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ABSTRACT

Sulphur Hexafluoride (SFg) is one of the most commonly used gases within switching
applications for pulsed power applications due to a large number of desirable properties,
however, it is a greenhouse gas and global concerns over the emission of this gas into the
atmosphere have led to an increase in research into potential environmentally friendly

alternatives.

This study focused on an experimental investigation into the breakdown characteristics of
two commonly used plasma closing switch topologies when filled with different gasses and
gas mixtures not previously considered in as much depth for switching purposes (air, N,,
60%/40% N,/0,, 90%/10% Ar/O,, and CO,) as compared to the characteristics of the
switches when filled with SFs. A self-breakdown switch and a field-distortion triggered
switch topology with varying inter-electrode gap lengths up to 9mm, filled with gasses at
pressures in the range 0.1MPa-0.5MPa were studied and some key operational
characteristics and switching parameters such as the self-breakdown voltage of the gases,
the spread in self-breakdown voltage, time to breakdown and jitter of the switches were
investigated and compared. Temperature of the plasma that forms during breakdown and
the conductivity of plasma was extracted for each gas and in addition to this, analysis of
post-breakdown waveforms allowed for obtaining values of inductance and resistance of

the switches.

Experimental results have been used in the development of two computational models of
Marx Generators which are used in the voltage erection stage of pulsed power systems.
The models developed describe the switches as either having constant resistance or taking
into account the transient plasma resistance which allows for a more accurate
representation of the voltage and current behavior across the output load over the first

quarter of the current oscillation after switch closure occurs.



Contents

ACKNOWIEAZEMENTES...... oot tre e e e e e e e e enrae e e e sneeeeennns i
LISt OF SYMBDOIS ...t e e e e e e e e ra e e e e nnneeean vii
Chapter 1. INtrOdUCTION.......cooiiiiiieiie e ee e e e e e saabaraeeeeeesenen 1
Chapter 2. Background and Literature REVIEW ......coccvuvvveiieiiiiiiiireeree e e e e e 5
B R U =T N oo 1 Y= PRSP 5
2.2 Pulsed POWET SWItChES ....eviiiiciiei et e e s 10
2.2.1 Self-BreaKAdOWN SWILCRES ..........oeeeeeeeeeeeeeee et ee e e et estaae e s s aaaa e 12
2.2.2 TriGQEIred SWItCRES ..........vveeeeeeee et e e e e ttea e e sttt e e e st e e e s srsaaaesssnaaenns 15
2.3 Basic principles of Gas BreakdoWn .........ccuviiiiiiiiiiiiiiiec e 23
2.4 Modelling of Transient Processes in Plasma Closing Switches ........ccccceeeecieeieciieeeennen. 30
2.5 Insulating Gases used in Pulsed Power SWitChes.........cccoccuiiiicciiee e, 38
2.5.1SF505 AN INSUIGLING GAS ...vvvveeeieeeeeiiee ettt e st estae e e ssta e e e s svteaesssseaasans 39
2.5.2 Alternatives to SFs already cONSIAered...............ooccvuueeeecveeeeeciieeesiiiieeeeciieeeeecieeaeens 41
2 X 0] o Tl [V 1] [ o T3ROS 43
Chapter 3. Characterisation of a Self-Breakdown Spark Gap Switch...........ccccceeveeneee. 45
3.1 Design and Development of Self-breakdown Switch........cccccooviiiiiiiiii e, 46
3.2 Experimental Setup and Methodology .........ccocuiiieiiiie e e 50
3.3 Self-Breakdown Voltage: Results and ANalysis ........cccceeriieiiiiiiieeeniieee e e 52
3.3.1 Self-Breakdown Voltages for an Air-Filled SWitch VS pd............ccoccvveeeecvveeeeiivnaans 53
3.3.2 Self-Breakdown Voltages For a N,-Filled SWitch vs pd............ccoeeeecvvveeecieeeeeiieaen, 56
3.3.3 Self-breakdown Voltages for a 60% Nitrogen + 40% Oxygen Mix Filled Switch vs pd
........................................................................................................................................... 58
3.3.4 Self-breakdown voltages for a COfilled SWitch vs pd............ccoeeeeeueeeeecieeeeeciieaen, 60
3.3.5 Self-breakdown voltages for a 90%/10% Ar/O, mix filled switch vs pd.................... 62
3.3.6 Self-breakdown voltages for an SFs-filled switch vs pd...........cceeeecveveeeceeeeeiieeaann, 64
3.3.7 Comparison of self-breakdown voltages gases for all gases. .............cccovueeeecvuvnnnn. 66
3.4 Analysis of EXperimental RESUILS .....c..uvieiiiiieecciee et 68
RN B 1Y of U] o] s OSSP P PP TP PPTPPPPPPN 73

Chapter 4 . Characterisation of a Field-Distortion Spark Gap Switch Triggered with

“SIoW"” 0.45 KV/S HV IMPUISES ...ecouveiiieririirieieiree et ccreeessree s ssresssressssressesneessneesennnens 75
4.1 Switch design and electrostatic Modelling ........cccceeveieiiicciii e, 75
4.2 Switch Construction and TeSt SEt-UP ......uuuieeeiiiicciiiiiee e e 82
V=Y d g T T o] o =V SRR 84
4.4 Time to Breakdown in a field distortion switch with variation in pressure and percentage
OF DC STIESS |EVEL. .ttt ettt e e ee e s te e et e e e nte e ssseeesnaeesnteeeneeesnseennns 89

4.4.1 Time to Breakdown for an Air filled SWitCh ...........ccuvveeeeveiieeiiiieeeiiiee e, 90

4.4.2 Time to Breakdown for an N filled SWItCh............ccueveeeeeeiieeiiiieeecieee e, 96



4.4.3 Time to Breakdown for a switch filled with a 60% /40% N,/O, mixture................. 101

4.4.4 Time to Breakdown for a switch filled with a 90% /10% Ar/O; MiX...........c...cu...... 107
4.4.5 Time to Breakdown for a switch filled With COj.........ccccccuveeevcciiieeiciireeiciireesiannnnn 113
4.4.6 Time to Breakdown for a switch filled With SFg............ccccvueeeeviueeeeiiieeeeicvireecinennn, 118
4.5 StatistiCal ANAIYSIS..cccccuiiie it et e et e e s e rte e e e erraaeeeanes 119
4.5.1 Weibull Analysis of Time to BreakdOoWn.............ccoccuueeeeecveeesiiiiiessiiisessiiiesessisvnnens 121
4.6 Computational Analysis of Time to Breakdown Results ........cccccoveievciieeicciieec i 135
4.7 CONCIUSIONS. 1.vvieeieeiiieeiiee ettt et e st e e rite e st e s sta e e sate e sbeeesabeessbeeessteessseeessseesnseeennseesseeensees 138

Chapter 5. Characterisation of a Field-Distortion Spark Gap switch Triggerred with

