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ABSTRACT

This investigatlon~is concerned with the.aevelopment of
a low inductance, low jitterr electrlcally .triggered, hlgh'
Voltage spark gap The 1nductance and jlﬂter characterlstlcs
“of an annular rall spark gap sw1tch are 1nvestlgated and the
results compared with a standard Q—electrode spark gap

Threei trlgoer electrode geometries - blade,; dull and -
sawtooth edge - are tested for the‘ effect;_ of.Adifferent
field stresses on thé spark gap switching;peftormance,‘Alli
possible polarity COmbinations Iare applled ‘fd’ the ‘high.
voltage and trigger electrodes of the ~raijl gap, and the
switching behavior is evaluated  for each case, Flnally, thé
effect. of photo- prelonlzatlon from bare sparks on the spark

gap sw1tch1ng performance is explored
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1. INTRODUCION
The study of gaseous c.oaduc ion and its cffect on spark
gap switch behavior has rec -ivec a lot of attention from

. . . . ) ] )
scientists and engineers who work in the area of rpulsed

power technology. High voltage spark gap switches are
employed in particle acceierators, ‘weapons effect
simulators, fusion reseércb; ~‘and lasers(1]. Regent

- / A
developments in these areas ' call for improved spark gap

reliability, longer lifetimes, faster energy transfe{ ratgs,.‘y'

and lower jitter, The purpose of this tﬂesis“ is to. design;

and test an electriéally% triggered spark gap switch that.®

features low inductance and loQintter.
1.1 MOTIVATION FOR THESIS -
The following discussion will serve to illustraté’ by

way of practical example some of the démanaing fEQUireménts

on spark gap performance. In this case utili#atioﬁNOfg spark

- PR

gaps represent ghe“ only practical meansvoﬁ~s&i;ching the *

pulsed high voltage and current. Figuré'14j shows a basﬁé

_ schematic of the Krf laser that is cu_rrentl'y‘x hﬁdeé
development at the Uni&érsity of Albertd fop,fﬁéion related .
research(2]. A nominallf 100ud, 20ns, spectfally narrow
pulse is generated 1in the master oscillator. The first. -
amplifier, Al, serves as  an 1injection lécﬁed -s%avel
oscillator while the reméihihé and otherwise identical .

>

amplifiers are single pass extracted.
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The utility of the resulting 1.6J of optical energy is
three-fold. A portionqis used for laser triggering of spark
gap'switches-oh an electron-beam pumped KrF power amplifier.
Another portion is used to provide a composite 60ns pulse
for extraction of the power amplifier and eventual optical
compressibn by beam stacking. The remaining portion is used
to generate and tailor a Stokes shifted optical pulse- by
Raman scattering in methane; The Stokes shifted pulse will
be used as a éeed for finél optical compression by backward
Raﬁan'amplification[Bj.

The need for optical compression arises because the
litetime of KrF* is only a few nanoseconds. The laser cannot
be operated 1in the conventiénal storage mode since the
optical energy must be extracted as the electricai energ§ is
deposited. The résulting "uricompressed” optical pulses are
too long for application to 1laser 1inertial confinement
fusion studies where ©pulse 1lengths of nominally a few
nanoseconds are required.

For efficient and high quality laser performance,
switching of the efcitation circu;ts on the wvarious laser
modules (involving a total of 13 spark gaps) must be "
synchronized with a relative jitter of <ins standard mean
deviation (smd). Furthermore,. a - test was performed on A3
where'part of the excitation ‘circuitry -was switched .with
three parallel spark gaps instead of one. This resultec in a
33% improvement in output energy, dramatically illustratinag

the importance of low inductance in such an application.



1.2 GENERAL FEATURES OF SPARK GAP DESIGN
Spark gaps are employed in circuits requiring pulsed
high wvoltage and cu ent switching. ‘The basic spark gap
switch consists of two electrodes separated by a dielectric
that 1is capable of holding off the applied d.c; electric
‘field, together'with some method of triggering the electric
breakdown. of ‘the dielectric and closure of the spark gap
switch. Spark gaps of 1interest 'here employ ‘a gaseous
dielectric and electrical triggering. There are three common
electroda\types. These are the trigatron spark gap, the
3-electrode spark gap, and the rail gap. Cross sections
showing the electrode configuratiohs of each of these spark
gaps are illustrated in figure 1-2. Electrode contours are
designed to‘avoid stress concentration in the rdielectrjc
during hold-off and to provide high local stress during
triggering. Unfortunately, electrode resh;ping by erosion
with use degrades the utility of this design parame£er. At
any-rate, application of a high voltage trigger pulse to the
trigger‘ electfode produces field distortion and electric
stress of sufficient strength to cauée dielectric breakdownl
| Due to the asymmetry of the distorted electric field,
. breakdown of the dielectric 1in one portion of the gap

(between the triggér electrode and one of the main spark gap
/

N

electrodes) will usually occur first. This will be referred
to as the first breakdown stage. Closure of this portion of
the Jap will cause the voltage at the trigger electrode to

approach that of the main electrode on the side in which the



AL

trigger
electrode

a. The Trigatron Spark Gap

electrode

, <€ trigger

b. The 3-electrode Spark Gap

< trigger
electrode

R
N

c. The Rail Gap

Figure 1-2.Basic Electrode Configuratféns of Three Common
- Spark Gaps.



initial discharge occurred. The 1intense transient field
stress aﬁd ionization created by this initial discharge’
cause sudden closure of the remaining part of the gap.

The simple trigatron . spark gap, a single ) channel
Aclosure device, exibits relatively high jifter and
inductance. The 3-electrode - spark gap 1is also a single
channel closure device, but it hag improved Jjitter
characteristics providéd the trigger ©pulse rate-of-rise
exceeds 2kv/ns. On the other hand, the rail gap, a
multi-channel closure device, has low inductance‘ but
relatively high jitter. An additional benefit associated.
with the multi-channel closure device is reduced electrode
erosion due to decreased current density and shot-to-shot
: random distribution. This not only increases spark gap
lifetime but could make electrode contouring a mbre useful
design parameter.

The three basic configurations‘can be modified to suit
certain hold-off voltage and lifetime requirements by
changing the gas pressure or type, the electrode material,
geometry, and separation. There are many-manufactureﬁ spark
gaps that are availablé, off the shelf, to the pulsed powér
engineer. These spark gaps work well”if. the specifications
‘are ~ﬁ$t .00 demanding and if the geometry of the switch is
compatible.\‘with the designed circuit  architecture.
Otherwise, custom made designs can be véfy expensive. This
i1s chiefly due to incomplete unaerstanding of: the

% .
fundamental mechanisms involved 1in spark gap closure;



consequently, spark gap design remains an empirical art. .

