown field will increase with
the increasing voltage. In fact, pulse rate is the only variable that for a given electrode shape
and spacing will lead to a higher breakdown voltage and thus breakdown field. In other
words, the breakdown voltage has a variable and it is the rate of rise of the applied pulse.

The effect of rate of rise on breakdown voltage is evident when considering corona
stabilization. For the appropriate rising pulse rate, space charge will form at the tip of a
corona discharge that will create a localized shielding of the discharge from the applied field
across the gap. The result of corona stabilization is that a larger pulsed voltage is needed to
overcome this shielding effect. For voltage applications > 350 kV/us, however, corona
stabilization does not take place in SF, [58]. Rate of rise and its effect on perceived
breakdown voltage is discussed following a brief discussion of relevant breakdown

processes.
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There are several complex processes that lead to avalanche breakdown that are

caused by the application of an electric field across a gas filled gap. They are [59]:

1) Number of initial electrons produced from the external source (dictated by electrode
material, geometry and applied field).

2) Gas ionization characteristics by electrons accelerated in the applied field (dictated by the
electron drift velocity (on the order of 10" cm/s) and gas type).

3) Photoionization caused by the radiation of the accelerating discharge (dictated by the
speed of light in the media and gas type).

4) Secondary emission of electrons from the cathode caused by impacting ions (dictated by
the ion drift velocity (on the order of 10° cm/s), and cathode material).

5) Gas ionization due to ion-gas collisions on their way to cathode (dictated by ion drift
speed and gas type).

6) Photoelectric effect due to impacting ions on the cathode (dictated by cathode material).

Townsend breakdown theory is generally used to describe static voltage breakdown
of a gas filled gap. In this theory, items 1, 3, 4, and 5 weigh in heavily in determining the
number of electrons present in the avalanching process. Impulse breakdown, however, is
commonly described by the streamer to avalanche transition theory. This theory was
developed as a result of differences between breakdown delay time observed experimentally
and those predicted using the Townsend breakdown theory.

Streamer theory describes pulsed breakdown as being primarily dependant on the
initial electron avalanche and photoionization due to the radiation of the accelerating
discharge (items 2 and 3). In Raethers’ model for streamer formation, an initial electron

avalanche is accelerated from the cathode toward the anode and photoionization just ahead
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of this avalanche begins creating secondary electrons [59]. This creates a high localized
electric field and high energy electrons efficiently collide with the background gas. The
electrons created by the photoionization process are referred to as space charge and allow
the secondary electron front to grow to the size of the original avalanche but more closely to
the anode. Once the anode is reached, a similar process occurs just behind the initial
avalanche and extends back toward the cathode. Once the space charge region reaches the
cathode, the gap is bridged and a highly conductive arc channel allows the conduction of
current and the fall of voltage.

There is a statistical delay time between the onset of the initial avalanche and
bridging the gap of the space charge region. The delay time consists of a statistical lag time
(from the application of voltage to the appearance of the breakdown initiating electron) and
the formative lag time (the time it takes space charge to grow to allow voltage collapse).
This delay is dependant on the velocity of the electrons in the inter-electrode region and the
local velocity of light. Velocity of the electrons is dependant on the applied field. Therefore
it is intuitive that if there are two scenarios, one in which the breakdown voltage of the gap
is pulsed slowly and another in which the gap is rapidly pulsed, the fields at which
breakdown will be observed to occur will be different because of the breakdown time delay.
An example of these phenomena is depicted in Fig. 6-1. The breakdown delay time will be
lessened for a larger applied voltage, but for tens of nanoseconds rate of rise, this delay will

not be reduced substantially.
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Fig. 6-1. Influence of rise rate on breakdown voltage.

B. SF, - Argon High Pressure Breakdown Experiments

A gas chamber consisting of a modified Physics International 760 spark gap was
used as the test chamber for high pressure SF, — Argon pulsed breakdown experiments at
MUTTS. The electrodes were 2.54 cm in diameter, with a 1.31 cm flat surface and a quarter-
radiused edge to the outer diameter. Gas ports were fixed 90° apart to insure a complete
purging of the inter electrode region between shots. The volume of the chamber was
roughly 400 cm’.

The chamber was pulsed with a four stage Marx bank that consists of 8, 150 nF, 50
kV capacitors that are fitted with four Physics International 760 spark gaps. The gaps are
overvolted with a Physics International TG-70, 70 kV pulser. The Marx bank was pulsed
into a 2 k€2 load that was in parallel with the test chamber. The 10-90% rate of voltage rise

on the test chamber was 1 kV/ns for all shots.
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The first set of experiments was conducted with an inter electrode spacing of 0.768
cm. Data were collected for pressures up to and including 100 psig. The second set of
experiments was conducted with a spacing of 0.305 cm. Data were collected on three shots
for each pressure and for a pressures range from 100 — 190 psig. For a breakdown field of
300 kV/cm at a pressure of 100 psig (an E/p (V/cm/torr) of 60), the drift velocity of SF is
0.015 cm/ns, allowing an electron transit time of 50 ns for the first case and 20 ns for the
second [60].

The percentage of SF, mixed into the argon was set using a gas proportioner. The
proportioner uses two flow tubes, one for SF, and one for argon that are calibrated for the
individual gas. Gas was flowed into the proportioner with a specified and constant inlet
pressure. The individual gases were mixed in a third mixing tube. Pressure was monitored
at the output of the mixing tube. The inlet pressure was set higher than all output pressures
to be tested for a given experiment. The test chamber was slowly purged with at least two
times the chamber volume after each shot with the desired gas mixture. After the purging
process was complete the output end of the switch was sealed and gas was allowed to build
pressure until the desired pressure was achieved.

Breakdown voltage for the first and second experiments versus fill pressure is
depicted in Fig. 6-2 and Fig. 6-3, respectively. As in previous experiments, as the percentage
of SF, is increased the breakdown voltage increases. The spread at any given data point is £
5%. Fig. 6-4 depicts the pulsed breakdown field for both cases. This is a combination of
both cases, corrected for electrode spacing and field enhancement correction factors due to
non-uniformities. In this case, the field enhancement factor (FEF) is defined as the ratio of
the peak field in the gap to the theoretical uniform field (mean field). This factor was

determined through simulations of the electrode geometry in Maxwell [61]. For the 0.768
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Fig. 6-4. Pulsed breakdown field for a rise rate of 0.863 kV/ns at the time of breakdown.
Electrode area is 1.34 cm?.

cm electrode spacing, this factor is 1.14. The field is uniform for trial 2 where the spacing is
0.305 cm. Breakdown voltage is affected by dv/dt since there is some delay time between
corona onset and streamer propagation across the gap.

Pulsed breakdown field plotted in Fig. 6-4 increases very linearly with pressure for all
mixtures. Fig. 6-5 depicts the reduced field E/p (kV/cm-bar), an important quantity to
consider when designing low jitter laser gas switches. For Rimfire, E/p should stay above 46
kV/cm-bar for acceptable jitter [15]. The pulsed breakdown field of 100% SF, displayed in
Fig. 6-4 was retested for large area electrodes, namely the 6.67 cm radius Rimfire cascade
electrodes with an active area of roughly 13 cm”. The electrodes were spaced 0.886 cm and
have a FEF of 1.1. The maximum working pressure was 100 psig and the rise rate of applied
voltage was 5.3 kV/ns for these experiments. Pulsed breakdown field for this experiment

was consistent with the results obtained in Fig. 6-4.

96



O
= 100 * 080% Ar - 20% SF6
S X AG60% Ar - 40% SF6 —
§ 80 X 40% Ar - 60% SF6 ||
@/ -0 ©20% Ar - 80% SF6 | |
= _ 00% Ar - 100% SF6 | |
) A -
= 50 - N
o X o o
i 40 - O 2 @)
- X x
3 30 ﬁ A A A %
]
g 20 O O O
(@)
O 10 -
O T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Pressure (psig)

Fig. 6-5. Corrected field versus pressure.