fast TKV/NS HV IMPUISES. ....cuveeeiecee ettt ettt et ettt eae s e e reesanesnneeenees 140
5.1 EXperimental teSt SEL-UP...coiciiii ettt e e e e e e e 141
5.2 V=34 aToTe Fo] oY LY 2RSSRt 143
53 ‘Time to Breakdown’ characteristics of the field-distortion switch triggered by a
BIUMIEIN PUISE BENEIATON.......iiiiiciiieeeee et et e e e e e bee e e e abae e e enreeas 144
5.3.1 Time to Breakdown for an air-filled switch triggered with 1kV/ns HV impulses. ... 144
5.3.2 Time to Breakdown for a N,-filled switch triggered with 1kV/ns HV impulses....... 151
5.3.3 Time to Breakdown for a switch filled with a 60%/40% N,/O, mixture triggered with
TKV/NS HV IMPUISES.c...eeceeeeeeeeeeeeeeeeee ettt e ettt e e etata e e eraeeetaa e s s e e evesenreeenes 156
5.3.4 Time to Breakdown for a switch filled with a 90%/10% Ar/O, mixturetriggered with
TKV/NS HV IMPUISES.c...eeeeeeeeeeeeeeeeeeeee ettt e et e e tata e e eveeeeaaaesaeasesesensesenns 162
5.3.5 Time to Breakdown for a CO,-filled switch triggered with 1kV/ns HV impulses..... 167
B5.3.6 JItt@F ANGIYSIS ..ottt e e sttt e ettt e e e et a e et e e e et e e e st a e e aaaraaen 171
5.4 SEAtISTICAl ANAIYSIS ... e e e e e e e e nraeas 172
5.4.1 Weibull Analysis of a 2mm inter-electrode gap length..............ccccccvuvveeecvvveeccnnnnn.. 173
5.5 CONCIUSIONS ..ttt ettt et e s bbbt esabe e sbae e s beessbbeesabeesnaeesabeeenes 190
Chapter 6. Plasma Channel CharacCteristiCs .........cccevveeviieriieeniiee e sriee e esnee e 193
6.1.  Plasma Temperature EValuation........cccoceeeiiiiiieeeiie et esvee e 194
6.2 Conductivity of Plasma in Breakdown Channel .........c.cccoovieiniiiiniieniiinnieeniee e 208
5.3 DISCUSSION . ettt e ettt e e ettt e e e e e e ettt e e e e e e e bbbttt e e e e e e e nbreeeeeaeee e nnrreneeeeeaanan 210
Chapter 7. Plasma Channel CharaCteristiCs ..........cccceeeevieeeeciiiieeccveee e 211
7.1 Post Breakdown CRGIACteriStICS.........ccueeeueeriueiesiieeeieeesiieesiieeesieeesieesieeesiieessieaenisees 211
7.2 Test-set-up and MEthodOIOGY ...........cccueeeeeecueeeeeeiieeeeceee et e et e e e saaa e 212
7.3 ROSUIES ..ottt ettt ettt e et e st e et e e s st e e e st e e s et e e e e nbeaeennarees 216
T8 DiSCUSSION....cceiiiiiiieiiie ettt ettt ettt et et e e e e st e e e e e e sasnnns 223
Chapter 8. Computational Model: 12 Stage Marx GENerator .........ccccoeeveeeevicvveeennnnns 225
8.1 Constant Resistance MOdEl ....c.uuviiiiiiiiiiiiieecee e s 226
8.1.1 Development of Computational MOdel...............ccueeeeecueeeeeiiiiieesiiieeesciieeeeeciieaeens 226
8.1.2 Computational Results — Constant Resistance Model...............cccoceevecvveeeecvvnnanns 232
8.1.3 CONCIUSIONS. ....coeeeiiieeeeieee ettt ettt e ettt e e e et e e s s sstaeessstaeesssteaessastaeasnans 240
8.2 Dynamic ResiStance MOEl ..........uiiiiiiiiee ettt et e e 241
8.2.1 Computational Results — Dynamic ReSISTANCE ............ccccueeeecvuveeeeciiieesiiiveeeeiiiveaanns 247



8.3 DiScUSSION N CONCIUSIONS .uueeriiiiiiiiiiiee ettt e e e e et et e e e s e e essaa e s eaeeenns 254

Chapter 9. Conclusions and FULUIrE WOTK. .........ceieiiiiiiieeieiieeiiiiirreeeeeecceeninnneeeeeeens 257
1 I8 o o Tl [T ] o T o 13U UPTPPPPN 257
9.2 FULUIE WOTK eeeiiiiiiee ettt ettt ettt ettt e sttt e e s ettt e e s sate e e e sbteeessabeeeessabaeeessntaeessaneaeessnnes 262
Chapter 10. PUBIICAtIONS .....cooouviiiriiii e ee b aearee e 264
Chapter 11. REfEIENCES.......eviiieireiee ittt eerrae e eeerar e e e e earae e e esbaeeeeans 265
Chapter 12. Appendix 1. Weibull Graphs...........ccueiieeiiiieicceeeeee et 277
12.1 Field-Distortion Gap triggered with 0.45kV/us HV impulse.........ccccoovevveevievienieeinnns 277
12.2 Field-Distortion Gap triggered with 1 kV/ns triggering .......cccoevvevvrevvreveeneeieeeeeeneens 286

Vi



List of Symbols

Voltage (V)

DC charging voltage

charging resistor

switch

capacitance (F)

inductance (H)

breakdown voltage (V)

Resistance (Q2)

gas pressure in the switch (Pa)
inter-electrode gap distance (m)
electric field strength (V/m)

peak electric field (V/m)

Townsend'’s first ionisation coefficient
Townsend’s second ionisation coefficient
constant

resistance of plasma channel (Q2)
Total circuit Resistance (Q2)

Energy of breakdown channel per unit
length (J/m)

conductivity of plasma (1/Q2.m)

phenomenological constants which fit to
experimental data

fit coefficient applied to self-breakdown
data (kV/Pa.m)

second fitting coefficient extracted from the
best-fit applied to self-breakdown data (V)

vii



VDC stress

Vtrigger impulse

9u

Ve

DC stress voltage applied across the inter-
electrode gap space in triggered switch less
than the self-breakdown voltage (kV)

impulse voltage applied to the trigger
electrode (V)

Einstein’s transitional probability

statistical weight of the upper energy level
(eV)

Boltzmann’s constant

temperature of a plasma channel (K)

wavelength of light emitted during
breakdown event (nm)

energy applied across the inter-electrode
gap (J)

constant that takes into account electron-
electron scattering

mean ionic charge

number of electrons per unit volume of
plasma (MKS)

viii



Chapter 1. Introduction

The search for potential alternative gases to be used as replacements for Sulphur
Hexafluoride (SF¢) as an insulation gas within industrial applications in the power and
pulsed power industries has increased in recent years due to the ever tighter global
restrictions and regulations governing emissions of greenhouse gases [1]. One particular
component of high voltage (HV), pulsed power systems where SF¢ gas is typically used, is
within the spark switches that are a fundamental component of Marx Generators (which
can be used within the voltage erection stage of much larger pulsed power systems), or

spark switches used in Pulse Forming Lines.

The spark switches used within the Marx generator system are gas-filled and sometimes
referred to as plasma closing switches as in their “off” state they are open until spark
breakdown occurs, at which point they ‘close’ allowing a current to flow. There are many
advantages to using plasma closing switches within the pulsed power research and
industrial environments such as their ability to operate at high voltages and currents, their
ability to handle high rates of change of currents and voltages, fast closing times have been
achieved ~10’s of ns and the standard deviation in the closing time, referred to as the jitter

of the switch can be incredibly low too and has been reported as low as ~ 2 ns [2], [3].

The presented work looks at some of the key breakdown characteristics of two commonly
used plasma closing switch topologies employed within industrial applications when the
spark switches are filled with environmentally friendlier gases/gas mixtures than the more
conventionally used SF; gas. In order to compare key breakdown performance
characteristics of these switch topologies when filled with different gases directly with the
performance characteristics of a conventional SFg filled switch, where possible,
experimental results obtained with the potential alternative gases have been compared to
the breakdown results obtained under identical experimental conditions when the switch is
also filled with SFs. The post-breakdown characteristics of different gases (electrical
conductivity of plasma formed in the gas-filled switches) have then been used in the
development of a computational model that takes into account the transient characteristics

of plasma in the spark plasma closing switches. Thus the developed computational model



allows for investigation of the output characteristics of the pulsed power system (Marx
impulse generator) with gas —filled plasma closing switches. The developed model has been
used to study the influence of the pulsed power system parameters such as inductance and
conductivity of gas plasma on the main parameters of the HV generated impulses: their rise
time and wave shape. This information is essential for development and optimization of the
pulsed power systems with desirable output parameters to satisfy requirements of the

practical pulsed power systems.

In Chapter 2 of the presented thesis, a comprehensive literature review introduces pulsed
power technology from its first military applications and progress made throughout the
decades since the Second World War which have expanded the many applications into
which pulsed power technologies are now employed. A discussion on commonly used
switch topologies within the voltage erection stages of pulsed power systems is also
provided with a focus on gas-filled plasma closing switches as these are the focus of the
experimental research presented within this thesis. A description of the basic principles of
gas breakdown is also covered within Chapter 2 as this provides the working mechanism of
the gas-filled plasma closing switches. Global industrial applications require different
operational parameters of their switches and as such, the gases employed within plasma
closing switches vary depending upon the application. A review of commonly used gases as
a dielectric media within plasma closing switches alongside their benefits and drawbacks
are given within this chapter. The main findings of Chapter 2 establish the groundwork
upon which this research is based and show that until now, there has not been an extensive
investigation into the operational characteristics of commonly used plasma closing switch
topologies when filled with environmentally friendly gases as compared to SF¢ gas which is

restricted and of global environmental concern.