Spark gap jitter is a consequence of two types of deiéy
mechanisms that are associated with breakdown of the
dielectric{4]. The first, called the initiatory, or
statistical time iag, is the time between the application of
.the applied breakdown voltage and the arrival of a ,suitabiy
placed electron that will initiate an avalanche. The second
type of delay is the formative time lag which is the period
in which the initial avalanche develops into a full,
self-sustained discharge. If no method of 'preionization 1is
applied to the gas, the statistical‘time.lag can be quite
large (often by&prdérs of magnitude) and irregular, compared
with the formative time lag of the gap.

Under normal conditions the concentratién of free
electrQns in air is 100 to 500 per cubic centimeter[4]. When
an.overvoltage is first applied to a gap with air as a
dielectric, the chance of there being a favourably placed
electron is s@all,,so that a wailting perigd occurs until
such an electéon appeérs.

‘ Spark gap;jitterxﬁs mostly affected by the randomness
in the appearance of this free electron, particulafly prior
to the fifst_b;eakdown stage. The statistical delay time and
jitter can. be greatly reduced through some method of
preionization which may.include doping 5f the >gés[5]. Thi§
procedure increases the density of the‘freé electrons in the
éap, the;eby increasing the probability of oécurrence of the

.electrons that are necessary to initiate breakdown. Laser



and electron-beam preionization fechniques have been tested
in ,many configurations with Mﬁavourable results[6,7].
Furthermgre, optical breakdown bﬁ the dielectric by focused
"laser beams provides a low jitter means of triggering. Such
techniques are '“comp1e¥ and expensivé, however, and
.alternative methods of spark .Qap triggering must be
developed or the existing' ones 1improved for simpler
applications. This thesis is concerned with the ~development
and testing of an electrically triggered spark gap which can

simultaneously yield low inductanée (hence fast voltage and

current risetime) and low jitter.



2. REVIEW OF THE THEORY OF SPARK GAP BREAKDOWN

The basic spark gap <consists of two electrodes
separated by a gaseous dielectric. When a high overvoltage
is applied across the electrodes, the dielectric breaks down
and delivers a large current -to a load. Although this
procedure appears to be quite straight forward, the actual
mechanisms that lead to dielectric breakdown of ~a gas’ are
still not well understood. Thé‘ astronomical range of
parameters which describe the particle 1interactions that
occur under transient conditions (typically nanosecond time
scalés) and inhomogeneous fields are what make thié process
so difficult to investigate.

.Computer simulations are beginning to be of some aid,
"but the models are either téb complicated (or simplified) to
‘provide the user with sufficient acCufacy and at the same
time reasonable flexibility. E. E. Kunhardt[1] describes the
coufse of breakdown to evolve through three stages.

1. The ionized components of the gas start of £ as
individually charged particles that 1interact with a
background of neut;als.

2. Thevgas then transforms into a non-ideal plasma (where
the Debye length is greater than the plasma dimensions).

3. IH the final stage thé gas becomes an ideal plaéma (that
is, the Debye length is less than the plasma dimension).

To this, Kunhardt argues that "No single analytical

. framework can be used to model this transition.”



10

Further difficulties , arise when gxperimental
verification of a particular model is attempted. Diagnostics
with subnanosecond resolution. have. only recently become
available. The effect that the ekternal circuit hés .on the
breakdown characteristics can be difficult to decouple from
voltage and current  measurements. Insufficient  light

-
emission during the prebreakdown stage makes the transition
very difficult to follow :optically.' Finally, whatever
diagnostic techniques are found to be suitable, unbiased and
correct interpretations of the observations are difficult to
obtain. |

In spite of these difficulties, progress in
understanding the mechanisms that lead to gaseous breakdown
has been made. A few of the basic phenomena will be
described 1in the following sections. The reader is referred
to the bibliography provided at the e€nd of this thesis for a

more in-depth study.

2.1 THE ELECTRON AVALANCHE

When- an electron moves freely against the direction of
an applied field, it will gain energy that is equal to the
product. of 1its charge, the magnitude of the field and the
distance‘that it travels. If the field is strong enough that
the electron gains sufficient energy to ionize an atqﬁ upon
collision, the collision will pfoduce a positive‘ ion and
another free electron. The two free .electrons will gain

" In intense fields, electrons do not attatch themselves to
neutral particles to create negative ions[8].
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energy from the electric field and then collide with two
more atéms. Once again, 1if tﬁe energy of the collisions is.
great enouéh to produce ionization, two more pairs of - free
electrons and positive 1ions will be formed. This process,
called field intensified ionization(8], will continue as
long as the external field is applied. Thus, the original
current from the free electrons 1s increased by the
additional iénizing collisions that arise from the effect of
the applied electric field.
h All theories of gaseous conduction are based on this
process, which was recognized through experiments conducted
by j.S. Townsend[8,9]. Starting with the avalanche model,
Townsend developed a theory ﬁhat could describe the
conditions for gaseous breakdown in an‘electric field.
Townsend found that the current bétﬁeen two electrodes
increases  exponentially with applied voltage until it

P

reaches a‘boint where it continues to rise, even after “re
external electric ,f;eld is removed. The current wou d
continue to rise indefinitely, but it is limited by the
constraints of the external circuit. This transition is
called a glow-to-arc transition, or .a non—self;sustaining to
self—éustainfng discharge, and usualiy occurs with explosive
suddenness. The self-breakdown volta@e Vs (also called the
sparking pot:=-c¢.al), is defined to be the voltage at which

this transition occurs.
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Before breakdown, the current from the electron

avalanche can be described by the steady-state equation:

l I=I,exp(ax) . o (2.1)

'd

where I, is the current from the initial free electrohs and
X 1s the distance travelled by the avalanche. The first
Townsend coefficient, a, 1s the number of. ionizing
collisions per centimeter of path in the direqtion of thé
applied electric field.

The probability of an electron ionizing an atom upon
‘collision depends on its mean free path and the strength of
the electric field. The mean free path of an electron varies.

o

inversely with the ‘'gas pressure. This reasoning “and
' ) .
experimental verification has led to the relation?

a/P=£f(E/P) o (2.2)

‘where P is the ab%olute pressure in Torr and E is the
Streﬁgth of the appliéd field in volts/cm. The conclusion
that «/P is a function of E/P makes >the quotient E/P, a
measure of the energy gain per mean free path, a very

fundamental parameter in the study of. gaseous conduction.