An experiment was constructed to observe the pulsed flashover voltage of Lexan. A
1.26 cm (0.498”) spacer (called a “hockey puck™ spacer) from the Proto II switches was used
under uniform field conditions to test surface flashover. The same Marx setup was used to
test the flashover as was used to test SF, — Argon breakdown except the pulsed voltage rate
of rise was 5.3 kV/ns. Flashover field increased slightly for the first three shots, than
dramatically decreased as shots continued as depicted in Fig. 6-6. At first, a relationship
seemed apparent between increasing pressure and decreasing flashover voltage since the
pressure was increased to accommodate larger charge voltages. The final shot was at 50
psig, like the first few shots, thus suggesting this claim to be false. A decrease in flashover
field as the shot number increased is attributable to a 1 cm wide carbon deposit on the
surface that appeared after the third shot. A safe operating flashover field for the “hockey

puck” spacers is 150 kV/cm at 5.3 kV/ns.
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C. SF,; Microsecond Pulsed Breakdown

The focus of this section is to develop the background for high pressure SF(
switching for the design of a 2 MV, 250 psig switch. It was originally pursued for the design
of a shortened Rimfire. This shortened design is investigated as an option to reduce
inductance and resistance during switch conduction. Fabrication of such a device did not
come to fruition, but research in high pressure, pulsed SF, switching is presented here.
Others’ work is presented and compared to high pressure data collected at MUTTS.

The backbone of pulsed high pressure SF switching in the pulsed power community
is the E,, curve published by Nitta [24]. This curve describes the minimum breakdown field
strength, for very large electrodes, at which streamers would be initiated under pulsed
conditions. His curves were obtained for 60 Hz pulses. Others have published similar

curves at 50 Hz and under microsecond pulsed conditions [46,48]. These curves are plotted
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Fig. 6-7. SF E, lines. Low probability breakdown lines exhibit roll-over.

in Fig. 6-7. Qiu describes a 2% breakdown probability for a highly non-uniform electrode
arrangement under 1.25 ps positive pulsed conditions. Similar trends are observed for
corona onset [62]. Martin’s paper on pulsed gas switching thoroughly describes the
relationship between E, and the anticipated pulsed breakdown field and will not be
described here [22]. What will be discussed here is a further analysis of a section of that
paper regarding higher-pressure gaps under pulsed conditions and the concept of “roll
over”.

As with the E, curves, the pulsed breakdown of gas switches at high pressure is said
to roll over, at a pressure near 90 psig [22]. This means the pulsed breakdown field is no
longer well defined as an increasing function of pressure, but rather a range of breakdown
voltages spanning a breakdown probability from 0 to 100 %. Roll-over is caused by micro-
protrusions on electrode surfaces that look more electrically rough at higher pressures than

at lesser ones [63]. Any SF, switch with roughened electrodes will exhibit roll-over under
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pulsed conditions for high pressure. Although a high pressure switch will exhibit roll-over,
higher breakdown fields may be achieved when considering very fast switching. This is true
where the pulse voltage rise rate is on the order of the electron transit time and the
appropriate trigger method is used. Even though roll-over is present, it is possible to obtain
benefits in breakdown strength at the risk of decreased reliability in the form of prefires.
This issue is addressed in Chapter 7.

The concept of operating at high pressure has far reaching consequence when
specific systems are considered. Published work in this area is scarce for pressures larger
than 4 bar. It is assumed that at common operating charge transfer levels (10’s to 100’s of
milli-coulombs) the electrodes of any such system will no doubt become severely worn.
Severe wear generates a larger number of more pronounced micro-protrusions thus making
a system more susceptible to roll-over at very fast pulsed voltages. The use high pressure
SF, is not common practice, but should not necessarily be ignored as is described in the

following sections.

D. SF, Sub-Microsecond Pulsed Breakdown

A tradeoff arises between prefire likelithood and increasing the operating pulsed field.
Once the field is larger than Ethere is a finite probability that a streamer has been initiated.
Therefore, when triggering a gap above E, there is a chance that the gap has already begun
to breakdown before application of the trigger. As long as the trigger level is set
appropriately, it is possible to trigger above E; and still operate with an acceptable prefire
rate. Switch jitter, however, increases as the application of trigger field is delayed further and
further beyond E, [22]. If trigger application is allowed to delay beyond the time the E, field

is surpassed, the cumulative probability of streamer initiation increases until the likelithood is
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so great that the trigger field would statistically be applied at temporally different locations
from shot to shot, thus increasing jitter. It is possible to mitigate this jitter when using a
laser trigger, due to localized preionization just ahead of streamer formation for a laser
focused in the center of the switch [64].

The probability of breakdown has been studied by many authors and is often
expressed using Weibull statistics. When Nitta first relayed his data, he expressed the

probability of breakdown using the Weibull function,

F(E)y=1-exp|-4-A-(E-E,)| Eq. o1
where F(E) is the probability of breakdown at field E, A is the electrode area, E, was from

his data in Fig. 6-7, and 4 was a pressure dependant term [24]. Further analysis of his data

yielded,

F(E)—lexp{K-A-(E_EOJ ]
P Eq. 6-2

where K was some constant, and p was the working pressure and replaced A [15]. Upon
applying Nitta’s work to the Rimfire switch, the unknown’s 7 and K in Eq. 6-2 were found

using curve fitting techniques and the method was applied to a Rimfire switch resulting in

[15],

Eq. 6-3

10
F(E)=1- exp{— 2x107"% - A4 (%j } .

From this equation, a plot is possible for breakdown voltage as a function of breakdown

probability, pressure and field. Fig. 6-8 shows several breakdown lines that were plotted in
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Fig. 6-8. Rimfire pulsed breakdown curves from Turman expanded to 300 psia [6]. Note
the pulsed field at 250 psia is double from that at 50 psia for F=0.003. Even larger increases
are noted for larger probabilities.

reference Turman up to 50 psig [15]. Expanding these results to larger pressures it is clear
that the breakdown voltage increases with pressure.

The Weibull method was applied to the 100% SF, breakdown data of Fig. 6-4. Data
in Fig. 6-9 fall between the 0.1 and 0.5 Solvay probability lines, indicating the electrode
roughness is larger than 200 um. This means a lower E; line would more appropriately
describe these data. Nonetheless, an increase in self-break breakdown field with increasing
pressure is noted for this experiment. The larger recorded breakdown voltages despite a non
increasing E are explainable when considering the relationship between pressure and the
physical motion of electrons and the transit time in a gas gap under applied field.

Transit time is defined as the time it takes the leading edge of a streamer to traverse
the distance of a gap. This time is pressure, field and gap length dependant. Runtime is

typically defined as the delay time between the application of a trigger source and the flow of
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Fig. 6-9. MUTTS pulsed breakdown curves from [60].

current through a switch. Typically switches are fired at some high percentage of self-break
(80-90%) to ensure a short run time and reduce the prefire probability rate. Therefore the
appropriate trigger field may be established from Weibull breakdown probabilities for
acceptable switch reliabilities.

The delay time, in the case of a laser triggered gap, is the time it takes the voltage to
rise from the application of the trigger pulse to the self break voltage for the remaining
portion of the gap that is not shorted with the trigger pulse. In many sub-microsecond
pulsed cases, the delay time may account for as much as 50% of the perceived breakdown
voltage [22]. The delay time has been empirically related to the field, gap distance, and

pressure by,

.46 . /0 — Eq. 6-4
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where E is the applied field in units of 10 kV/cm, dis gap distance in cm, 7is the time above
67% of peak voltage until the peak is reached and K is an empirical constant that is gas
dependant [25]. Others have modified this formula to increase the contribution of the
pressure term to account for underestimated values at higher pressures [22]. Neither Eq. 6-4
nor other equations presented in Martin have been able to predict reasonable transit times
for the MUTTS experiments presented earlier. This is because the voltage of the MUTTS
experiments is an order of magnitude lower than Eq. 6-4 is intended to be used for.