Chapter 3 provides a detailed outline of experimental work conducted concerned with the
characteristics of six different gases/gas mixtures; air, nitrogen (N,), 60%/40%
nitrogen/oxygen (N,/O,), 90%/10% argon/oxygen (Ar/O,), carbon dioxide (CO,) and SF,
within a self-closing spark gap switch. Key breakdown characteristics such as the self-
breakdown voltage and the spread of the self-breakdown voltage have been investigated
for a range of inter-electrode gap lengths and gas pressures within the switch body. It is
shown comprehensively that for a sphere-sphere electrode topology switch filled with

different gases, the self-breakdown voltage of air, N,, 60%/40% N,/O, and CO, are similar



as the product of the gas pressure within the switch and the inter-electrode gap distance,
pd, increases. The breakdown voltage for SFs remained higher than any of the other gases
tested, however, the spread in breakdown voltage was also found to be large. It was found
that for SF¢ at smaller pd values, the same level of self-breakdown voltage could be
achieved in all other gases tested (with the exception of the 90%/10% Ar/O, mixture) with

smaller spread at slightly increased, but still reasonable pd values.

Chapter 4 presents the details of a field-distortion spark gap switch which has been
designed and constructed. Within this chapter, the field distortion switch is filled with each
of the same gases as used within Chapter 2 (with the exception of SFs) and the main inter-
electrode gap space is stressed with 70% or 80% of the self-breakdown voltage before a
~30kV voltage impulse is applied at a rate of ~0.45kV/us to the mid-plane electrode. The
application of the voltage impulse to the mid-plane electrode initiates the breakdown
within the switch and the time between the initiation of the trigger impulse and complete
collapse of the voltage across the main-gap of the switch is recorded. The standard
deviation in the recorded times is defined as the jitter of the switch and for each of the
gases is found to be typically < 10us and increases as the gas pressure within the switch

increases.

In Chapter 5 operational parameters of the same field-distortion spark gap switch as
described within Chapter 4 have been investigated. However, in place of the trigger
generator which applies the voltage impulse at a rate of 0.45kV/us, a -30kV voltage impulse
is applied to the mid-plane electrode within this experimental set-up via a Blumlein pulse
generator at a much faster rate of voltage rise of ~1kV/ns. Again the time between the
initiation of the triggering impulse and complete voltage collapse across the main gap of
the switch has been recorded and the jitter of the switch obtained. When the trigger
impulse is applied by the ~1kV/ns Blumlein pulse generator, it was found that the jitter of
the switch filled with each of the five gases was significantly reduced and found to be

typically < 5ns.

A lumped element R-L-C circuit which represents a basic practical pulsed power system is
set up within Chapter 6 to simulate the post-breakdown behavior of the plasma channel in
the plasma-closing switch. Utilising the plasma channel that forms during a breakdown
event as the constant resistive component R, and the light emitted during a breakdown

event, the constant resistance of the conductive plasma channel and the temperature of



plasma in the breakdown channel are obtained and analysed. By use of the Boltzmann
method to estimate the temperature of the conductive plasma channel formed between
the electrodes in the self-breakdown switch utilised and described within Chapter 3 it is
possible to extract an estimated temperature of the plasma channel formed during
breakdown. The temperature of the plasma channels formed during breakdown events for
each of the six gases of interest within this investigation, including SF¢ are estimated over a

range of breakdown parameters and obtained results are analysed and discussed.

Chapter 7 provides an analysis of the post-breakdown current within the system. Utilising
the same RLC circuit as set-up within Chapter 6, the post-breakdown current flowing in the
circuit after a breakdown event in the switch is analysed. Using the obtained current
waveforms further fundamental properties of the plasma channel such as such as the
resistance and inductance of the plasma channel that form during breakdown within the
switch have been obtained. These parameters are required to develop a computational
model of the switch and the pulsed power system; these models have been developed in

Chapter 8.

Chapter 8 provides a detailed description of the computational model that has been
developed within this project based on the obtained experimental values of plasma
conductivity and inductance of plasma closing switches. This model allows for simulation of
the output high voltage impulse of a Marx Generator across a practical load, thus this
computational model can be used for optimization of the performance of the pulsed power
machines used in practical applications. The development of the model is described from a
constant resistance of the plasma closing switches, through to a model which considers the
transient properties of the plasma channel formed during breakdown in plasma closing
switches. The transient properties of the plasma channel have been obtained from
experimental data obtained in other chapters of this thesis. The output of the developed
model was compared with the measured output of currently-used Marx-generators
employed within industry in order to determine how accurately and closely the model

replicates the output of physical systems.

Finally, conclusions and suggestions for future research are discussed within Chapter 9. This
includes overall recommendations that could be implemented to currently employed

systems that utilize plasma closing switches filled with SF.



Chapter 2. Background and Literature Review

2.1 Pulsed Power

Pulsed power was developed during the Second World War and aided in the creation of
radar systems. The main essence of “Pulsed Power”, sometimes referred to as ‘pulse
power’ in older text is the storage of energy over some extended period of time,
compression and then the release of the stored energy occurs over a comparatively far
shorter period of time [4], [5] e.g. storing energy over a few seconds and releasing over ps-
us timescales. This broad definition of pulsed power, however, is believed to fundamentally
miss out a lot of what pulsed power has to offer to applications [6]. Another definition of
Pulsed Power given by Bluhm [7] is that; we can consider power to be ‘pulsed power’ for
energies discharged into a load for single short pulses or pulses with controllable repetition
rates when the electrical power of these pulses is of the order of a few GW . The energy
content of these pulses should be of the order of 1kJ or greater. This definition by Bluhm,
that the electrical power of pulses should be of the order of a few GW may have applied to
the original applications of pulsed power technologies, however, any application that
makes use of pulsed power rather than continuous power is still considered pulsed power,

regardless of the electrical power or energy content of the pulses.

The original intent of pulsed power technology was for military and defence applications
and the output pulses were used to simulate bursts of radiation from exploding nuclear
weapons, an application which is beyond day-to-day requirements and involves great
amounts of electrical power (can be in the region of terraWatts [8]). Although the
foundations of pulsed power technology sit firmly within military applications and many of
the advances within pulsed power have arisen from military requirements technological
advances which have arisen in the decades since the development of the first pulsed power
systems within the world of pulsed power science and engineering have been driven by the
many wide-ranging applications within which pulsed power is now utilised beyond military
and defence applications. Some of the areas currently making use of pulsed power
technologies within their research include, but are not limited to; contributions in fusion

research [8], [9], medical applications [10]—-[14], agricultural applications such as water



treatment [15] and other industrial applications such as treatment of exhaust gases and
material processing [16], mineral processing and plasma channel drilling [17], [18] pulsed
electric treatment of liquids and microorganism suspensions for lysis and disinfection [19],
[20]. Within these applications and beyond it is noted that and that pulsed power is not and
was not intended to ever be an alternative to the traditional ac/DC power sources, instead
pulsed power is concerned with applications where power across a load must be pulsed or
where the system performs better should the applied power be pulsed instead of

continuous.

With a general overview of the many areas where pulsed power technologies are currently
employed and a broad definition that pulsed power can be described as ‘energy is stored
over a long period of time, compressed in time and then rapidly released’, it is necessary to
describe the key components of pulsed power systems which are fundamental to this
research project. There are two main ways in which the energy of a pulsed power system
can be stored; this energy can be stored either in an inductive element or within a
capacitive element. The energy densities available from inductive elements can be in the
region of 3-40 MJ/m?® compared to the 0.01-1 MJ/m> available from capacitive energy
storage elements [21], [22]. However where the energy storage elements found in a system
are inductive, plasma opening switches must be used rather than the plasma closing
switches which are used when the energy storage elements are capacitive. Pulsed power
systems employing inductive energy storage elements and the associated plasma opening
switches are outwith the scope of this research project and thus only the plasma closing
switches and systems making use of capacitive energy storage elements were considered

within this research project.

Key components of pulsed power systems based upon capacitive energy storage include a
single capacitor, C. This is charged by a DC voltage supply Vy¢ via a charging resistor, Rey,
before the switch SW closes and supplies the voltage pulse across some load. A schematic
of a simple pulsed power system which is based upon a capacitive method of energy

storage is shown within Figure 2-1



e

Figure 2-1 Schematic of a pulsed power system that makes use of a capacitive energy storage method.