*: Under certain conditions it has been found experimentally
that «/P=Aexp[-B/(E/P)], where A and B are constants for a
given gas and range of E/P[1,8]. '
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2.2 THE‘SPARKING MECHANISM
Equation 2.1 describes the proéess of an electron
avalanche, but it does not give any information pertaining
to the mechanism of breakdowh. It does, however, indicate
that other (secondary) processes of ionization must be’
involved. In order to generate a self-sustained discharge,
the initial supply of primﬁry electrons must be replenished,
as they move away from the cathode. Two important secondary
processes are[1]:
1. positive ion bombardmeﬁt of the cathode, causing
cathode emission of electrons

2. photoionization or photoem{ssion at the cathode
from photons that are emitted by collisionally
excited atoms. /

The effect of these pfoCesses' and others, can. be
incorporéted into a generalized Townsend ¢oefficient w,.
defined to be the number of ions produced per‘ centimeter
from generél secondary processes. When secondary processes
are cbﬁside:ed, the current that is produced in an avalanche
can be described by the steady state relation[1];

I= I.,exp(ad) (2.3)
1-w/alexp(ad)-1] '

If the distance across the gap d is such that;
w/alexp(ad)-1]=1 o .f2.4)

the denominator vanishes, marking the transition to a

self-sustained discharge.
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Equation 2.4 is called Townsend’s breakdown criterion.
The «criterion 1implies that a self-sustained dfscharge is
estéblished'only if the conditions of the field;’ pressure
and length of ' the gap are such that the primary.electrons
created in the avaianche produce seéondary effects'
sufficient to create new electrons which will sustain the
fully developed avales -he[8]. )

Under transient conditions, ﬁhe time for a
self-sustainea avalanché to dévelop depends>on the nature of
the secondary processes iﬁvolved[l]. If ion bombafdméﬁt of
the cathode is the most likely candidate for the secondary
process, the formative time of the gap wéuld be limited by
the positive ion drift §elocity to times of ‘the order of
microseconds[1]. .Experimental_resultsragree with this limit
(and with the Townsend mddel$ for voltages near, or slightly
greater (<120% Vs) ‘than the self-breakdown voltage of the‘
.gap[10]. Herver, if a largéf overvoltage is applied to a

l

gap (>120% Vs),. Rpe formative time lag is réauced,
indicating that other secondary ftocesses»have dominafed the
sparking mechanism.

The process of electron emission at the. cathode by
positive ion bombardment is too slow to account for many of
the observed‘spéeds of spark formation. Furthermore, at
higher pressures, it has been noted that the drift velocity

of electrons is also too slow for an avélanche to bridge a

gap in the short time lags that have been observed[8].

=

hed
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To account for the short tiﬁes iégé that have been
observed at breakdown voltages >120% Vs, other theories
based on different sparking mechanisms were developed. The
most %opula£ of these theories is the streamer model,
proégged by H. Raether. Raether's streamer theory was ,
developed through -experiments in a cloud chamber which
monitored the progress of an avalanche between two o
electrodes[11]. Raethef proposed that photoionization of the
ga$ (by photons produced through <collisions in the
.avaianche) is the most important secondary process,_and that
the formative time lag is reduced due to effects of a space
charge which develops as the avalanche progresses to the

anode. -«“”’——\g

Aé the avalanche grows and electrons move towards the
anode, a large space charge of positive ions is left behind.
The charge distribution inside the avalanche takes the form
of a dipole and creates a field ;hat opposes the applied
electrig field. Although the electric field 1is - reduced
inside n'-"ﬁhe avalanche, the’électrié;field at the head of the
avalanche is enhanced by the growing electron density.

The basis of the streamer theory is thét photons
prbducea‘by the avalanche 1ionize the gas ahead, thereby
creating a more efficient path for the advancing avalanche,
or even initiating secondary avalanches which eventually
meet with.the main avalanche. Another model, called the two
group-:model has been developed by E.E. Kunhardt and

W.W. Byszewski[10]. The two group model is similar to the

-



L

16

streamer model But, instead of photons 1ionizing the path
ahead of the avalanche, Kunhardt and Byszewski propose that
the intensified field at the avalanche héad produces runaway
electrons that are pulled ahead of the main avalanche, thus
ionizing - the gas in their paths to the anoae. Whatever the
true spark breakdown mechanism is, for reasons discussed at

the beginning of this chapter, the discharge characteristics

of a particular spark gap are still basically unpredictable.

The research that was conducted for this thesis followed an
empirical approach since the primary motivation was to
develop a spark gap with improved jitter and inductance

. . . b g
characteristics. The procedure of the experimental research

is the subject of the next chapter.



3. EXPERIMENTAL PROCEbURE
The purpose of this graduate research was to develop a
reliable spark gap with 1low jitter (<1ns smd) and 1low
inductance(<10nH). Due to the 1lack of predictability in
spark gap behavior an empirical approach was taken in the
spark gap design., The pfocedure that was followed 1is
summarized below. The subsequent sections in this chapter

describe each part of the procedure and apparatus in detail.

3.1 OUTLINE OF RESEARCH

An annular rail gap switch was designed for a
self-breakdown voltage of 30kvV, with air as the dielectric.
The outer dimensions of the design had to conform with the
architecture of a KrF laser that 1is currently under
construction at the University of Alberta. A high voltagé
triggering circuit was also’aeveloped to provide a rapidly
rising voltage pulse at the trigger electrode of the réil
gap to initiate breakdown of the switch; Furthermore, three
different trigger eiectrode geometriés were designed and
‘tested in the rail gap to determine the effects ~f different
field stresses on jitter and inductance. R

All‘possible polarity"combinations were applied to the
high voltage and trigger electrodes of the rail gap and the
‘switching behavidr was monitored for each case. Finally, the

effects of photo-preionization from bare sparks on spark gab

performance were also studied.

17
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In order to become familiar with spark gap switching,
induétance and jitter measurements were initially conducted
on a 3-electrode spark gap which is currently employed in
the KrF %aser facility. This prbvidedithe background needed
to modify the 3felectrode'design into an annular rail gap
configuration. Test results for the- 3—electFode gap are
included in this report to provide a standard against which

the developed rail gap switch may be compared.

3.2 DESCRIPTION OF SPARK GAP DESIGN

Cross sections of the 3—electroée and annuiar rail gap
designs are‘shown in figures 3-1 and 3-2, réspectively.»The
different géometries of the two types of spark gaps called
for a change in electrode curvature and gap spacing in the
rail gap design. The minimum gap spacing in the rail gap is
3;175mm (1/8in) between the Erigger electrode and each of
the main electrodes. For tﬁe 3-electrode gap, the
corresponding gap spacing is 1.5875mm (1/16in).

The large bodies of dielectric that surround the
electrodes . were“ designed to prevent arcing along the
exterior of the gap. In the case of the rail gap, acrylic
was chosen as the exterior dielectric so that the breakdown
channels could be observed. The interior walls of =he
dielectric ‘in the rail gap were tapered £o increase the
tracking distance, reduce effects of. the dielectric on the

electric - field configuration, and also to reduce any

pressure shock that the dielectric might receive during
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spark breakdown.

Both spark gaps were sealed and polyethylene tubes were
inserted into opposite sides of the gaps to allow for
pressurization and air flow through the gap spacing. The
rate of flow was sufficient to replace . the small volume
inside the gap with fresh air for each shot.

) | To provide the bare sparks for photo—preionization,
Four open ended coaxial cables were also symmetrically
/1nserted into the rail gap, in the plane of the trigger
electrode. !