Many studies discussing the relationship between switch runtime and pulsed
conditions relate the reduced electric field, E/p, and the percentage of self-break V, /Vg, as
parameters that will effect run time. The smaller the E/p or V / Vg, the longer the runtime.
A large E/p shortens voltage collapse time [65]. Therefore, increasing pressure above a few
bars will begin to reduce substantially the E/p, since the rate of increase in electric field is
reduced at elevated pressures. This emphasizes the importance of an appropriate trigger

mechanism to reduce the effects of decreased E/p.

E. Electrode Roughness

A relationship exists between surface roughness and its’ effect on E,. An electrode

roughness, R

71axd

will have no ill effect on dc operating field of Fig. 6-7,

PR <43 bar-um Eq. 6-5
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where p is operating pressure. Otherwise, breakdown field is related to the surface
roughness by the plot depicted in Fig. 6-10 [66]. In any realizable system, there is some
degree of surface roughness leading to the E  curves of Fig. 6-7. Applying this method,

Nitta’s data indicate a surface roughness of 150 um and the Solvay data correspond to a

surface roughness of approximately 200 um [66]. The Qiu data exhibits a much faster rising
E, line because of highly non-uniform electrode conditions that equate to a very rough
surface, but it also levels off with the Nitta E, line. Highly roughened electrodes are known
to reach a point in which roughening them more will have little effect on the E; curve [67].
Therefore, electrode wear and material selection are paramount to operating at pressures
greater than six bar (approximately 90 psia). Slight electrode roughness (bead blasted rough),
as opposed to very smoothly polished electrodes, will exhibit substantially reduced jitter at

the expense of a reduced electric field hold off for a given pressure [68]. Heat-treated 10W3
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Fig. 6-10. SF, reduced dc field due to electrode roughness where roughness is defined as the
height of an imperfection above the localized average material height.
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(75% tungsten, 25% copper.) Elkonite electrodes were sand blasted to a matte finish and
installed in a 3 MV single gap switch. Although the data were not published, the author
noted a substantial reduction in jitter that was attributed to the heat treatment of the
electrodes. If polished electrodes are used, the large jitter was found to be independent of
electrode material or gas type [68].

Electrode surfaces must wear slowly and evenly to reduce extreme field
enhancements and to prevent short switch lifetime. Mallory 1000, an (90% tungsten, 6%
nickel, 4% copper) alloy was used on the trigger electrode tips of previous Rimfire versions
because pure stainless electrodes were wearing too quickly [5]. Heat treating electrodes has a
significant effect on reducing electrode wear. Out of several electrodes tested heat treated,
Fansteel 77 (tungsten-Ni alloy) was most resistant to wear. It should be noted that the
electrode material could have a significant effect on the multichanneling properties of a
given gap. Multichanneling was seen to occur in a roughened electrode gap (sandblasted) as
opposed to a polished electrode gap in an SF environment [68].

Electrode wear is dependant on material. Brass, aluminum and stainless steel are
commonly used electrode materials with very different wear properties. Elkonite (28%
copper, 72% tungsten), is also used for its superior electrode wear in non rep-rated gas
systems. At 10 Hz, the maximum wear rate for Elkonite electrodes is on the cathode at 8 X
10°ecm® C' [62]. Stainless steel performs similarly with a 9 X 10° cm® C' wear rate on the

anode.

F. Previous Researchers’ High Pressure Work

Upon investigation it seems the concept of roll-over when quantifying self-break

curves for sub-microsecond pulsed devices is not routinely reported. For many systems,
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acceptable self-break voltages are closer to 50% breakdown probability lines than to the low
probability E curves. Table 6-1 details a literature search on high-pressure (>100 psia) self-
break SF; switches and whether or not, under fast pulsed conditions, roll-over was
experienced. In this case roll-over is defined as a severe change in slope from 2.5-3
kV/cm/atm to less than 1 kV/cm/atm. As a comparison, this would occur at 100 psia on
Fig. 6-7. The only work in this list that indicated severe roll-over was Martin [22]. In this
paper, no data are presented and the curve plotted is generic trend labeled “typical large
switch” behavior. No roll-over is exhibited in these plots, indicating breakdown occurred
above the 0% probability breakdown E; curves of Fig. 6-7. This indicates high pressure
switching has some viability if a desired prefire probability is known. This is discussed

further in the following chapter.

Table 6-1: Literature search for pulsed self-break SF, switching above 100 psia A) [22], B)
[69], C) MUTTS, D) [68], E) [70].

Ref. Pulsed Conditions Pres. Electrode Conditions Roll | Source
(psia) Over| Data

A N/A N/A N/A yes Fig. 1
B 6.5 cm, 900 ns to peak, 0.346-3.28 MV, SB 0-115 FE=1.306, brass, hemispherical no Fig. 6
B 4.45 cm, 900 ns to peak, 0.346-3.28 MV, SB | 0-175 FE=1.2, brass, hemispherical no Fig. 7
B 3.1 cm, 900 ns to peak, 0.346-3.28 MV, SB 0-165 brass, hemispherical no [ Fig. Al
C 0.3 cm, 600 ns to peak, 100-250 kV 0-205 brass, uniform no Fig. 4
D 1.91 cm, 90 ns rise, 0-1.25 MV 0-90 stainless, hemispherical no Fig. 4
B 0.7 mm gap, 55ns rise, 25-80 kV, SB 0-275 | FEF=1.04, polished, brass hemispherical | no Fig. 6
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Fig. 6-11. Pulsed self-break field for Table 6-1.
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Chapter 7
New Switch Study

This chapter describes a design process for large Rimfire-like SF; gas switches. An
investigation is presented into a reduced inner to outer conductor ratio and a reduced length
2 MV switch. This switch addresses the low inductance issue, providing a very fast switch
that could potentially replace water switches on machines like Z. It also addresses a problem
with the location of the gas envelope on current Rimfire designs. The switch is laser
triggered and utilizes a completely coaxial design that eliminates the acrylic SF, gas envelope.
Originally, an all cascade design was to be investigated, but it was abandoned because of
issues with the reliability of the triggering scheme. Instead, designs aimed at reducing
switching impedance while adding reliability were investigated. This switch was not

fabricated.

A. Problems Plaguing Rimfire Switches Today

Reliability requirements for the next generation Rimfire switches have caused a joint
effort between many institutions to address unacceptable lifetime problems. ZR, the next
machine to utilize Rimfire, requires an astonishing 400 shot lifetime before maintenance with
a 2% loss of shots from the entire pulsed power chain [71]. The switch is to operate at up to
6.5 MV and conduct 600 kA with a <2 ns jitter for 36 lines. The design field stress is not to
exceed 250 kV/cm with a 1.4 trigger field to cascade field stress ratio. The cutrent 6 MV
design cannot meet these requirements electrically because degradation or catastrophic

disassembly issues caused by gas envelop flash-over occur after only 22 shots at 5.5 MV.
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In 867 shots at the Advanced Pulsed Power Research Module (APPRM) at Sandia,
there were 12 cascade envelop failures (flashed housing), one trigger envelope failure
(external tracking) and two cascade spacer failures (flashed spacer). Several teams are
working on these issues with several approaches to resolve the reliability issues by 2007 [71].
In the Z-20 test bed, there were more failures attributed to the trigger section than to the
cascade section envelope.

The design presented in this chapter looks at optimizing switching impedance as well
as presents a design that utilizes an I-Store insulator scheme. Instead of having a long gas
envelope that is rapidly stressed in parallel with the switching axis, the insulator is moved to
a coaxial design so it is stressed with the main forward going voltage wave. This scheme is

known to be reliable since it has been adopted on I-Store designs for several decades.