A schematic of a pulsed power system is shown within Figure 2-1. The DC voltage supply,
Vpe, applies of the same polarity as the supply voltage across the load. The voltage is
applied across the load only when the capacitor discharges after the closure of the switch.
The switch closure occurs either under a self-breakdown condition or under a triggered

breakdown regime depending upon the nature of the switch.

If a voltage impulse is required to have a polarity that is the opposite polarity to the
charging voltage, this can be achieved by swapping the position of the capacitor and the
switch within Figure 2-1 so that the new circuit diagram would resemble that shown in

Figure 2-2.

®
W Load
Voo ——

Figure 2-2 Schematic of pulsed power system with capacitive energy storage method that will provide a
voltage impulse across the load that is the opposite polarity to the DC charging voltage.

During the discharge period, the DC power supply is decoupled from the load as the switch

is closed, effectively shorting the circuit to ground.



If experimentally constructing a circuit from the schematic of the pulsed power circuits as
shown within Figure 2-1 and Figure 2-2, the peak output voltage across the load will be
nominally equal to the input charging voltage (some voltage will be dropped across the
charging resistor). It is possible to achieve voltage multiplication by charging multiple
capacitors in parallel and then discharging them in series. Within some pulsed power
systems, the energy storage stage is also the voltage multiplication stage e.g. a Marx
generator. In a Marx generator an arrangement of capacitors are charged in parallel as

shown in Figure 2-3.

Ropuse

! :i | Owutput switch

Stage switch R,

Renarge

Figure 2-3 A schematic of a Marx Generator which shows the capacitors charging in parallel [23]

Once the capacitors have been charged, by causing the gas-filled switches to close
(initiating breakdown within the switches by either self-breakdown or triggered breakdown
mechanism), the capacitors are discharged in series which then gives a voltage nominally
equal to NxV across the load where N is the number of capacitor bank stages and V is the
voltage to which they were charged. Marx generators are typically cascading systems in
which once breakdown in the first gap the first gap has occurred, the second gap ‘sees’ a
voltage twice the normal voltage which initiates breakdown within the second gap etc. This
process rapidly flows down the entire stack of capacitor banks initiating breakdown in all

the gaps [24].

The voltage multiplication stage is incredibly important for achieving the high, peak output
voltages required for pulsed power applications. The switches used within the voltage
multiplication stage need to operate reliably at the early voltage multiplication stages in

order to erect the voltage pulses required in order for the rest of the system to operate.



Marx generators are used as primary energy drivers in large scale pulsed power systems,
such as the Z-accelerator (Sandia National Labs,), high-current generator developed in High
Current Electronics Institute (HCEI, Russia) used for Z-pinch research and the MAGPIE
facility at Imperial College London. Z-pinch research is essentially an array of exploding

wires orientated in the z-axis in order to produce intensive shock waves and plasmas.

Marx generators

11.4 MJ/1 ps Water transmission
Intermediate store lines:yMdiilians Insulator stack
capacitors 50 TW/3 MJ
Water pulse Magnetically-insulated
forming lines Transmission Lines

Figure 2-4 Sandia Z-accelerator [25]

Figure 2-5 High power pulsed system which has been developed at the Institute of High Current Electronics
[26]

The MAGPIE facility at Imperial College “consists of four 100 kV Marx banks which store a
total of 336 kJ, and generate an output voltage of 2.4 MV. Each Marx bank is connected to a
5 Ohm, 100 ns, water-filled transmission line and subsequently attached to a trigatron
switch. After the switches, the four lines join to a single, 1.25 Q water-filled transfer line”.
MAGPIE is used for Z-pinch research and generation of Megagauss magnetic fields. A

diagram of MAGPIE is shown in Figure 2-6 [27].



Figure 2-6 MAGPIE set-up from Imperial College London with the four 100kV Marx banks (in red) are shown.
Each is attached to a transmission line and each of the four transmission lines join to a single line in the
centre of the image.

Marx generators are of particular interest within this thesis as they can be used as the
primary charging device of many high-power nanosecond pulse generators as discussed by
Mesyats [5]. Within Chapter 8 of this investigation two computational models are
developed of a 12-stage Marx generator that factor in the dynamic characteristics of the
spark switches in order to investigate the output of the 12 stage Marx bank across some
load. The load in these computational models can easily be replaced by existing simulated
models containing details of the rest of the pulsed power system beyond the initial charging

stage where the Marx bank is situated.

2.2 Pulsed Power Switches

As mentioned within Section 2.1, the switches are a fundamental component of any pulsed
power system. Switches used within pulsed power applications can be broadly divided into
two main sub-categories depending upon whether the energy storage method is inductive
or capacitive, and these are opening switches or closing switches respectively. This project
is concerned with pulsed power systems where the method of energy storage makes use of
a capacitive storage element and thus plasma closing switches are utilised within the
experimental set-up. Naming conventions of pulsed power switches typically cover the
switches intended use within a system such as an opening or closing switch or more
specifically, switches will be named after some key aspect that describes one of their
working features e.g switches may be named after the method by which they are triggered

[24].
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There are many different types of plasma closing switch, but many of these are not of
interest within this research project, however, Burkes et al [28] provided a review of many
different switching types available within the pulsed power community such as thyratrons,
ignitrons, vacuum tubes, spark gaps, thyristors, transistors, mechanical switches,
superconducting switches etc. The performance parameters and working limitations of
each type of switch were presented and it was noted that the limitations of specific
switches should be considered dependent upon the application within which the switches
are to be used e.g. mechanical switches. Although conventional mechanical switches have
been used since the 1700s in experiments as a means of controlling the electrical current,
the rapid release of energy at the point of switching can result in switch failure due to
erosion, burning or welding open/together of switch parts, since high temperatures can be
produced from the high currents that flow [21]. Erosion and ultimate failure of the
mechanical switch(es) led to failure of the pulsed power system or damage to load
components, an undesirable and costly problem. For this reason, many pulsed power
applications use spark gap switches where the topology consists of two (or more)
electrodes separated by some distance and the space between the electrodes is filled with
a dielectric media. The working media within these switches, that is, the dielectric media
that fills the distance between the two electrodes is used to withstand the voltage applied

across the gap until a threshold value is reached, initiating breakdown.

The dielectric media utilised within pulsed power plasma closing switches can be gaseous,
liquid [29], [30], solid [31] or vacuum [32], [33] and the switches are filled with each (or in
the case of vacuum have an absence of any of these) dependent upon the required
application of the switch as each switch-filling media has different, desirable, properties.
Gases and liquids are considered to be ‘self-healing’ and can recover their previous
dielectric strength after breakdown when left for some period of time unlike solid
dielectrics which are eroded and break due to application of voltage across them (solid
insulation should be replaced between shots); liquid dielectrics are also preferred if heat
needs to be removed; solid dielectrics are preferred when mechanical forces are required
to be withstood and vacuum can be used as a dielectric for a wide range of triggering, rapid
recovery and low energy losses [32]. This investigative project is concerned solely with gas-
filled plasma closing switches and the performance characteristics of the switches when
different gases are used to fill the inter-electrode gap space. The different gases used

within the different switch topologies will be discussed within Section 2.5, for now, a
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discussion on some of the different switch topologies and triggering mechanisms commonly

used within pulsed power applications is presented.

2.2.1 Self-Breakdown Switches

The fundamental operation of all of the types of switches is transition from the insulation
state to the conductive state by application of a voltage across the inter-electrode gap. In a
self-breakdown switch, only two electrodes are utilised and are separated by a distance d.
A voltage is applied across the inter-electrode gap length and is increased until it reaches
the threshold of the dielectric media (the self-breakdown voltage) that occupies the space
between the electrodes and initiates a breakdown within the gap. The self-breakdown
voltage of the media that fills the space between the inter-electrode gap length, when the
topology of the electrodes creates a uniform electric field between the electrodes can be
given by Paschen’s Gas Breakdown Law which links the breakdown voltage, Vy, gas
pressure, p, and the inter-electrode distance, d, (V,, is a function of pxd), discussed within
Section 2.3. For non-uniform fields within the switch which can be created due to the
topology of the electrodes, Paschen’s law is not valid anymore, however conditions that
arise within non-uniform fields and which result in corona discharges can be used to
enhance parameters which have been shown to stabilise the switch performance in the

presence of a highly non-uniform field [34]-[36].