- The geometry of the three trigger eiectrodes that' were
tested are shown in figure 3-3. The first is a standard
blade edge electrode that is commonly used in linear raif
gap designs. .The second electrode oas a duller edge than the
blade electrode, and was designed to investigate the effects
of reduced field stresses on the spark gap sw1tch1ng
performance. The dull electrode may also be considered as a
model for an aged blade electrode that has been rounded
through erosion. o

The third electrode in figure 3-3 has a sharp sawtooth
edge. This geometry was tested to determine 1if localized

field enhéncemenp would increase the number of breakdown

channels in the rail gap. )



nh\‘a. The Blade Electrode

b. The Dull Electrode

c. The Sawtooth Electrode

A

Figure 3-3. The Three’Triggef Electrodes

22
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3.3 DESCRIPTION OF CIRCUIT DESIGN

Circuit diagrams of the electrical and diagnostic
‘arrangements *for the 3-electrode and reail spark gap
experiments are shown in figures 3-4 and.3-5, respectively.
‘The high voltage electrode of the tested spark gap is
maintained at a potential of +30kV by the d.c. charged
capaéifor Ce. The trigger electrode of the spark gap is d.c.'”
. biased to half of the hold off voltage by two 100Mohm
resistors. A high voltage pulse, sent to the trigger
électrode, initiates breakdown of.the gap. Closure of phe
spark gap results. in an oscillatorf discharge of Ce. The

current of *-his discharge is monitored by a Rogowski coil.

3.3.1 CIRCUIT GEOMETRY
| For the 3-electrode gap experiment, the capacitor Ce
was electrically\conneCted to the spark gap by a 3 inch wide
copper plate. The spark gap was moﬁnted and grounded to an
earthed table by a-1/2 inch diameter steel stud bolt. The
inductance of the stud bolt was measuredlto be approximately
17nH, and the inductance of the capacitor was rated at 20nH.
Caiculations indicated the inductance of the copper plate to
be about’ 20nH. "Hence, the total inductan@e of‘the circuilt
" external to the spark gap was approximately 57nH.'

To- reduce circuit ‘inductance in the annular rail %ap
experiment, the discharge circuitry was a;ranged inﬁoy a
tight coaxial—type' geometry, as illustrated in figure 3%6.'

The capacitor bank (Ce in figure 3-5) was made up of five
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,

strontium ~ titanate capacitors which were symmetrically
distributed around the gap. The capacitors in the bank were:
electrically connected by annular copper plates, one of
which was also connected to the high voltage annular rail
gap ~electrode. The other annular piate . connected the
capacitors to ground through five symmetrically distributed,
three inch 1ong copper brgids (of rectangular cross
section). An anai&sis of the inductance of this circuit

geometry is included in Chapter 5.

3.3.2 TRIGGER PULSE CIRCUITRY

For tests on the 3-electrode spark gap, the trigger
pulse was provided by a main spark gap switch which suppiied
synchronized triggering to the KrF laser facility. The
loading on this switching circuit limitea " the pulse
rate—bf-rise to nominally 2kV/ns. 4

As part of the development of the rail spark éap’ test
chamber, a separate trigger pulse forming network was
con;tructed. This circuit is also shown 1in figure 3-5. A
trigatron spark gap was employed to provide the high voltage
switching for the trigger pulse. Breakdown of the trigatron
gap was initiated by a high voltage pulse that was produced
by the closure of an SCR switch. This ;allowéd a charged
Lapacitor to discharge into the primary of a step-up
trénsformer. The SCR switch cpuld be operated manually. or
automatically through Van Intersil NE/SE-555 monolithic

timing circuit that was designed to trigger the SCR
. . i 4

—_
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approximately every 6 seconds.

Closure of the trigatron spark gap produces an inverted
cépacitor voltage at thé transmission lines. As the
capacitor Ct discharges through the closed gap, a transient
voltage pulse is sént down the six transmission lines, one
of 'which  1is connected (tﬁrough a decoupling capacitor) to
the trigger electrode of the gap. | |

When the voltage pulse arrives at the ends of the
transmisSion lines, the open éircuit termination causes‘ it
to be refiectedz and doubled.. In the case of the trigger
pulse, %he d.c. valuebof the charged decoupling capacitor is
superimposed on the pulse voltage when it meets the.trigger
~electrode. Accounting for a 1dB cable loss along the 50ft
transmission line, the peak voltage at the trigger electrode

can be expressed as:
Vo==2V,/1.25+V, /2 (3.1)

where V, is the d.c. hold-off voltage of the trigatron spark
gap and V; is the d.c. hold-off voltagﬂ appliéd to thg rail
gap. -

The d.c..voltage for both the trigatron spark gap and
the rail gap was provided by a single power supply.
Consequéntly, changes in polarity of the rail gap wbﬁld also
mean a polarity change on the trigatroﬁ gap. A negative d.c.
voltage across 'the trigatron spark ‘gap affécted the
discharge performance in thé trigatron spark gap, however,

and reduced the smoothness and rate-of-rise of the transient
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pulse. Switching of tﬁe trigger puise polarity was ‘achieved

by revefsing the leads at the end of the transmission cable.

3.3.3 OPERATING VOLTAGES AND PRESSURES

The operating d.c. voltage for both the trigatron spark
gap and the rail gpark gap was *30kv for all experiments.
Appli;ation of equation 3.1 reveals the peak letage for the
trigger pulse at the trigger electrode to be +63kV when the
pulse is of the same polarity as the rail gap hold-off
voltage, and +33kV when the trigégf pulse is of opposite
polarity to the hold-off vqlfage. -

It should be noted, however, that for either case the
greatest potential difference between the trigger electrode
and ohe of the main,r&il gapSElectrodes is 63kVv. When the
trigger ~pulse is’ of the same polarit§~as the applied d.c.
hold—off°voltage, thg}éris\é\gotential difference of 63kV
between the  trigger electgdéé\“aﬁd the grounded main
electrode. Conversely, when the trigger pulse is of opposite
polarity to that of the d.c. hold-off voltage, the 63kV
poteﬁtial difference is between the trigger electrode and
the high voltage maih electrode.

Preliminary tests of jitter vs rail gap .pressure gave

-optimum results when the spark gap was operated just above

the minimum"hold-off»pressure. Hence, operating pressures. .

for the rail gap were chosen to be 27 PSIA for positive d.c.

voltages, and 40 PSIA for the negative wﬁltages.

«

Q
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A possible reason for the different hold-off pressures
is that when the trigger électrode is negativély biased, the
higher field stress at the trigger electrode.mgkes it more
susceptible to cold cathode emission which reduces the
self-breakdown voltage[8]. An increase of pressure increases
the sparking potential to above the chosen 30kV.

«

3.3.4 CIRCUITRY FOR PREIONIZATION ‘
Thé remaining 5 transmission Jines connected to the
trigger pulse forming circuit were used in either of the
following modes: |
1. 4> of the 5 cables transferred high voltaoc~ pulses to
induce breakdown of the small air sparks used for
preionization. The fifth cable provided an extra access
for any additional diagnosfics that may be called for.
2. If no preionization or additional diagnostics were used,
allifgi'cables were replaced by dummy<cables to'keep a
~constant load on the trigger circuitry.