B. Reducing Switching Impedance: Reducing Radius and Reducing Length.

As discussed in the introduction, one goal (besides reliability) for a next generation
Rimfire switch is to reduce the inductance for the replacement of problematic water
switches. Dramatically lower inductance is required to reduce switch current rise time and
make the switches faster. When the question of replacing water switches was posed, there
was a generic goal for the inductance requirements of a gas switch replacement. At first this
goal was that the switch must have an inductance of 100 nH and operate at 6 MV. This later
evolved to reducing the inductance of the current Rimfire design by a factor of two. The
first target inductance is nearly impossible using a Rimfire based design. The second target,
however, may be achieved.

There are several options for reducing the inductance in a Rimfire switch. Switch

inductance relates linearly to length (L. oc /) and as a logarithmic ratio of outer (radius /) and
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Fig. 7-1. 50% inductance line as a function of geometry.

inner (radius @) conductor radii (L. o Inb/a). Length may be reduced by a factor of two, or

b/a may be reduced by a factor of 1.64, or some combination there of, in order to reduce
the inductance by a factor of two. The relationship between reducing both length and ratio
of radii is plotted in Fig. 7-1. This is a plot of inductance for a single channeling switch. As
the number of channels increases the line becomes more steep (a given b/a will tolerate a
larger length for the same inductance in Fig. 7-1). In a design where the outer conductor
radius & is fixed, radius « may be increased and /may be decreased.

The limiting design factor for radius is based on the electric field requirements for
SF, at a given pressure. Increase in radius « is limited by the breakdown strength of the gas
between the inner and outer conductor. At Rimfire operating pressures (50 psig SF), the
breakdown field is 250 — 300 kV/cm. This will dramatically limit the practical increase in a,
without also requiring an increase in radius 4. For example, the 6 MV Rimfire has a

measured inductance of 600 nH [71]. Approximately 150 nH of this is contributed by an
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external ground shroud and is not considered switching inductance. In addition,
approximately 100 nH of what is left over comes from the single channeling trigger section
and is not considered reducible without abandoning the Rimfire concept. Therefore, 350
nH must be reduced by 300 nH to have the effect of reducing the total inductance by a
factor of two. This leaves an inductance of 50 nH for the cascade section. For this
inductance, the ratio of the radii would need to be 0.35 of its nominal value and results in an
infinite inner conductor radius. If all the inductance were in the cascade section and not in
the trigger section or ground shroud, a reduction in the inductance of the 6 MV Rimfire by a
factor of two without reducing length, would requite 4/a to be 0.45 of its nominal value of
7.53 (81.3 cm outer radius, 10.8 cm inner) [72]. The radius of the inner conductor would
grow to 29 cm (11.4”) and the outer conductor to 99 cm (39”). This radius growth would
apply to every conductor that is included in the inductance estimation of 600 nH and does
not consider that each gap does not have an inductance of a solid sheath, but rather some
number of non-uniformly spaced arcs. The factor-of-two reduced design would only apply
using a gas envelope like the current Rimfire switches with an oil surround dielectric. For an
all coaxial design, it is impossible to use SF, as the insulating dielectric and achieve a b/a
ratio of 0.45 its nominal value without elevating switch pressure beyond 50 psig. Essentially,
it is impossible to meet both design goals without altering the switch design and without
altering the operating gas pressure.

SF, dielectric strength requirements are the limiting factor in the reduction in length.
The review of high pressure SF, switching given in Chapter 6 and the data presented there
were used in the following shortened switch design. In order to achieve the goals for future
Rimfire switch design, SF, switching at elevated pressure must be reviewed in Rimfire switch

geometry.
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C. Shortened Design

The following is a design for a coaxial, shortened SF, switch. This is a description of
a design that was not fabricated so not all mechanical specifications are made. It is designed
for a breakdown strength of 470 kV/cm at a conservatively high 270 psia (vapor pressure of
SF, 1s approximately 310 psia). Fig. 7-2 depicts the 0.003% breakdown lines based on the
Nitta and Solvay data that are averaged to determine a design breakdown field. All insulators
in the new design will experience fields of no more than 100 kV/cm at peak voltage (2 MV).
The triggered gap will have > 30% of the overall voltage and will have a field enhancement
factor of 1.5. It will have a field 1.2 larger than in any cascade gap. The outer conductor
radius is fixed due to the constraint of flashover in oil of the plastic surface. The fields in
the cascade section on average are 380 kV/cm and vary by less than 15%. At 2 MV this is
roughly 10” for a 3” diameter center conductor. The outer to inner return conductor ratio

will be minimized. Peak voltage in the case of no breakdown (ring back) event is 2 MV.
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Fig. 7-2. Low Probability Breakdown Lines
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Maximum field between inner field shaper and outer conductor at 2 MV is < 400 kV/cm.
Peak field in the trigger gap or next cascade gap will be at least 1.1 times larger than the field
between any conductor and the outer conductor. The field shaper on the high voltage side
will incorporate a cone geometry to minimize 4/a and to reduce fields at the insulator.

A general Rimfire design procedure is as follows. The field shaper at the high
voltage side will determine the minimum spacing between the outer conductor and the
center conductor at the insulator face. The curvature of the field shaper outer edge must
then be addressed. Field shaper radii exceeding 3.81 cm (1.5”) are necessary to ensure low
field enhancement. Maintaining a low 4/a is preferred over extending the length of this field
shaper. The switching gaps are then placed with the appropriate field in the cascade and
trigger sections, starting with the trigger section. This process will reduce fields at the high
voltage side insulator. When simulating electrostatically, the load-switch conductor should

be held at zero potential. Fig. 7-3 depicts the shortened design. dv/dt in all gaps at the time

< |
EX-R3.50

L.LgJ )

Fig. 7-3. New Switch Dimensions (image at right rotate 90 degrees with respect to image at
left).
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of laser triggering is above 90 kV/ns with over 900 kV/cm in each gap. Plots of the fields,
dv/dt and time to breakdown are depicted in Fig. 9-5, Fig. 9-6, and Fig. 9-7. The inductance
of this design is roughly 90 nH, compared to the regular Rimfire inductance of 240 nH at 2
MV. This reduces the rise time of current through the MUTTS output section from roughly
73 ns down to 62 ns, a 15% decrease. The peak current also increases by a factor of 13%. A
comparison of each current is depicted in Fig. 7-4.

For a switch in which the long resistive decay time described in Chapter 5 is
removed, i.e. the switch transitions to an on state very quickly (<5 ns), the risetime of a
Rimfire switch that is not reduced in inductance may be reduced to < 65 ns. This is as
effective in reducing switch risetime as reducing the inductance by a factor of two. If the
transition state is effectively removed and the inductance reduced by a factor of two, the
risetime of the switch decreases to less than 45 ns. That is nearly a 40% reduction in
switching rise time. Reducing the resistive turn on phase, however, would likely require the
use of a different gas, which is precluded because of the superior breakdown strength of SF..

There is very little data, if any, on multichanneling SF; switches above a few

180
3 gap
10 gap

0 50 100 150 200 250 300
nanoseconds

Fig. 7-4. Current comparison of shorted switch to original Rimfire at a breakdown voltage of
1.6 MV.
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atmospheres. Producing one to three channels per gap is readily common at 18 — 50 psig
SF, for the fields that are experienced at MUTTS, sufficient to substantially reduce
inductance. A risk exists that the switch may have reduced channel formation in every gap
at very high pressures. Approximately 50% of the cascade section inductance is due to metal
electrodes if two arcs are assumed in each gap for a canonical Rimfire geometry. Each gap
must channel with two channels or more to have a 50% reduction in inductance for the
cascade section arcs as is depicted in Fig. 7-5. In this generic example, two theoretical
switches are considered one with half the length of the other. The inductance for the
reduced length case is less than the longer case for any number of channels as long as each
gap has two channels. Two channels will form if dv/dt on each gap is increased not to be
less than 20 kV/ns on each cascade gap at the time of closing [30].