Three commonly used electrode topologies within self-breakdown switches used in pulsed
power and high voltage applications are sphere-sphere, plane-plane and point-plane
(sometimes referred to as cone-plane topology). The plane-plane topology is commonly
used when a uniform electric field is required as this particular design of electrodes gives an
(assumed) uniform electric field between the two electrodes where the only enhancement
of the electric field occurs at the corners of the electrodes. In practical applications where
parallel planes of infinite length are not achievable and therefore field enhancement may
occur at the edges of the parallel plates, a small radius can be introduced to eradicate
fringing effects and these electrode profiles are Rogowski profile electrodes [37]. Sphere-
sphere topology switches are commonly used [38]-[41] where investigations into the
breakdown voltage of gases are being investigated. Small regions where the electric field is
enhanced occur between the two spheres at the ‘tip’ of the spheres. Low erosion rates for

the electrodes are an advantage for both, plane-plane and the sphere-sphere electrode
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topology switches as well as being easier to fabricate than the point-plane electrode
configuration which requires precision in the radius of the point tip for calculating the

enhanced electric field around the point electrode.

For the point-plane electrodes, a highly non-uniform electric field exists between the
electrodes with the highest electric field existing at the tip of the point electrode. The
electric field rapidly reduces as the distance increases away from the tip of the point
electrode. Corona stabilisation can occur within the highly non-uniform field area of the
point-plane switches filled with electronegative gases i.e. the generation of space charge
which re-distributes the electric field within the inter-electrode gap space and in the case of
negative energisation of the high voltage electrode in air, negative space charge may result
in an increase in the breakdown voltage — corona stabilisation [42]. If multiple point
electrodes are utilised within a single switch, this can also promote multi-channelling to

reduce the overall inductance and control the rate at which current will flow through the

gap.

Each of the different self-breakdown switch topology designs described is presented

schematically within Figure 2-7.

Figure 2-7. Three different self-breakdown spark switch topologies (a) plane-plane (b) sphere-sphere and (c)
point-plane / cone-plane.

The electric field that exists between the electrodes in each of these configurations shown

in Figure 2-7 is often compared to a perfectly uniform electric field. For an ideal uniform
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electric field, as is the assumed case for the plane-plane electrode configuration, the value

of the electric field is calculated by:

(2.1)

o<

with E the electric field strength, V the voltage applied across the gap and d the inter-

electrode gap separation.

For the sphere-sphere topology electrode system (Fig 2-7b) the maximum electric field is

given by the following equation:

r+d} (2.2)

% (MV/cm)

Where V is the applied voltage (MV), d is electrode spacing (typically 3-7 cm for this

Equation) and r is the radius of the sphere (cm).
In the point-plane topology, the maximum field at the tip of the cone (Fig 2-7 c) is given by:

E - 2V (2.3)
e (4d)
rin| —
r

Where V is the applied voltage, r is the radius of the pointed electrode tip, d is the distance

between the pointed electrode tip and the plane electrode.

For topologies such as the sphere-sphere and point-plane topologies presented within
Figure 2-(b) and (c), the ratio of the peak electric field value to that of the uniform topology

field gives the field enhancement factor denoted by n:

_ Peak Electric Field (2.4)
= Uniform Electric Field

The uniform electric field value can be calculated using Equation (2.1).
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The operation of a self-breakdown closing switch involves increasing the voltage applied
across the inter-electrode gap distance beyond the threshold voltage of whichever media is
occupying the gap distance. Based on Pashen’s law, V,(pd), discussed in Section 2.3, it is
clear that there are only two ways to change the breakdown voltage of a self-breakdown

switch filled with a specific medium and they are:
1. Altering the inter-electrode gap length, d
2. Altering the gas pressure between the electrodes, p.

The altering of the inter-electrode gap length requires physical movement of the
electrodes, making self-breakdown switches more complex and less robust. For this reason,
typically the distance between the electrodes will be fixed and the gas pressure within the

switch will be raised or lowered in order to alter the breakdown voltage of the switch.

Self-breakdown switches are popular within many areas of pulsed power research and in
many applications due to being robust, reliable and cost-effective and most commonly the
inter-electrode gap space of plasma closing switches will be filled with either gas or a liquid
[5]. However, as self-breakdown switches as have been described are not triggered by an
external means there is not a high level of control over when breakdown will occur within
the switch. In practical applications, this high level of control is required over the operation
of the switches in order to reliably know that the switches are triggering at a specific time
and voltage within their system in order for later parts of the system to ‘see’ specific
voltages that they require to operate. In order to have some determination and control
over the time at which the breakdown within the switches will occur, which is important for

systems such as Marx generators, triggered switches are commonly used.

2.2.2 Triggered Switches

Spark gap switches are used within pulsed power applications due to their capabilities of
being able to operate with high voltages, high current capabilities, fast dV/dt, di/dt and fast

switching times with low jitter.

The switching time of a triggered switch is defined as the time required for the voltage

applied across the switch to drop from the charging voltage to the minimum value. This
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occurs as a thermalized breakdown channel develops across the inter-electrode gap length
and current flows across the switch. Jitter can be defined as the standard deviation of the
measured times taken for the voltage to drop from the nominal charging voltage to the
minimum value. This is sometimes referred to as 1-0 jitter which denotes that the jitter is
obtained to 1 standard deviation and has been used as an accepted definition of jitter in

the literature [43], [44].

Some switch designs have an external triggering mechanism which is utilised to initiate
breakdown between the electrodes and therefore closure of the switch. This section briefly
introduces and discusses a few of the more commonly used triggered switch designs found
within the pulsed power community, covering the benefits and limitations of particular

designs.

Field Distortion Triggering of spark switches is a simple yet effective method of triggering
spark gaps when highly consistent breakdown events (at time, inductance etc) are required.
The main electrodes within the switch are stressed with a voltage below the DC breakdown
voltage to ensure no self-breakdown will occur within the main inter-electrode gap. A
trigger impulse of opposite polarity to the applied DC stress voltage is applied to the mid-
plane electrode. It should also be noted that the impulse applied to the mid-plane
triggering electrode is not usually sufficient to initiate breakdown within the gap without

the DC stress voltage also being applied across the gap [45], [46].

The electric field between the triggering electrode and one of the main electrodes is
enhanced and initiates a discharge which then expands to form a full breakdown within the

gap between the main electrodes.
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Figure 2-8 Schematic of a Field Distortion triggered switch

The electrodes of a field distortion switch can be arranged as shown within Figure 2-8
although the ‘main’ electrodes can also be spherical ball bearings in place of the plane
electrodes. The mid-plane electrode where the external trigger impulse is applied is located
mid-way between the two main electrodes although for some applications this can be
moved closer to one of the main electrodes. The trigger electrode is placed along the
equipotential lines and when the DC stress voltage is applied across the main inter-
electrode gap but prior to the application of the trigger impulse, the trigger electrode does

not influence the electric field within the switch.

30 20 41

© rtmin)
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Figure 2-9 shows the electric field distribution within the field distortion switch after the application of a DC
stress voltage across the main inter-electrode gap (a) prior to the trigger voltage being applied to the trigger
electrode and (b) once the trigger impulse is applied to the mid-plane electrode [45] .

Figure 2-9(a) shows the electric field distribution within a field-distortion switch prior to the

trigger impulse being applied to the mid-plane electrode. It can be seen that the mid-plane
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electrode lies along the equipotential lines and that the electric field is not disturbed by the
mid-plane electrode. Figure 2-9(b) shows the distribution of the electric field within the
switch once the trigger impulse has been applied to the mid-plane electrode. It can clearly
be seen that the electric field is disturbed and enhanced in regions between the trigger
electrode and the upper electrode which will lead to breakdown in this region before
complete switch closure (which corresponds to a breakdown event across the main inter-

electrode gap length) [45].

J.C. Martin commented that the design of a field distortion gap, typically filled with gases
was incredibly simple to modify and is quoted noting “this form of construction is so simple

as to be positively moronic” [24].

In addition to being robust, simple to build and modify and reliable, field distortion switches
are commonly used within pulsed power applications due to their ability to operate over a

wide range of voltages (10s-100s kV) and with low jitter capabilities (ns) [47], [48].