Thé open ends of the fourlcables that provided the
photo—ﬁfeionization were symmetrically inserted into the’
sides of phe.rail gap and a{}9yed to spark with application
of the_voltage pulse. Each of'these lines were 20ft long
(cOmpafed with the 50ft transmission line that delivered the
voltade pulse to the trigger electrode), so that there was a
45ns delay between the arrival of the voltage pulse at the

ends of the preionization cables and the arrival of the

voltage pulse at the trigger electrode. Preliminary
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measurements showed a typical time 1lag of 20ns for the
development of a spark at the open end of a high voltage
transmission line. Hence the delay time between the

preionization sparks and the arrival of the voltage pulse at

the trigger electrode was nominally 25ns.

3.4 MEASUREMENT.PROQEDURE AND DIAGNOSTICS
The discharge currents in the 3-electrode and rail gap
experiments were monitored by a Rogowski .coil that was
placed on ‘the grounded side of the discharge circuitry. An
integrator was attached to the Rogowski coil in the
3-electrode experiment so that the cuﬁ%ent discharge could
be monitored directly on thé oscilloscope. However, in the
cése of the rail gap experiment, noise probléms forced the
removal of the intégrato; from the diagnostics.
Consequently, the derivative of the discharge current,
dI/dt, was monitored, which subsquently was diéitized and

numerically integrated for analysis. i
The waveform of the discharge current was found to fit
an underdamped seﬂies L-R-C circuit model which is
illustrated in ffigure 3-7. Re, Le, and Ce are the
resistance, 1inductance and capacigance of the discharge
circuitry external‘to the spark\gap, while Rg, Lg and Cg are
the corresponding spark gap values. The spark gap
capacitance Cg is of the order of 10pf ana can therefore be
neglected with respect to the externai circui£ capacitance.

The inductance Lg and resistance Rg are those associated



Re

Le

Ce

Figure 3-7. The L-R-C Equivalent Circuit Model of the
Discharge Circuitry.

Rg

Lg

Cg
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with the breakdown channels in the discharge.

The current response for an underdamped series L-R-C

circuit is:

-

I=Kexp(-Bwt)sin[w(1-82)"2)t] (3.2)

where : K=V, /Lw(1-8%) ' | (3.3)
e=(nC) ‘ (3.4)

B=R(C/L) /2 (3.5)

R, L, and C are the total series gesistance, inductance énd
capacitance of the circuit, and V, is the intial d.c..
voltage across the charged capacitor. If .f<1, then the
period T of the sinusoid is approximately éqpal to 27/w.
Hénce] the inductance of the circuit can be determined
difectly from the period of . the discharge through the

relation:
L=T*/(4rw2C) . (3.6)

- Jitter measurements were achieved 1in the following
manner. A signal,lsent'simﬁltaneously with the voltage pulse
travelling to the trigger electrode of ﬁhe gap, was used to
externally trigger an oscilloscope. Differences .in the
arrival times of the discharge current signals at the
oscilloscope were noted for typically 100 .shots, and a
standard deviation was calculated. In addition, in the case
of the rail..gap; typical breakdown delay times were

recorded.
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For the 3-electrode gap experiment, the external
trigger for the oscilloscope was pro;ided by an optical
signal that was generated by plasma emissidn produced by’
breakdown of a small air gép - caused by a high voltage..
'signal from the main spark gap switch (figure 3-5). In the
case of the rail gap, a volt;\e signal was taken from the
spark gap trigger pulse just before it reached the trigger
electrode. In addition to providing a method of monitoring
the voltage pulse to the eiectrode, this signal was used (in
place of the optical signal) Lo provide the external trigger
for the oscilloscope. This procedure eliminated the added
jitter (typically a 2ns window) induced by the randomness in
time of breakdown of the small air gap, and therefore
‘provided more reliable data. The voltage signal from the
trigger electrode_qu,attenqugg\?o,ooo times before it was
sent to the oscilloscope. The total risetime of the voltége

probe and divider circuitry was 6ns.



4. RESULTS OF THE 3-ELECTRODE SPARK GAP EXPERIMENT
The results obtained from jitter measurements and
inductance calculations for the 3-electrode spark gap

experiment are presented in this chapter.

4.1 INDUCTANCE AND RESISTANCE OF THE 3-ELECTRODE SPARK‘GA?

A typical oscillogram showing the current waveform from
the 3-electrode spark gap discharge circuitry is illuétrated
in figure 4-1. The sinusoidal_?waveform has a period of
640ns. Knowledge of this perioa\and the circuit capacitance
of 102nf when applied to equation 3.6 (assuming B<1) reveals
a total circuit inductance of 102nH. The circuit inductance

7 ‘
external to the 3-electrode gap was calculated to be
approximately 57nH. Hence, the inductance of the 3-electrode
-gap is determined to bé nominally 45nH.

The intrinsic resistance : associated with the
3-electrode gap discharge can be found from a comparison of
the amplitudes of ‘éﬁccessive peaks in fiqure 4-1. From

equation 3.2 the ratio of the amplitudes of the peaks (at

the times t, and t,), leads to the relation:

I(t.)/I(tz)ﬁexp[—ﬁu(t,—tz)]=6,8/4.4=1.5 (4.1)
Hence, for t,-t,=2n/w; (4.2)

B=1n[I(t,)/I(t,)])/w(t,-t,)=1n(1.5)/27=.065 (4.3)

The 'assumption that B<1 is valid. Substituting this value

into equation 3.5, and solving for R gives R=0.13 ohm.

35
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!

4,2 JITTER MEASUREMENTS OF THE 3—ELECTRODE SPARK GAP

The minimium jitter for the 3-electrode gap was
determiﬁed to be 1.2ns (smd). In this particular case, the
d.c. voltage that was applied to the gap was +30kV and the
gap pressure was 45PSIA. The peak voltage of the trigger
pulse was approximately -45kv.

The above result does not, however, account for the 2ns
window jitter of the small air gap which was the source of
the optical signai that was used to externally trigger the
oscilloscoﬁe. Assuming a' Gaussian distribution for this
jitter, 95% of the 2ns window can be repfesented by 4 times
the standard mean deviation of the intrinsic jitter of the
optical source. Incorporation of the .5ns smd for the
optical signal into the calculated spark gap jitter reveals

an intrinsic jitter for the 3-electrode gap of 1.1ns.

4.3 CONCLUSIONS OF THE 3-ELECTRODE SPARK GAP EXPERIMENT

The 3—electrode‘spark gap switch was found to have an
intrinsic inductance of 45nH. The minimum breakdown jitter
of the 3-electrode gap was determined Jto be 1.1ns. These
results show that the 3-electrode spark gap may be very
useful for high voltage switching applications wh@fe small
jitter times are essential. However, the_relativély large
inductance that is associated with this type of spark gap
éonfiguration does not make it very practical for

applications where very fast switching is called for.
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5. RESULTS OF THE ANNULAR RAIL SPARK GAP EXPERIMENT

This chapter outlines the results from the tests that
were conducted on the rail gap design. The first section
discussgs the waveforms that were obtained from voltage and
current ‘ggégnosticsu This 1is followed by some examples of
how the breakdown delay and jitter times were measured. Tﬂe
next section describes the calculations of the rail gap
inductance. The final results of the experiment for the
blade, dull and sawtooth electrodes are listed in tables 5-1

to 5-3. A discussion of these results -concludes this

chapter.