A large face electrode may be preferable for reduced wear with multiple mildly field

enhanced edges. This larger area should not become so large as to dramatically reduce the
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Fig. 7-5. Normalized inductance for two generic cases.
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breakdown field [73]. More severe field enhancement would require an unacceptable
increase in gap spacing [5]. MUTTS data indicates that the original electrodes are the most
prone to multichanneling due to evenly grated fields throughout the inter gap spacing and
uniformity across entire active electrode areas. Therefore, electrodes with a larger active area
and two 1.1 field enhanced ridges would likely encourage at least two channels in all cascade
gaps and reduce electrode wear. Multichanneling is very important when considering both
impedance and electrode erosion. It should be noted that the ability of helium (electron
affinity of 0) to multichannel is known to increase with pressure, thus making it a likely
candidate for a multichanneling gas buffer gas for high pressure SF, experiments. If
multichanneling at very high pressures in pure SF, is not possible, and if the reduction in
breakdown strength of the SF, — Helium mixture is acceptable, this may be a path forward
along with very high pressure SF, — Argon mixtures [38].

If fabricated, the new switch would have Elkonite electrodes for superior wear
characteristics as described in Chapter 6, Section E. For a shot with a peak current of 500
kA, 300 ns square pulse and an assumed arc diameter of 2 mm, the anticipated ablation
depth per shot is 10 pum for Elkonite. The lifetime of the switches cascade electrodes would
be roughly 1200 shots for operation on the Nitta E, curve. At MUTTS, peak currents at a
charge of 1.5 MV are on the order of 100 kA for 200 ns, thus the average ablation depth per
shot is 2 pm. This corresponds to a lifetime of 6000 shots for Elkonite electrodes at
MUTTS. Electrode wear will have the most effect on a single channeling trigger section.
For either example, a single channel in the trigger section reduces the lifetime by a factor of
two. Implementing a dual laser triggered section may prove to be the most viable option
electrically, but it increases the cost of a large system substantially (36 lasers at $25k per laser

is a total $900k increase).

117



Ideally, a laser trigger would be preferred that completely shorted the entire
switching length (tens of centimeters) instantaneously. Or in other words, the ratio of the
length of the gap to the length of the laser spark should be unity for low jitter. This is not
currently possible, however, with relatively inexpensive commercially available UV lasers and
working voltages in the megavolt regime. MUTTS is fitted with a Nd:YAG frequency
quadrupled (266 nm), 5 ns, 35 m| pulsed laser that is focused with a 31 cm UV coated lens.
Only 25m] reaches the trigger gap due to lens and mirror losses. The current switch,
operated at 2 atm, requires a minimum power density of 3 X 10" W/cm® At 20 atm (294
psia), the minimum power density necessary to ionize SF, with UV is 1 X 10" W/cm? and
should be focused to the center of the triggered gap [6,74]. This means for a beam
divergence of roughly 8 mrad (very large), and a factor of n times over the minimum
ionization level, the energy required to ionize the gas may be related to the spot size by,

E Eq. 7-1
”'Pdmin_ d

= 2
1,

where P

dmin

is 1 X 10", E is 25 m], z,is 5 ns, and w), is the diameter of the spot size. The

diameter of the spot relates to the focal length of the focusing lens via,

w, = fg Eq 7-2

where fis the focal length of the lens and 0 is the beam divergence. Substituting in all values

for the Nd:YAG laser, the focal length in cm is,

15
ﬂ[ﬂ/) _ﬁ Eq 7-3

The length of the ionized channel 4 is,
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Jion

2 / E
d= . -
tan_{OjSJ Fpta® Eq. 7-4

where P,is # times P, and all constants are chosen for this particular laser in this particular
system. For a 50 cm focal length, the ionization channel would be over 3 cm at 2 atm, but
the energy would not be sufficient at this focal length to ionize the 20 atm case. The
maximum allowable focal length for a 1 cm arc at 20 atm is 31 cm. The trigger gap of the
new switch is 2.54 cm, so 40% of this length would be ionized using dual Tempest lasers.

A significant challenge is the mechanical design of large vessels with polymer faces
operated at hundreds of psi. There is mechanical danger associated with large vessels at this

pressure with potential energy storage of that of a small explosive. The energy potential

energy associated with a compressed gas is given by,

-1

_BVi, B

U L1 P Eq. 7-5
where P, and V| are the vessel pressure (megapascals) and volume (cubic centimeters), P, is
the outside pressure, and k is the specific heat ratio (1.09 for SF, at 1 atm) [75,76]. For a
vessel the approximate size of the switch discussed in the previous section, Eq. 7-5 would
yield a stored energy of 200 kJ, or 1/10 of a pound of TNT. This issue may prove to be the
most difficult to address.

High pressure SF, switching must be explored if dramatically reduced inductance is
desired. Though there are certainly relevant design concerns for high pressure SF, switching,
exploration into this area may yield viable designs when implementation of a laser trigger is
considered. This issue has never been researched, to my knowledge, using UV laser

triggering.  With exceptional trigger control possible using advanced and commercially
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available lasers, jitter and prefire rate mitigation are possible. It is possible to utilize very

high pressure SF switches if some established prefire level is acceptable.
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Chapter 8

Conclusions

The University of Missouri Terawatt Test Stand was constructed and made operational by a
dedicated team of students, both graduate and undergraduate under the supervision of the
author. The result of their efforts produced one of the worlds most powerful and practical
university operated pulsers with arguably the most modest development and operational cost
in the nation. It was developed in order to research large laser triggered gas switching with
the specific purpose of analyzing methods to improve turn on time in these devices. This
was conducted by general observation and statistical analysis of data including effects of
multichanneling, electrode geometries, and other switch variables on electrical performance.

Generally, for large laser triggered gas switches in an under-damped RLC
environment, a larger number of channels affected ringing period more dramatically than
switch risetime, when the number of channels was larger than two channels per gap. This
indicated that dense multichanneling is more beneficial for reduction in erosion than for the
reduction of switch risetime in a typical Rimfire application. This is probably due to a large
off to on resistive transition time for both dense multichanneling (six channels per gap) and
sparser multichanneling (above two and below six channels per gap) arrangements that
dramatically impacted switch risetime in both cases.

Electrode geometries designed to force uniform multichanneling generally did so in
air filled environments, but did not do so in SF; filled environments. Increasing electrode
radius did not have adverse effects on multichanneling nor the hypothesized beneficial

effects on inductance. This is likely due to the variation in capacitive matrices not being
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sufficient to adversely affect dv/dt, which influences the number of channels. The ratio of
outer to inner conductor decreased by only 1.5 in the cases tested. It has a marginal effect
on switch inductance and was not sufficiently different between cases to be detected.

Utilization of a laser trigger improved multichanneling performance for air, but not
for SF,. These differences in performance are due to the nature of the electronegativity of
SF, and the much higher electron affinity of this gas compared to air. Air is therefore much
more susceptible to increases in dv/dt than SF, resulting in more multichanneling. Larger
inductance and risetime was experienced for testing configurations that more frequently
singled channeled. For SF; most gaps experienced only 1 to 3 channels per gap where as in
air this number was frequently larger than six channels per gap. Elevating SF, pressure had
no adverse effects on multichanneling, nor did improving dv/dt by as much as a factor of
two.

A linearly increasing dependence of breakdown voltage on SF, pressure was found
up to 200 psig. This is encouraging for the development of shortened switches to address
impedance reduction, since increasing channel number and decreasing outer to inner
conductor radius are impractical. Though mechanical concerns are an issue for such a
design, there are no other realistic avenues to pursue when developing very low impedance
laser triggered gas switches.

Below is a list of nearly 40 conclusions from results of research and experimentation
that support these generalities.  All statistical statements are with 95% confidence.
References are made to pages in the text from which the conclusions were drawn.

Conclusions are for SF, filled environments unless stated otherwise.
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A. Self-Break Conclusions

The number of channels did not necessarily increase as the charge voltage was
increased from * 30 kV to £ 40 kV (Fig. 4-2, page 40).