If the edges of the triggering electrode are sharp, erosion can occur over the operational
lifetime of the switch which changes the geometry of the trigger electrode. Any changes to
the geometry of the triggering electrode can reduce the operational reliability, and so
minimising the erosion of the electrodes should also be considered when designing

switches [49].

Trigatrons are another of the commonly used plasma closing switches within industry.
Trigatrons typically have two electrodes separated by some distance d and are triggered by
some electrical signal applied to a third electrode which is inserted inside one of the other

two electrodes, as illustrated within Figure 2-10 [50].
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Figure 2-10 Schematic drawing of a trigatron spark gap [50]

Trigatrons are operated by having the two main electrodes applied with some voltage
across them which is less than the self-breakdown voltage level of the dielectric medium
filling the gap. By applying an impulse to the trigger electrode, breakdown is initiated
between the trigger electrode and the adjacent electrode which in turn develops into

breakdown within the main inter-electrode gap space between the two main electrodes.

Trigatrons are popular as they can be set to trigger from an external electrical signal, are
reliable and are simple in their design. Limitations of trigatrons and their usage include the
erosion of the trigger pin for high current applications and erosion of the trigger pin over
time can lead to changes in closure time and other defining triggering characteristics of the

switch [51].

Laser triggering is another common method of triggering within certain pulsed power
applications where very precise control over the breakdown of the switch is required
instead of allowing the switch to operate within the self-breakdown regime. There are
many different geometrical set-ups when triggering spark gas with lasers, however, they all
fundamentally operate on the basis that the laser pulse provides the initial stimulation to
initiate breakdown within the inter-electrode gap space. Guenther and Bettis [52] provided
schematics and an extensive discussion on the laser triggering of switches for use within
high voltage systems. The main advantages of triggering a spark gap with a laser is that it
allows for a high degree of control over the operation of the switch and the time when

breakdown will occur. Sandia’s Z accelerator is one large machine which requires very
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precise co-ordination of breakdown of the switches and as a result uses laser triggering for

many of their switches [25], [53], [54].

Laser triggered SFg filled switches can provide a low jitter, for example in paper [55] jitter of

1.2 ns has been reported, the switch was operated “at a SF6 pressure of 0.36 - 0.69 MPa”

In SFg filled switches, it is typically an ultraviolet pulsed laser which is used to initiate the
breakdown within the spark gap as this has been shown to improve the jitter (~1-10 ns for
laser triggerd switches at Sandia [56], [57] although this can be reduced to tens of ps [58])
and have smaller variations on delay time with varied applied voltages in the spark gaps.
One limitation of laser-triggered spark gaps however is that they are not ideal for
applications requiring high pulse repetition rates as they typically are only able to achieve
10 - 15 Hz [54], [57]. The most prohibitive reasons for not using laser triggering within
more pulsed power systems is the vast size that the laser system takes up and the cost

associated with purchasing the lasers.

Field distortion switches, trigatrons and laser triggered switches are probably the most
commonly used typed of triggered switches within industrial applications however other
exist too. It is worth discussing the advantages and limitations of the commonly used
triggered switch topologies within experimental set-ups as switches are typically chosen for
desirable performance characteristics e.g the switch which provides the lowest jitter may
not necessarily also capable of performing at high repetition rates or vice versa. Within the
research presented in this thesis a self-breakdown spark gap switch and a field-distortion
switch are used as these are the topologies used within the Marx bank of the MEVEX pulsed

power machine at AWE [59], [60].
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Figure 2-11 Field-distortion switch from AWE’s MEVEX pulsed power machine [59]

Within the voltage erection stage of AWE’s MEVEX pulsed power system, the Marx bank
employs 13 plasma closing switches, 2 ‘self-breakdown’ switches and 11 field-distortion
triggered switches. Figure 2-11(a) shows a schematic of the field-distortion switches that
are used within the MEVEX machine, Figure 2-11(b) is a photograph of a small number of
the actual switches and Figure 2-11(c) provides a diagram showing the Marx bank of the

MEVEX machine and the key components that make it up including the switches.

Commercially available plasma closing switches for pulsed power applications include
switches developed by the Institute of High Current in Tomsk (Russia), Kinetech Ltd USA

and Sandia National Laboratories (L-3 switch) USA. Figure 2-12 shows a picture of these
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three low inductive switches which can be, and are, used in linear transformer drivers

alongside schematics of their internal cross sections [3].

Figure 2-12 a photograph of three commercially available switches and underneath each, a schematic of their
internal cross sections. Picture is taken from [44].

These commercially available switches vary greatly in lifetime (number of breakdowns;
2000 for the HCEI switch to >7000 for the L3 switch), their jitter capabilities (~0.5ns - 1ns in
the L3 switch to ~2.2ns in the Kinetech switch) and other features such as delay in switching
time which would need to be considered for the application within which they are to be

used.
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2.3 Basic principles of Gas Breakdown

In all of the switches described above, the electrodes are separated from each other by a
distance d and the closure of the switch occurs when ‘breakdown’ is initiated across the
gap. Although solids and liquid dielectrics have desirable properties for certain switching
applications, this investigation deals solely with plasma closing switches which utilise
different gases as the dielectric media within the inter-electrode gap space. This section
aims to provide a detailed description of what is meant by “breakdown” specific to the

events that occur within gas-filled switches.

Breakdown in a gas, is the transition from a non-self-sustaining discharge a self-sustained
discharge. One of the main characteristics of breakdown in a gas-filled spark gap is the

presence of a voltage across the gap and the simultaneous flow of current through the gap.

There are several different classifications of gas discharges which are related to the
development of spark breakdown in practical plasma closing switches: Townsend
discharges (based on the development of electron avalanches), streamer discharges (fast
ionisation wave propagating in the gas) and corona discharges (incomplete discharges
formed in the areas where the electric field is higher than the value of the critical electric
field). The two main mechanisms for breakdown considered in the spark switches are
Townsend and streamer breakdown, both of which govern under different conditions [61].
The avalanche (Townsend) breakdown can be transformed into the streamer breakdowns if

specific conditions in the spark gap are met.

As with each of the switch designs described within Section 2.2 above, the spark gap
switches have electrodes separated by distance d (a cathode and anode separated by some
distance), a voltage applied across the gap and the gap is filled with a gas, a free electron
may be emitted from the cathode or it may originate somewhere within the gas that fills
the gap between cathode and anode. If the electron can gain sufficient energy from the
electric field present such that the electron energy is greater than the ionizing energy of the
gas molecules it will be capable of ejecting an electron from a molecule that it may collide
with. The new electron and the impacting electron are then accelerated by the field and

can cause further electron emissions — an electron avalanche is created.
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For Townsend breakdown it is considered that each electron that leaves the cathode will
produce a number of ionising collisions [e“d —1] where a is Townsend’s first ionisation

coefficient which is “the number of ionising collisions made by one electron per unit drift in
the direction of the field” and depends on the gas filling the gap [62] and d is the gap
length.

The total current that flows across the device can be given by:

|0e0‘d (2.5)

i)

where [ is the current flowing in the device, I, is the photoelectric current generated at the
cathode surface, y is known as Townsend’s second ionisation coefficient (and also depends
on the gas filling the gap) the number of secondary electrons produced by each positive ion

which hits the cathode.

When the voltage applied across the gap increases, and if there are no external ionisation
sources (i.e. [p—0 ) the discharge current, I, can flow through the discharge gap only if the

following condition (which is called Townsend breakdown condition) is met:

e —1)=1 (2:6)

This condition defines the breakdown voltage in electropositive gases. The high dielectric
strength of some gases is due to the affinity of free electrons to attach to neutral atoms or
molecules and in doing so, forming negative ions. Attachment within these ions represents
the effective way of removing electrons which would have led to breakdown at low
voltages and the gases where attachment is the key role are referred to as electronegative
gases [63]. For switching purposes, electronegative gases are typically used as their affinity
of free electrons to attach to neutral atoms means they can withstand applications of much

higher voltages, a desirable property for high voltage switching.