5.0.1 DEFINITIONS OF ADOPTED.NOTATfON

In the following discussion, a notation been
adopted for easy referral to the polarity combinati that
were applied to the régi gap for each individual experiment.
A particular polarity combinatioh will be denoted by two
ﬁsigns, separatea by a slash. The first of the two signs
indicates the polarity of the spark gap d.c. hold-off
voltage. The second sign indicates the polarity of. the
voltage pulse that 1s sent to the rail‘ gap triggér

electrode.

' v

Where applicable, the suffix p' or np' denotes
whether preioﬁization or no preionization was épplied to the
gap for an individual experiment. For example, the notation
+/-np refers to a positivé ~d.c. hold-off voltage and a

negative trigger pulse, with no preionization.
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5.1 DISCUSSION OF OBSERVED WAVEFORMS

Figures 5-1 to 5-5 show characteristic waveforms that
were observed 1in the rail gap experiments, when a blade,
dull or sawtooth trigger electrode was employed. Each
waveform corresponds to a'particular polarity combination,
with or without the use of preionization. Examination of the
- waveforms (particularly the trigger pulse.waveforms) show
every case to be unique. However, for each individual
experiment, the only differences that were found in the
oscillograms from shot to shot were the delay times
corresponding to each stage of breakdown, as well as small
changes in the periods of the discharge. ‘

Figures 5-1 to 5-5 illustrate some of the the trigger
voltage pulses that were seen at the end of the 50ft
transmission line, before passing through the charged
decoupling capacitor tc>%he.trigger elegtrode of the gap.
Consequently, the added d.c. biasing voltage across the
. decoupling capacitor is not shown. When the_biasihg vbltage
is added to the voltage seen in the oscillograms, the peak
trigger pulse voltage v;lue corresponds well with{ that
predicted by equation 3.1.

Figure 5-1 shows the trigger voltage pulses that were
pbéerved when a +/- polarity combinatioh was applied to ‘the
rail gap and blade electrode. The 1leading edge of the
voltage pulse is smooth and reaches its peak value in 8ns.

Figure 5-2 illustrates an example of the noise level

that was observed with the trigger voltage pulse when
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Figure 5-4. Observed\Trlgger Voltage of the Rail Gap
Experiment w1th a Dull Electrode and +/+ Polarity
Combination.
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preionization was applied to the gap. The zero on the time
scale corresponds to the reference point from which the time
to peak voltage was measured. Although th: much noise was
not usually observed prior to the 1leading edge of the
voltage pulse, it does add some uncertainty to the true
quality ksmoothness, risetime and peak voltage vélue) of the
voltage. pulse at the trigger electrode; it may also account
for some of the bumps that were seen in the other waveforms.

The dgteriorﬁtioh of the leading edgé of the‘voltage
pulse where the sg?rk gap hold-off voltage .is negative (as
shown in figure 5-3) is‘probably due to the asymmetrical
position ofxthé trigger électrode in the  trigatron - spark
gap. When this trigger electrode sparks over to the grounded
electrode, the free electron density (resulting from the
sparkover) is on the anode side of the gap: In thié ca: 2 the
triggering of the spark gap is not as effective as it would
be 1if the trigger electrode were to spark over to the
cathode. The risetime of the current Iis decreased or
ideformed by the ﬁore slley deveioping avalaézzzg that fade
and then 'reignite as they progress across the gap.
Consequently, a slower risetime - as wgli as humps ip the
rising edge - is seen in the voltag%/puigé when the applied
hold-off voltage is negative. o

Because of the variations of the leading edge of the
.trigger voltage‘ waveforms, a fair evaluation of the

rate-of-rise was difficult to assess. The trigger pulse

rate-of-rise 'was determined from the.ratio of the change in
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voltage at the trigger -electrode, to the time for the
obser§ed pulse ﬁo meet its peak value. For example, for the
+/-np blade electrode case, the trigger voltage rate-of-rise
was determined to be 48kV/8ns or 6kV/ns.’ In the ~-/-np
sawtooth electrode case the rate-of-rise was 48kV/17ns or
2.8kV/ns. | .

The falling edge of the trigger pulse shows the time of
the first breakdown stage, corre;ponding to thé voltage
transition of the trigger electrode. Comparison of the
trigger voltage waveforms, for each polarity lcombination,
clearly show that this delay time 1s reduced - when
preﬁonization is applied gg the gap. In particular, figpre
5-4 illustratés a case where preioniza&ion causes tﬁe first
breakdown stage to occur -prior to peak voltage of the
trigger pulse.

A typical example of the observed ‘discharge current
differential with respect to. time, dI/d4T, is shown-in'figure
5-5. Howeyer,'for greater resouution of the periods and
breakdown delay times, only the first period of the sinusoid
was usually ménitored in each observation. Figure 5-6
illustrates characteristic current discharge waveforms (and
correspbnding\breakdown delay times) Fhat were obtainéd from
digitization and numerical integration of d1/4arT
oscillograms. The waveforms shown here were cgosen to
represent the typical breakdown performance of the rail gap

when_Ehe blade, dull or sawtooth trigger electrode was

employed. Since the Rogowski coil wused ta obtain these
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\

meésuréments was not éalibrated, the exact quantities of
dI/dt were not observed. The amplitudes of the sinusoids 1in
figures ©5-5 and 5-6 were caqulated from equation 3.2 and
its derivative. |

\

5.1.1 CALCULATIONS OF DELAY AND JITTER TIMES

All delay times were taken with respect to the time of
peak voléage of the trigger pulse. The delay time for the
first breakdown stage corresponds tb the time - thats the
trigger pulse falls from its peak voltage value. For
example, in the +/-np case with the blade electrode. (figure
5-1), the delay time to the first breakdown stage was found
to be typically 42ns. Wheﬁ preionization was applied with
this polarity combination, the first stage delay time was
reduced to 12ns.

The overall breakdown delay times were measured by the
appearance of the shérp rising edge of the sinusoids in the

observed dI/dt waveforms. These delay times were monitored

on the oscilloscope with respect to the rising edge of the

trigger pulse as described in section 3.4. A 10ns dié@%ost?Q*

cable delay time as well the trigger pulse rise time were
subtracted from the observed delay times to give the final

results. For example, in the +/+p sawtooth electrode case,

the observed overall delay time was 48ns. The time to peakF;

voltage of the trigger pulse was 18ns. Subtraction of the
voltage risetime and the 10ns.cable delay time reveals an

overall breakdown delay time of 20ns (figure 5-6).