The all sphere and 2-ball experiments multichanneled worse than all others (page 406).
There was an increase in the number of channels between the 2-ball and 3-ball
experiments (page 40).

Field enhancement points dramatically effect multichanneling for all data sets in an
air environment (page 46).

The 2-90 experiments multichanneled better than the 2-ball and at = 40 kV the 2-90
experiments dual channeled for all shots (page 46). This is because increased
inductive path length between arc locations provided increased time for which a
given gap was stressed before voltage collapse.

Ringing period depends on inductance if an under-damped sinusoid is assumed.
Inductance has a 1/n dependence (Fig. 4-3, page 48).

di/dt is strongly dependant on breakdown voltage and di/dt and rise time did not
statistically steadily increase as the number of channels increased. Risetimes were
generally 10-15% larger for the 1-ball experiments than all others (page 49).
Hundreds of shots are required to determine a difference in di/dt and risetime when
the number of multichanneling locations is increased beyond two channels per gap
(page 48). This indicates dense multichanneling may have little effect in an under-
damped environment on these parameters within the desired lifetime of Rimfire

switches.
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Inductance impacts late time switch characteristics more than eatly time. Period

effected more by the number of channels than risetime (Fig. 4-6, page 52).

B. Laser Triggered Conclusions

Fewer channels formed in the gaps closest to the trigger and all gaps single
channeled at least once (Fig. 5-3, page 60). This was observed in previous Rimfire
experiments [17].

Holes capped the number of channels for SF, and did not encourage uniformity,
rather they worsened performance. There was a fewer number of channels that
formed in the holes case, with similar variance in the number of channels in all cases
(Fig. 5-3, page 60). No predictable number of channels formed with field
perturbations in an SF environment (page 60).

Increased electrode radius did not worsen multichanneling performance (page 60).
dv/dt greater than 60 kV/ns is required for multichanneling (page 61). dv/dt
increases as the runtime increases when the resistive transition from off to on is
assumed instantaneous across each gap (page 62).

The switch breaks down sequentially starting at the laser triggered end and runtimes
in oil compare well with the work of Rosenthal (Fig. 5-6, page 63) [7].

Resistance drops several orders of magnitude in 50 ns and to a conduction value in
an additional 30 ns. This was seen for all shots. This is consistent with other
researchers” work [41,42,45].  Conduction values obtained are reasonable based on
calculations (Fig. 5-8, page 65).

There is no significant difference between conduction resistance in the triggered and

untriggered data. This is due to the laser spark length being not neatly as long as the
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trigger gap and having a focused spark radius less than the radius the channel grows
to in both cases (page 65).

As electrode radius increased, the inductance did not decrease.

There is a larger inductance for the hole experiments than all others because of a
larger number of single channeling events. There is no difference in inductance
between the 6.67 cm and 10.16 cm electrode tests, therefore the number of channels
is more significant in determining inductance than electrode radius (page 65).

The spread in the inductance value and the number of channels increased slightly as
the electrode radius increased. The inductance spread increased with each size, but
the number of channels did not, possibly indicating there is an effect on measured
inductance other than the number of channels (Fig. 5-3, page 60, Fig. 5-10, page 68).

The normalized risetime generally decreased as inductance decreased (Fig. 5-12, page
68).

Compared to inductance, switching resistance has less dependence on number of
channels (Fig. 5-13, page 70). The trigger gap constitutes 40 to 50% of switching
resistance and 25 to 40% of switching inductance. This is a major drawback to
Rimfire design (along with erosion issues) (Fig. 5-14, page 71).

Most gaps experienced between 1 and 3 channels irrespective of electrode
arrangement. This suggests increasing the number of channels as a reasonable
avenue for reduced inductance in SF; Rimfire switching is unlikely (page 73).

Long resistive fall times have significant implications for decreasing switch risetime

(page 71).
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Dense channeling was observed for the self-break case in the first few gaps in air but
not in other gaps. When the laser was implemented, dense channeling occurred
throughout. For SF, dense channeling was never observed (Fig. 5-15, page 73)
because of its electronegativity. Adding SF; to an excellent multichanneling gas
decreases multichanneling performance, though it increases breakdown voltage.
dv/dt has a more pronounced effect in air for multichanneling in all gaps. There is
an observed increased in the number of channels in laser triggered data compared to
self-break. This is not the case for SF, (Fig. 5-15, page 73). When dv/dt exceeds 5
kV/ns dense multichanneling was obsetved in air, consistent with others work
[52,53].

Field enhancement holes did force a more uniform breakdown in air experiments,
but created a cap on the maximum number of channels that formed (page 76). Laser
triggering reduced the spread in the number of channels increasing multichanneling
reliability.

The operational percent of self-break a laser triggered experiment was triggered at
did not influence multichanneling substantially for SF, (page 77).

The over voltage value (defined as dv/dt at the time of breakdown multiplied by the
time over which the voltage exceeds the breakdown threshold, or in other words the
multichanneling window) more succinctly describes the breakdown pattern than
dv/dt by itself. For a larger over voltage value more channels form (a value of at
least 60 kV was necessary for multichanneling in SF).

There was no observed decrease in the number of channels as pressure increased

from 35 to 50 psig in the shortened Rimfire. This was the case even though dv/dt
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was roughly a factor of two larger compared to shots at 18 psig and 25 psig (page
77).

e In self-break mode the cascade section breaks down virtually instantaneously.
Therefore breakdown that occurs close to self-break decreases dv/dt in I-Store side
gaps. This was observed in Fig. 5-21. Large dv/dt had a more dramatic effect in air
compared to SF; (page 79).

e Inductance exhibits a 1/n dependence in the laser triggered experiments (page 81,
Fig. 5-24).

e There is a difference in inductance between SF( laser shots at 18 psig and all other
data, including the SF, laser shots at 25 psig. This is due to a larger number of single
channeling events at 18 psig (page 81).

e There is a difference in inductance for the laser air shots compared to SF; laser shots
due to extreme multichanneling in air (page 82).

e There is no difference in inductance between the air self-break shots and the SF,
laser shots at 25 psig indicating that above 4 channels per gap there is no advantage
for inductance (page 82).

e Conduction resistance exhibits a 1/n dectease up to approximately 26 channels, after
which it is approximately constant (Fig. 5-26, page 85). This is because and
individual arc’s radius will decrease as there more arcs are formed, thus increasing

each arc’s individual resistance.

C. New Switch Conclusions

e With a given acceptable prefire likelithood, the use of high pressure SF in a new

shortened switch is possible. Gap transit time and triggering methods must be
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considered when designing such a switch (page 101). Under pulsed conditions, these
parameters will begin to factor heavily into jitter and prefire likelihood more heavily
than at lower pressures.

Rimfire switches may theoretically be reduced in length by a factor of two if elevated
pressures are used and still maintain the same prefire probability.

Roll-over is experienced in the pulsed SF; breakdown curve at the 0% prefire level,

but several researchers have reported data with no roll-over under “real world”

pulsed conditions [22], [68], [69], [70].
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Chapter 9
Appendix

This section contains equations, calculations, and experimental data that address

assumptions that were made when designing both phases of the test stand.