For highly electronegative gases such as SFs, CO, and O, which are highly attaching, the

Townsend current growth Equation (Equation 2.5) can be modified to Equation 2.7:
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where n is the number of attaching collisions made by one electron drifting one centimetre

in the direction of the field. Townsend’s breakdown criterion given by Equation 2.6 in [63]

can also be modified for electronegative gases and is given by:

(2.8)

1—{7 = e(“"’"‘—l}=0
a—-n

The range of operation for Townsend and streamer mechanisms depends on and can be
distinguished by the critical length of the avalanche discharge and the gap spacing. The
critical length of an avalanche is defined as the length at which the discharge of a single
avalanche can sufficiently distort (enhance) the electric field in front of the avalanche head
and thus the slow electronic avalanche (which propagates with the drift velocity of
electrons) can transform into a significantly faster moving ionisation wave (streamer). It is
established experimentally that the field ahead of the avalanche front is sufficiently strong
for formation of streamers if the avalanche head contains 10" — 10* electrons. Thus for
transformation of electronic avalanche into plasma streamer the following condition should

be satisfied:

08ei>(18-20) (2.9)

where €., is the critical length of the avalanche.

If the critical length of the electron avalanche, €., is greater than the length of the gap, d,
the electric field in the gap will not be distorted by the space charge of the avalanche and
thus only Townsend breakdown can occur. Conversely, if the critical length of the electron
avalanche is shorter than the gap space, the development of the avalanche may change

into a plasma streamer and this is what is also known as a streamer discharge [5].

The Townsend breakdown mechanism can be used to explain static breakdown in the gap,

with its transition to pulsed breakdown depending on the specific topological, electrical and
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thermodynamic conditions in the gas switch. Townsend’s breakdown depends on the
second ionisation process i.e. positive ions should have sufficient time to return back from
the anode to the cathode to generate secondary electrons by hitting the cathode. The
minimum transit time (time of ionic flight from the anode to the cathode) can be
introduced into the breakdown model and this time can be used to establish the electrical,
topological and thermodynamic conditions for different categories of discharges in spark

gaps: the Townsend (static) discharge and the impulsive (streamer) discharge.

This analysis was conducted in [64] and Figure 2-13 shows conditions for Townsend and
impulsive streamer discharges. The area along line 1 in the t*p- D*p diagram is attributed
to an area where the discharges do not have well defined characteristics to satisfy either
avalanche or impulsive streamer characteristics. The conditions above line 1 are where the
characteristics for static Townsend discharges are prevalent and anything below the line is

when the conditions define impulsive streamer discharges.
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Figure 2-13 tp vs D*p showing breakdown conditions for static or impulsive breakdown conditions
depending upon if the conditions fall above or below the boundary line indicated from [64]

The boundary Line 1 in Figure 2-13 allows the evaluation of the parameter ranges which are
required for the Townsend (static) mechanism of breakdown to occur. For the parameters

tp(dp) which describe the area above Line 1, the breakdown will be the Townsend static
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breakdown. For the parameters which are below Line 1 the breakdown can be impulsive

(streamer) breakdown.

This line is described by the following Equation:

E 0.53
pr >10Dp/(br(Dp)j
P (2.10)

where E,, is the breakdown field strength, p is the pressure in atm, D is the distance

between cathode and anode, tis the time of application of the voltage [64].

The main performance characteristics of a spark switch are characteristics such as the self-
breakdown voltage, the triggered breakdown voltage, voltage spread, jitter etc. The self-
breakdown voltage in a gas-filled switch is the maximum voltage that can be applied across

the gap before the gas ionizes and ultimately a current will be able to flow through the gap.

When electrons and ions in a gap filled with gas at pressure p are moving in a field E are
applied to calculate a and y, the breakdown voltage can be calculated as a function of pd,
the product of the pressure of the gas and the gap spacing using condition (2.3). This
Equation for the maximum voltage which can be withstood by the gas before breakdown,
will be initiated, referred to as the self-breakdown voltage, was derived by Paschen [65]

and relates the breakdown voltage of gases to the product pd and is given by:

Bpd

In(Apd)—In[In(LtijJ

where V,, is the breakdown voltage of the gas in V, p is the gas pressure in Pa, d is the

V,, = (2.11)

electrode separation in m y is the secondary Townsend emission coefficient which relates
the number of secondary electrons emitted per incident positive ion, and A and B are

experimentally determined constants.
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Figure 2-14 Paschen Breakdown Curves for Air, N, and SF; as measured by [66].

Figure 2-14 provides a graph showing Paschen breakdown curves for Air, N, and SFg and
clearly shows that on the right hand side of the Paschen minimum, the breakdown voltage
of SFgis higher than that of Air and N, and increases more rapidly as a function of pd than
both air and N,. The Paschen curves can be split into two distinct sections, the left hand
side (LHS) and the right hand side (RHS) around a minimum point on the curve which is
known as the Paschen minimum. The Paschen minimum represents the pd value at which

an electron avalanche will occur at the lowest voltage causing breakdown.

Paschen’s law derived within [65] and described by Equation 2.11, was strictly for ideally
uniform electric field conditions and the data that exists to date covers standard gases. The
number of gas mixture combinations are too numerous to be able to have Paschen curves
for every combination of gases in existence. This means that for any topology of electrode
where a perfectly uniform electric field does not exist, the prediction of self-breakdown
voltage of gases for which Paschen curves already exist may not hold true. However, it has
been shown that the breakdown curves V. (pd) in highly divergent electric fields in air
follows the Paschen’s law obtained for uniform electric field [67]. It has been stated by
Hogg et al. [67] that the breakdown voltages obtained in a point plane electrode topology

filled with air “closely follows the conventional Paschen’s law, and there is a strong scaling
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tendency for breakdown voltages in highly divergent electric fields which can be utilised in
the design of plasma closing switches and other component parts of compact high-voltage
systems”. Figure 2-15 shows the breakdown data obtained by Hogg et al in a point plane
configuration stressed with both positive and negative electric potential (open and closed

circles) and the classic Paschen’s breakdown curve obtained in the uniform electric field.

10 -

Voltage (kV)

pd (mm.MPa)

Figure 2-15 Experimental results obtained in [67] examining the breakdown voltage of air under the influence
of positive and negative electric potential (open and closed circles respectively) within a point-plane topology
switch in comparison to paschen breakdown curves where perfectly uniform field is assumed.

By showing the agreement of the breakdown voltage of air under highly non-uniform
conditions with ‘classic Paschen’ breakdown data, this allows for further work to be
conducted into investigating the breakdown voltage of gases or gas mixtures which have
not already been considered for use within switches and shows that a reasonable
estimation of the breakdown voltage can come from a switch topology where the electric

field within is not perfectly uniform.

Paschen’s law has also been shown to have limitations: when the inter-electrode gap
distance has been reduced significantly while gas pressure is held constant at around
0.1MPa [68]; or when the pd value is incredibly high, deviations from the predicted values
have been seen to occur [69]. This shows that if experimental conditions to determine the
self-breakdown voltage of a gas do not meet the perfectly uniform field conditions as

required by Paschen, it cannot reasonably be expected that Equation 2.11 will accurately
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describe or predict the self-breakdown voltage of the gas. Therefore, if another equation
can be suggested that more accurately described any trend in the behaviour of the self-
breakdown voltage as a function of pd under non-uniform conditions, this may provide a
better fit to experimental data than a classic Paschen curve for the same gas under

perfectly uniform electric field conditions.

2.4 Modelling of Transient Processes in Plasma Closing Switches

The interest in developing a computational model of switches such as plasma closing
switches can be considered as a method of changing operational parameters in order to
quickly investigate the influence on the output of currently employed systems or as a
means to aid development of new systems. While the idea of developing a computational
model that can accurately describe the performance of pulsed power systems seems
simplistic, the factors which must be considered and included within the model are
numerous and complex, such as providing an accurate representation of the time-varying
resistance and inductance of the plasma channel that forms during a breakdown event. This
is a particular area of interest as the resistance and inductance of the plasma channel
influence the operation of the pulsed power system and being able to computationally
model this will allow for optimisation of currently employed systems or development

before construction of any future systems.

For some approaches such as that presented within [70][71], the simplification made
whereby the resistance and inductance of the plasma are deemed to be time independent
allows for estimations of both the resistance and inductance values of the plasma as
constant values. It is also reported within this paper that typical values for inductance are
within the nH range and resistances on the order of an Q to mQ. Modelling plasma closing
switches in this way as simplified RLC circuits, as part of larger pulsed power systems such
as Marx banks, has been shown to produce results over long timescales (us) that are

comparable with experimentally obtained results [60][59][72].