{
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As described in section 3.4, the jitter measurements
were obtained by wmoenitoring the change in the breakdown
delay times over a number a shots, and the standard mean
deviation was calculated. This method was used to find the
fotal breakdown jitter, as well as the “ttter of the first
breakdown stage. In the +/-np blade electrode experiment the
standard mean deviation in the delay time of the first
breakdown stage was 10.1ns. The total b;eakdown jitter was

10.9ns.

5.1.2 RAIL SPARK GAP AND EXTERNAL DISCHARGE CIRCUIT
INDUCTANCE CALCULATIONS

The sinusoidal waveforms in figure 5-6 show that the

spark gép diséharge current conggrms té the current model

that was described &section 3.4. Apart from inaccufacies

created by digitization and numerical integration of the

observed dI/dt's, periods taken from different parts of a

particular sinusoid are seen to be relatively constant.

‘However, oscillograms of a number of superimposed shots

showed that the discharge period wowld vary by as much as

4ns for each individual experiment.

.Since the zeroes of dI/dt correspcnd tTe¢ the peaks of
the current discharge, the period of a sinusoid can be
degérmined directl;vfrom the bbserved waveforms as twice the
time between the second and third zeroes of dI/dT. This

process eliminates the uncertainties that are added . in the

waveform digitization and numerical integration. Because the

~
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rail gap inductance is relatively small, it 1s important
thét additional errors in the inductance calculations be
kept to a'minimum.
To check the simplified relationship between T, L, and.
.C (equation 3.6), we must establish that the yalue of B in
equation 3.2 is much less than 1. Assuming this to be true,
then differentiation of equation 3.2 gives:
dl /dt=Kwexp(-Bwt)cos[w(1-8%) ' ¢t] (5.1)
The value of B can be calculated from the ratio of the
heights of the second and third extrema in dI/dt, through a

relation similar to that of equation 4.3:
B=1/v1n{[dI(t=t,)/dt]/[dI (t=t,)/dt]} (5.2)

where t, 1s the time of the second extrema and t, is the
time of the third extrema in the sinusoid. '

For the +/+np blade electrode experiment, analysis of
the observed waveform, d1/dt’ revealed that
[dI(t=t,)/dt]/[dI(£=tz)/dt]=5.4/4.2=1;3. Substitution  of
these values into eqguation 5.2 gives a B of 0.08. Figure 5-6
shows the .blade electrode case to‘:have the largest damping
of the three trigger electrodes that were tested. Hence, 8
is much less than one for all cases and the circuit
.igductance can be determined directly from the period of the
observed discharge, using equation 3.6. For the +/+np blade
eleétrode case, application of the 104ns period to equation

3.6 leads to a total circuit inductance of 42nH.
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To determine the inductance of the circuit external to
the rail gap, periods of the sinuéoidal discharge were
compared for a different numbér of capacitors and braids.
The inductance of each strontium titanate capacitor was
determined to be 51nH, with an uncertainty of +3nH.
Unfortunately, caléulations éf the braid inductance were not
as consistent. This 1inconsistency can be attributed to a
lack of uniformity in the copper braids, as well as to the
effect of different loads on the rail gap which may vary its
intrinsic inductance. At any rate, an average value for the
inductance of the copper\braids was determined to be 110nH
inty of +15nH. Since the external circuit was

parallel capacitors in series with 5 parallel

pper braids, the net external circuit indu;tance is
6.8nH. This result indicates an 1intrinsic réii"gap
:ductance of 10nH for the +/+np case with the blade
electrode. |

The 4ns changes in the periods of the sinusoids from
shot to shot reveals an additional wuncertainty 1in the
inductance calculations. Consideration of this uncertainty,
as well as a possible 2ns' error in the readihg of the
oscillograms, leads to an added uncertainty of 4nH in the
rail gap inductance. Hence the total error in the spark gap
inductance calculations (including thg uncertainty of the
external circuit inductance) is determined by-the sum of the

squares of the individual errors to be +8nH.

1
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In summary, for each experiment, the total circuit
inductance was calculated (according to equation 3.6) from
the»periods of the observed waveforms dI/dt. A value of 32nH
was subtracted from the total inductance to account for
contributions of the circuit external to thé spark gap. The
final results of the calculated rail gap inductance for each
experiment are listed in tables 5-1 to 5-3. ’The total

uncertainty of these results is +8nH.

5.2 DISCUSSION OF RESULTS

Typical delay times, as well as jitter and inductance
fesults of the tests that were conducted on the annular rail
éap design with a blade, dull and sawtooth edge electrode
are listed in tables 5-1 to 5~-3, respectively. The results
‘show a .wide_ range of values over all of the measurements
that were taken. Although the blade edée electrode . is most
commonly wused in spark gap applications, it is seen here to
give the higheét average inductance and jitter of the three
trigger electrodesﬁthat were tested. The dull electrode has
reduced inductance in every case when compared‘ with the
blade electrode, and improvea overall jitter in.evefy case
except for +/-np. The sa&tooth electrode demonstrates the
lowest average jitter, as well as the Wiowest average
inductance with preioniiation. |

Preionization 'is seen to improve both‘inductance.and
jitter for most cases. The gfeatest effect of preionizafion

is found in the first breakdown stage where the delay times
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and jitter (with the exception of thé +/+np sawtooth trigger
electrode case) are dramatically reduced. Averages over the
results for all thfee electrodes show that the overall delay
times are reduced'by an average of 15ns with preionization.
The overall jitter is improved by an average of 80% with
preionization, while the inductance is reduced by 19%.

Less improvement in overall jitter and inductance with
. i rptins :

":ﬁwgrglly seen for -/- cases. The -/~ blade

préiodiiéﬁ
electrode, e X Suggests that reionization ma even
; € P . Y
. fgr' ~ R
¥ ‘gap gwitching performance, al%hough the

. -
~ e

wopsern’

I without®preionization for this case are so
G .

close that the .discrepancies may simply be due to

results with.a

statistical error. -At any rate the -/+ results. for the
blade and dull electrodes (and the +/- case .with the
sawtooth electrgde) clearlyﬂdemonstréte how bad spark gap
jittér can be dramatically improved with preionization.

" The inductance of the rail gap'ranges'ffom 4nH in the
case of the sawtooth electrode with préionization, to 17nH
for the bladed electrode without préionization. The overall
average . inductance of the rail gap'wdthout preionization 1is
10.8nH, which is slightly under 1/4 of the inductance of the
3-electrode léap. This is an interesting result in that 3 to
5 spark channels were usually' observed in the .fail. gap
discharge. The average rail gap inductance with
preionization is 8.8nH.

Some trends do appear with the different polarity

configurations although few of them were really definitive.