A. Inductance Formulas

The inductance of a circuit consisting of an array of individual conductors inside a

solid cylindrical return sheath is given by,

2
2(/?2]
1 1
o0 P 0 Py n Y a1 |aH
a 1 P, Py n np 4n Eq. 9-1
pi

array

where /is length in centimeters, p, is the return sheath outer radius in centimeters, p, is the
return sheath inner radius in centimeters, « is the array radius in centimeters of # conductors
each of a radius of p in centimeters [26]. This geometry is depicted in Fig. 9-1. Ing; is a
term that is determined from a look up table based on the ratio of p, to p, [26]. For a thin

return sheath (p,=p,),Ind, =0 and Eq. 9-1 reduces to,

1 1
Lo=2/|nPr s 1y~ |l Fq. 9-2
7 a n np 4n

For an arrangement of a cylindrical conductor within a cylindrical return sheath, the

inductance may be calculated using,
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Fig. 9-1. Geometry for Eq. 1.
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where / p,, and p, are defined as in Eq. 9-1. In Eq. 9-2, p; is the radius of the inner
conductor and In ¢, is a term based on the ratio of the inner conductor outer radius, p;, to
the inner conductor inner radius. Ing5 is 0.25 for a solid inner conductor with frequencies

in the megahertz range. For a thin return sheath (p,;=p,),Ing, =0 and Eq. 9-3 reduces to,

L = 27 |:ln Ly 0.25} nH Eq. 9-4
‘ Ps

For the case where a cylindrical conductor is surrounded by # return conductors of

radius p, the inductance is given by,

1 1
ertm = 2 [ {lni+—lni+]n§1 +4_j| ﬂH
n

P n np Eq. 9-5
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where a is the return conductor array radius (cm) and p5 is the center conductor outer radius
(cm). For pulsed conditions, in which the skin depth is very small compared to the radius of
the conductor, Ind =0. If the inner conductor is solid and the skin depth is large,
Ind =0.25. Under typical shot conditions the skin depth is much larger than the electrode
radius.

A full continuous sheath ground return would be ideal on a coaxial switch design.
Practically, however, it must be approximated using discrete conductor elements in the test
stand. The following is an analysis of what is an acceptable number of conductors to
approximate a full sheath for a given thin sheath radius up to 122 cm (48”).

The calculated inductance of a system using discrete return conductors to a system
using a continuous cylindrical return sheath (comparing Eq. 9-3 to Eq. 9-5) was compared
for several values of 7. For a radius p; of 15.24 cm (6”) and a length of 91.4 cm (36”), and
with #» = 3, 6, and 8, a plot of inductance versus return conductor radius is depicted in Fig.
9-2. This indicates for six return conductors the inductance is roughly 16% larger than for a
full sheath. For eight return conductors the inductance is 12% higher. Eight is the largest
practical number of return conductors and will be considered the minimum number in

future designs.
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Fig. 9-2. Approximation of a continuous coaxial return with individual conductors.

B. Luminol Pulsed Breakdown

Luminol is a new transformer oil made by Petro Canada. It biodegrades faster than
traditional transformer oils and it may be stored in polyethylene containers. It is not nearly
as pungent or irritating to the skin as Shell Diala AX. In mid 2001, Diala was roughly
$2/gallon and as of mid 2003 it was up to $3.75/gallon. Ten thousand gallons of Luminol
was putrchased in mid 2003 for $3.55/gallon, delivered.

Tests were conducted on Luminol transformer oil to benchmark its’ pulsed oil
breakdown and pulsed surface flashover characteristics. The first set of tests consisted of
two hemispherical electrodes 3.81 cm (1.5”) in diameter spaced 0.432 cm apart (0.17”). One
electrode was grounded and the other was pulsed negative. A summary of the breakdown

data is shown in Table 9-1. Static field simulations indicate the breakdown field for an
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average —200 kV pulse is roughly 485 kV/cm. On the low side, for shot 3 the breakdown
field is 390 kV/cm. All future designs will stay below 330 kV /cm.

The next set of tests included surface flashover in a coaxial geometry between a
10.16 cm (4”) stainless steel disc and a 22.54 cm (8.875”) stainless ring. Four shots were
collected before unanticipated destructive disassembly. A summary is shown in Table 9-1.
It should be noted that apparently the acrylic became conditioned and breakdown did not
initiate until an increasing t.; was reached. Static field simulations indicate a peak field of
450 kV/cm on the cathode and 200 kV/cm on the anode were experienced for an average
breakdown voltage of -260 kV. All future designs will keep fields under 150 kV/cm across

an entire plastic surface.

Table 9-1. Luminol Breakdown Results

A) Bulk Breakdown

Shot V (kV) Rise (ns)
1 -262 15.8
2 -201 13.8
3 -168 10.8
4 -207 13.7
5 -181 12.5
Average -203.8

B) Surface Breakdown

Shot V (kV) Rist (ns) [Teff (ns)
1 -304 20 16
2 -328 17.6 20
3 -350 18.4 110
4 -305 18.4 318
Average -257.4
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C. Intermediate Store Stress Analysis

For a conservatively stressed area of 6000 cm’, the time above 63% of peak, %, of

300 ns the estimated water breakdown is empirically given by [49],

0.23

E, = W MV [ em, positive  polarity Eq. 9-6
_0.56 : ;
E = 7o MV [ em, negative polarity. Eq. 9-7

For a negative initial pulse the breakdown E field is 454 kV/cm. For a positive pulse, the
breakdown field is 207 kV/cm. A full charge of the intermediate store will produce a peak
field of 225 kV/cm, well below the theoretical maximum, although in practice the water
bottle I-Stores have failed because of damage on the center conductor due to arcing
internally. For a maximum 100 kV/cm on the face of the I-Store, the maximum voltage the

polycarbonate face may experience is 2.8 MV.
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D. Laser System Timing and Noise Issues

Table 9-2: Laser Timing Information

Length | Delay
Label [What (feet) (ns) |Notes
A |Marx CVR to Tank Bulkhead 30.0 46.2
B |Tank Bulkhead to Diagnostic Bulkhead 61.8 95.2
C |Diag. Bulkhead to Screen Box 4.2 6.4
D [Screen Box to Scope 3 3.0 4.6
E  |Scope 3 to 222A 3.0 4.6
F |Delay from curtent sense in to 222A input 20.0 |Measured
G |Internal delay to process input for 222A 45.0 |Measured
H |[222A delay to output (variable) 50-500 |Nominally 100
I |222A cable tun to laser Q switch input 45.0 69.3
Q switch in (at laser) (0 V) to laser pulse
J |out 106.0 |Measured
K |Q switch sync to laser pulse out 93.0
Q switch in (0 V) to Q sync out (at full laser
1. |energy) 13.0 |Manual says ~50 ns
M |FLin on laser and FL sync out Manual says ~9.25 us
N |Laser light travel 9.0 13.9
Delay between Marx current and I Store
O |voltage 2.5 |Due to in tank cable differences
Anticipated delay between laser trigeer and Also delay between breakdown
P [switch conducting 10.0 |point and laser arrival noticed
Q [Cable run from photo diode to scope 3 121.0
Total time between Breakdown point and
222A sync out on Scope 3 (called "Ttip
R |Duece" position. 421 |Sum of A,B,C,D,E F,G,IN,O
Total time delay between Breakdown point
and Photo diode in on Scope 3 (called
S |"PhotoD" position. 300 |Same as R subtracting Q

The laser triggering system was highly susceptible to noise issues, both because of

EMI and noise induced on the case of the laser via the attached cables. The only solution to

the noise issue was to put the laser in an entirely enclosed, self grounded cabinet. A nicely

constructed screen box did not address the issue. A tall double door cabinet was used to

shield the laser. The laser would turn off before any light would be emitted if the laser
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cabinet doors were left open. The cabinet was connected to a 6’ copper ground stake that
was driven into the earth. No other components were connected to this ground stake. The
laser was grounded to the case internally.

Coaxial trigger connections were in the process of being replaced with fiber optic
cable. An Agilent HBFR-1404 transmitter was used with its recommended drive circuit for
both the Q switch and the flash lamp triggers. It was connected via fiber to a Thorlabs
DET110 photo diode detector that drives the trigger signals high. The receiver end may
possibly need an amplifier depending on the transmitter output power for < 10 ns trigger
times. This system was in the testing phase at the time this document was written. It was
learned through experience that it is absolutely necessary to use such a system, including
fiber connections and fully shielded, nicely grounded, cabinets when using laser triggered

gas switches.
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Fig. 9-3. Laboratory photographs. A) South wall assembly, B) Rib assembly, C) plate
assembly, D) & E) Marx assembly, F) I-Store assembly, G) Marx complete, H) MTG
assembly, control rack, gas rack, data acquisition system, I) Finished tank, J) Phase I output
section.
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Fig. 9-4. Laboratory photographs. A) Phase I output section front view, B) phase II — tower
1, switch tower, C) phase II — tower 2, magnetic flashover inhibition tower.

E. Electrical Software Description

All electric fields were solved using a student version of Ansoft’s Maxwell 2D. This
program utilizes CAD drawings from Autocad in which each object is drawn with
“polylines” so they are considered separate objects by Autocad and not objects composed of
individual lines. These objects are imported into Maxwell with at least 50 lines to complete
an arc (frequently used in excess of 100). Objects must not overlap and if they do, an error
will be encountered when trying to exit the drawing portion of the Maxwell program. There
are several options to combat this frequent error. I have found the most useful is used the
“Boundary” command on each object that overlaps and replace the old object with the new

one that is formed by the command.

138



Once objects are imported and all materials are defined. All conductors are
described as either floating conductors or having voltage values. All conducting objects
must be defined as “signal” objects for a complete capacitance matrix. If the “died
abnormally” error is encountered upon simulating, this typically means there are either to
many surfaces defined or too complex a shape is being rotated. The solution to this is to
start over and import objects with less surfaces or to delete all objects that truly will not
influence the simulation results of interest.

Once solutions are obtained there is a possibility that voltage gradients will appear
across conductors. This is a result of a glitch in the program that is caused by the
assignment of conductors operations. The solution to this is to delete all defined boundary
conditions and start over. Exiting the program helps this error. If all else fails, starting over
from importing the drawing stage is necessary.

All circuit simulations were conducted using Spectrum Software’s MicroCap 6.0
(MC6). This is a SPICE-like program with similar features. Two of the most useful are
“Macro” definitions and “User Source” files. Manufacturer discussion of MC6 capabilities is

found at www.spectrum-soft.com.
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F. New Switch Simulations

—— Trigger Cascade
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Fig. 9-5. Charging field plots for a 2 MV charge.
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Fig. 9-6. dv/dt at the time of trigger close for a 1.6 MV (80% self-break) simulation.
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Fig. 9-7. Time to breakdown for the new switch and original Rimfire at 1.6 MV.
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G. Self-break Photographs

Images captured using a Canon PowerShot A75 with a Kodak ND 4.0 filter. Color in the

images is inverted for clarity.

Shot 58 (£30 kV) Shot 59 (+30 kV)

- .. - LN TN LR
.- - - -

- . o D gy - W g

Shot 60 Shot 61 Shot 62

Shot 63

Fig. 9-8. 240 kV (except where labeled otherwise) all-sphere. Seven cascade gaps visible,
trigger gap at left.

Shot 35 Shot 36 Shot 37

Fig. 9-9. £40 kV (except where labeled otherwise) 6.67 cm radius original electrodes. Seven
cascade gaps visible, trigger gap at left.
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Shot 94 Shot 95 Shot 96
Shot 97 Shot 98 Shot 100
Fig. 9-10. £30 kV, 2-ball. Seven cascade gaps visible, trigger gap at left.
_— = = B wap - ™ . — - - - o .
Shot 70 Shot 71 Shot 72
— [ — ne = - ¥y =
Shot 78 Shot 79 Shot 80
s $=— = = = = = - i . S - e
Shot 86 Shot 87 Shot 88

Fig. 9-11. £30 kV, 3-ball. Seven cascade gaps visible, trigger gap at left.
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Shot 109 Shot 110 Shot 111
Shot 112 Shot 113 Shot 114
Shot 116 Shot 117
Fig. 9-12. £30 kV, 2-90. Seven cascade gaps visible, trigger gap at left.
- = E @ =z = = = = == W) ol
— 2 e N ...ea - ... -
Shot 135 Shot 137 Shot 138
—_— _ " e
Shot 139 Shot 141

Fig. 9-13. £30 kV, 6-ball. Seven cascade gaps visible, trigger gap at left.
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Shot 101 Shot 102 Shot 103
— —— —
Shot 104 Shot 105 Shot 106
— -

Fig. 9-14. 40 kV, 2-ball.

Shot 107 Shot 108

Seven cascade gaps visible, trigger gap at left.

; - = N J— — - om ™ o o - —_— - = - = oaaw = @
Shot 74 Shot 75 Shot 81
—_— N Rt L bl e R—— ke M -
Shot 82 Shot 83 Shot 85
R - Nl == ==
= _T-: Mo — - "L - — —o 5 Ralheital S
Shot 89 Shot 90 Shot 91

Fig. 9-15. £40 kV, 3-ball. Seven cascade gaps visible, trigger gap at left.
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Shot 126 Shot 127 Shot 128
Shot 130 Shot 132 Shot 133

Fig. 9-16. £40 kV, 2-90. Seven cascade gaps visible, trigger gap at left.

-y e W e am NEF g, - - -
Shot 118 Shot 119 Shot 120
— _—
Shot 121 Shot 122 Shot 123
- oy m T W, " pwTE Wy
- =
Shot 124 Shot 125

+40 kV, 2-90. Seven cascade gaps visible, trigger gap at left.
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H. Laser Triggered Photographs

Shot A119 Shot A120 Shot A121
Shot A122 Shot A123 Shot A124

Shot A125

Fig. 9-18. £54 kV, 6.67 cm. Ten cascade gaps visible, trigger gap at left.

Shot A126 Shot A127 Shot A129
Shot A130 Shot A131 Shot A133

Shot A134

Fig. 9-19. £54 kV, 6.67 cm with holes. Ten cascade gaps visible, trigger gap at left.
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Shot A136 Shot A137 Shot A138

Shot A139 Shot A140 Shot A141

Shot A143 Shot A145 Shot A150

Shot A151 Shot A152 Shot A153

Shot A154 Shot A155 Shot A157

Fig. 9-20. £54 kV, 8.26 cm. Ten cascade gaps visible, trigger gap at left.
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Shot A136 Shot A137 Shot A138

Shot A139 Shot A140 Shot A141

Shot A143 Shot A145 Shot A150

Shot A151 Shot A152 Shot A153

Shot A154 Shot A155 Shot A157

Fig. 9-21. £54 kV, 8.26 cm. Ten cascade gaps visible, trigger gap at left.
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Shot A159 Shot A161

Shot A177 Shot A178

Fig. 9-22. £54 kV, 8.26 cm. Ten cascade gaps visible, trigger gap at left.
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Shot A56

i

FiRggerpre-
Shot A61 Shot A62
Shot A63

Shot A66
trigger gap at left.

Fig. 9-23. £26 kV, 30 psig, Air 6.67 cm with holes, self-break. Nine cascade gaps visible,

Shot A57 Shot A58

Shot A59
EE N e e EEe .

i

=

My
Shot AGO

W e EEe .
‘.!

- 2 HE
Shot AG4

Shot A65
Fig. 9-24. £26 kV, 30 psig, Air 6.67 cm with holes, laser triggered. Nine cascade gaps visible
trigger gap at left
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Shot A70 Shot A71

Fig. 9-25. £26 kV, 26 psig, Air 6.67 cm, self-break. Ten cascade gaps visible, trigger gap at

left.

Shot A80 Shot A81 Shot A82

Shot A83 Shot A85

Fig. 9-26. £57 kV, 25 psig, SF, 6.67 cm, laser. Ten cascade gaps visible, trigger gap at left.
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Shot A75 Shot A76

Fig. 9-27. £26 kV, 35 psig, Air 6.67 cm, laser trigger. Ten cascade gaps visible, trigger gap at
left.

Shot A87 Shot A89 Shot A90

Fig. 9-28. £45 kV, 35 psig, SF, 6.67 cm, laser trigger. Ten cascade gaps visible, trigger gap at
left.
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