2
'
B R
IV
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For example, the =-/+np combination shows high jitter
characteristics for the blade and dull electrodes, although
the jitter is quite reasonable for the. sawtooth electrode.
Conversely, relati&e}y low jitter is seeﬁ in the .-/-np case
for both the blade and dull electrodes, but it is high for
the corresponding case with the sawtooth electrode. A

The trigger pulse rate-of-rise is generally found to be

highest = for the +/- polarity combination. This is a

reasonable result because the hold-off voltage on the

trigatron spark gap 1is negative. Since the quality of the
trigger voltage pulse does affect spark. gap switching
performancet12], the high jitter of the +/-np configurations
1s an unexpected result. Furthermore, the jitter 1is \hiéher
in this case for the blade and sawtoéth electrodes where the
véltage rate of rise is 5-6kV/ns, than in'fhe_dull electrode
case where the ve¢ltage rate-of-rise is only 3.2kV/ns.

~In general, the results indicat? that without
preiénization, rail gap inductance and jitfer is lower for

configurations where the trigger pulse 1is of the same

polarity as the voltage applied across the main eiectrodes

" of the spark gap. The reduction of the inductance- is

especially significant 1in these cases. This result appears

to be iﬁdependgnt of the rate-of-rise of the trigger pulse

and the different pressures that were wused for the two

hold-off voltage polarities. The +/+ polarity configuration A

with preionization _ provides low Jjitter, as well as
reasonably low indUCtanceAfor all three electrodes.

’
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Figure 5-6 illustrates a comparison: of the rail gap
inductance and overall breakdown delay times for the three
trigger electrodes that ‘were tested. Baséd.on the foredoing
discussion, results from the +/+ polarity combination wére
chosen to represent each electrode. Since the inductance of
the rail gap did not change with preionifation for this
poiérity combfha:ion in the blade and dull'elec;fode cases,
only the current discharge of the sawtooth electrode
experiment with preionization is shown in figure 5-6.

Due to the relatively small variations in the periods
of the current discharge, direct comparison of the rail . gép
inductance from.the periods is not very revealing in figure
5-6. Howevér, from equations 3.2 io 3.4, the total
inductance of the discharge: circuitry is inve:sel?
proportional to the_séuare of the amplitude of the sinusoid.
Qencs,A comparison of the amplitudes ©f the"firsﬁ peaks in
~ the waveforms‘ih figure 5-6 may be considered as 'a more
direct = method of evaluating- the rail gap switching
performahce for each trigger eiectrode. |

The lowest jitter values are provided by the sawtooth
electrode. These are 1.6 ns for the +/+ polarity combinatisn
without .preioniéation, and 0.6ns for the +/-polarity with
preionization. A minimum inductance of 4nH with
preionization is found for the +/- and -/- cases of the
sawtooth éiectrode. Minimuﬁ‘ inductance of 5nH without

preionizatig

ion 1is noted for the -/- case of the sawtooth
LRI .

.electrode, élthough it is also seen for the +/+ aﬁd ~/-



cases with the dull electrode.

57



. . 6. CONCLUSIONS

This research has demonstrated~the performance of an annular
rail spark gap desigf®that has both low inductance and low
jitter characteristics.”ditter measurements as low as 1.6ns
without preionization and 0.6ns  with the use of

y

preionization (from bare sparks) were observed from the:rail
gap discharge when a éawtooth‘trigger electrode Qeometgy was
| I N
used These results are comparable with the low Jjitter
(1.1ns) gharacteristics of the 3-elz2ctrode spark gap.
Minimum inductances of 5nH without pfeionization and

0

- discharge when the sawtooth trigg. electrode was employed.

This is a significant improvemen: from the 45nH inductance

of the 3-electrodeigap. : . <

. .
>

" The ‘circgit inductance c¢xternal .to therail gap was:’ .

4nH with preionization were also observed from the rdil gap

determined to be approximatey 32nH. Although efforts were}

) ‘V Py
2"

made - in the c1rcu1t de51gn and constructlon to. reduce the
external inductapce to a minimum, this value is cleaﬁly"too

high for optimum benefits of the rail gap design in a

o
Y

\practical}épplication. This‘implies that  coaxial - EErcuitry

must be' emploYed to derive theé max imum bepefits"ofda'low

1nductance rail gap sw1tch
o Results from the experlment showed that utilization of

“m/bfeidnization through the 51mple andrmnexpen51ve method of

;ﬁ axlowlng non- termlnated transmlssrbn cables to spark 1n51de_

the gap prior to irlggerlng,_ ean dramatlcally reduce bad. .

‘p:qgtter characterlstlcs wrth the added bonus oﬁ;afélight

S R .
. o
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reduction in the spark gap inductance.

For this annular raii gap design, it was ‘found thatx
either a sawtooth or dull edge ‘trigger electrode - provided
lower overall jitter and inductance compared to the standard
blade edge electrode. Furthermore, t:*"dull electrode

9

supplied . the  lowest average inductance without

IS

preionizatlon. These conclusioqs and the varying results for
each polﬂrlty cohfiguratioh;i clearly demonstrate the
"Junprdﬁictable ngture of spark gap switching.
' '1The spark gap 'discharge performance vas generally
optimum when a +/+ polarlty combination was used, and this
\.“result appeared to be 1ndependent of the guality of the
'trlgger voltage pulse employed This 1indicates that other
parameters (such as space—charge effacts) also determine
spark gap switching behavior. S W

Sihce the quality of the trigger pulse is known to.
affect'spa;" ~ap switching performance, the Jitter results
lmay . possibly. be improved further with a faster and higher
amplitudertrigger pulse.OIt would be interesting to measure
the rail gap jitteri if‘.another rail gap was employed to
replace the trigatroh' spark gap that was used for' the
R;ﬁtrigger"voltage) pulseA svitchlng This would 1mprove the
voltage pulse risetlme, as well as the adverse effects of{ﬁ
| the asymmetrical p051t10n of the%trigger electrode in the
. trigatron spark gap for negative hold off voltages

The annular rail gap switch 1is in fact currently

employed in-the KrF laser facility "at the University of
ag - " ~';'Q! . ) ) . ‘ . - . - ’:) | o .

s - . “‘_ 1
07 _ ) : P o
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Alberta for a similar application as that  described above.
It has replaced a master (3-electrode spark gap) switch that
tr;ggers all of the 13 spark gaps in the laser. With a ioad
of up to 18-75c.am i ansmission cables, the rail gap switch
provides a relie "= -ltage pulse iﬁ a minimum rat Qf rise
of 2.9kV/ns.-betwecn 10 and 50kV. Mﬁyfx

In conclusion, for practical appllcatlons of thlS spark

gap design; a'sawtooth_electrode provides the best switching

performance. A +/+ pdlafity'combination is recommended if no
preionization  is applied, although ﬁhere will be  some
sacrifice in the low inductance forAAlow . jitter. If
preionization ‘is employed, =~ a . +/- polarity combination

P P

prov1desu@pt1mum jltter as well as 1nductance. Fufthermorel

it is hlghly advisable that the rail gap be well shléldﬁy
.because these,hlgh voltage switches radiate a con51derable

amount of electromagnetic noise. , ' \

- )"r
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