It has been reported that the inductance can still be considered constant over time [33],
however, in practice the behaviour of the resistance of the plasma channel that forms

during a breakdown event is complex and does vary with time, which needs to be
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considered when developing a representative computational model. The change in plasma
resistance, however, is observed to drop from a high value pre-breakdown until it stabilises
to some lower, constant value during the conduction phase, when current is flowing
through the plasma channel. Being able to understand this behaviour allows for deeper
understanding of the energy dissipated within the switches and many studies have ir

suggested ways to describe the behaviour of the plasma resistance [73]-[81].

The starting point for all models to date within the literature aiming to estimate a plasma
channel resistance is the reasonable assumption that the resistance of a plasma channel is
directly related to the resistance due to the conductivity of the gas which is dependent
upon the mobility of charged particles within the gas. The simplest form of Ohm’s law,
where V=IR, considers only the case where the plasma resistance is a constant value. In
order to consider temporal conditions across the breakdown channel in a switch that

contain a non-constant time-dependent resistance, this would become V/(t)=I(t)R(t,l).

As breakdown develops within the inter-electrode gap length, the dynamics of the plasma
channel change in terms of the radius of the plasma channel expanding, temperature
increasing and pressure increasing and any model for the dynamic plasma resistance should
include coefficients to consider these factors in order to increase the accuracy of the
model. Within the established literature where models have attempted to describe the

behaviour of the plasma resistance, R, two main approaches have been taken:

e The resistance, R, is proportional to the inverse of the current, j, to the power, n:

R oc% (2.10)
|

pl

e Orthe resistance is proportional to the inverse of the integral of the current i:

R, o i (2.11)

P! j idt

Both of these approaches cover the first quarter of the current oscillation, or when the
plasma resistance goes from its open circuit resistance value (maximum resistance) to its

minimum value as the current flow through the plasma reaches its maximum value. An
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approach, using a hydrodynamic model suggested by Braginskii [82], for estimating the
radius of the plasma channel has been shown by Maas [29], to correspond closely to

experimental results.

The different methods of describing the resistance of plasma that have been presented
within the literature such as those mentioned by Rompe and Weizel [79], Toepler [81],
Vlastos [73], Barannik [74], Kushner [75] and Popovic [78] are based on the main physical
mechanisms of breakdown such as the energy balance equation and satisfaction of the
principles of thermodynamics but where they all differ is in the phenomenological
constant(s) used to fit to analytical data sets under set experimental conditions. Each of
these presented methods have been derived under sets of assumptions or manipulated or
normalised in order to align with resistances curves which may have been obtained under

different sets of experimental conditions.

Topeler’s suggested equation, Equation 2.12, to describe the plasma resistance proposed
[81] as an inverse to the integral of the current flow through the plasma channel was
derived empirically from experimental data.

Cl
R,(t)= ji(ljt (2.12)

where: R,(t) is the dynamic plasma resistance [Q], C; is a proportionality constant that
depends upon the gas, | is the plasma channel length [m] and i is the current [A].
The experimental data used to obtain Toepler’s expression for the plasma resistance made
use of a plasma channel 9mm — 10mm in length and using air at a pressure of P, = 10° Pa.
Toepler’s Equation includes a constant of proportionality which will change dependent
upon the gas in which the plasma forms, however no suggestions are made by the author

within the paper as to values for this constant.

Another suggestion as to an Equation which can describe the dynamic plasma resistance

during a breakdown event was presented by Vlastos [84] as in Equation 2.13:

2
C
Ry() =" (2.13)

1laé
(ji7at)’*
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where each of the symbols have same meaning as previously used within Equation (2.12)
and a is the plasma channel radius (m). The experimental conditions from which this
expression for the plasma resistance was obtained were that the length of the plasma
channel was 130mm and under exploding wire restrike conditions. Exploding wire restrike
conditions are a method of creating long plasma channels up to 9m in length by applying
high power impulses to a thin copper wire allowing a column of plasma to form along the
axis of the wire [73], [85]. In addition to the fixed experimental conditions, the author made
assumptions about the arc channel such as no radiative or thermal losses. The conductivity
of the plasma channel was assumed using Spitzer's conductivity and related to the

T2, The Spitzer conductivity and the temperature dependence are

temperature by o «
discussed within Chapter 7 of this thesis when the Spitzer model of conductivity is used to
extract a value of conductivity of the plasma from temperature measurements obtained

through optical emission spectroscopy.

Popovic et al provided another expression for estimating the plasma resistance, given by
Equation 2.14 and is derived empirically from experimental data and presented as another

dependence upon the inverse integral of the current flowing through the channel [78].

c

R, ()= (2.14)
" ]

The symbols in the expression above have the same meanings as within the previously
presented equations and n is a constant. The test conditions used to derive this expression
made use of a channel length of 0.02m, gas pressure of 0.5 x 10° Pa, a unipolar pulse and
for different gases (air, CO,, O,, Ar and Xenon (Xe)). Within the investigation a constant n =

0.33 is suggested.

The following three suggested models by Rompe and Weizel, Barannik and Braginskii all
have all been derived from the energy balance equation and, in a manner similar to those
proposed and described already, suggest that the resistance of the plasma channel has a
relationship that is inversely proportional to the integral of the current flow through the
breakdown channel. Derived from hydrodynamic equations, the energy balance equation

can be expressed as:
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2
where i, @ and | are as previously defined, U is the energy of the channel per unit length
[J/m], p is the pressure of the shock front [Pa], and o is the conductivity of the plasma
[1/Q.m]. The energy balance equation has been used as a basis for the plasma resistance
equation suggested by Rome and Weizel in 1944, Barannik et al in 1975 and Braginskii in
1958.

The Equation for plasma resistance suggested by Rompe and Weizel [79] derived from the

energy balance Equation is given as:

2

R, ()= _R (2.16)
" 2c, [itdt

where the symbols all have the same meanings as previously stated and P, is the initial gas
pressure (Pa). Within the Rompe and Weizel paper [79] some the pressure reported was for
P,=1.6x10°Pa and the gap separation was reported as | <0.035 m. Thermal and radiative
losses have been neglected within this model as well as any consideration of effects due to
the arc radius, however this proposed method has been confirmed experimentally by

Mesyats [86].

Barannik et al proposed model for estimating the resistance of a plasma channel also has
proportionality dependent upon the inverse integral of the current flow and is derived from
Equation (2.15) the energy balance equation. Barannik et al proposed the following

expression for the resistance of the plasma channel [74]:

_ Cllpo%
j it

R,(t) (2.17)

and again, each of the symbols have the same definitions as previously outlined within the
other possible plasma resistance equations with the addition of p, being the gas density
(kg/m?3). Barannik’s proposed model is suggested to fit with experimental results for current
values of j < 10kA, pressures P, < 12x10°Pa, | < 0.4m and for air, SFs and N, gas. The

assumptions and conditions included by Barannik et al within the paper are those of no
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radiative or thermal losses in the model and that neither the conductivity or the

temperature of the plasma change with time.

Braginskii’'s hydrodynamic model based on the energy balance equation, Equation (2.15),

gives the radius of the breakdown channel as a function of time and current:

%
aZ(t):(LJ ji%dt (um) (2.18)

7° pobo

with : a(t) the radius of the plasma channel [um], i is the current [A], po is the initial gas
density [kg/m®], € is a constant associated with the gas, o is the conductivity of plasma
[1/Q.m] and t is the time [s]. Braginskii’'s model is based on the physical processes which
occur within the gas i.e. the electrical energy which is deposited into the channel increases
the internal energy of the plasma and the work associated with expanding the radius of the
plasma channel. The radius of the plasma channel has been described be Equation 2.18 as a
time dependent parameter which must also satisfy the energy balance equation given by

Equation 2.15.

Thus in the framework of Braginskii’s proposed model, the expression for the resistance of

a plasma channel is given by:
Ry(t)=—— (2.19)

where each of the symbols are as previously defined. The expression for the radius of the
plasma channel a(t) is given by Braginskii as in Equation (2.18) and is a function of the gas
density, conductivity and a constant which depends upon the gas type. Braginskii’s work
[82] only gave values for the constant for hydrogen (£=4.5) , however Martin [87] provided

a value for other gases, also £=4.5, which is discussed further within Chapter 8 of this thesis.

Each of these models for estimating the resistance of the plasma channel presented thus
far has proposed that the resistance is proportional to the inverse integral of the current.
Some investigations though, such as that undertaken by Kushner et al [75] propose a
dependence of the plasma resistance upon an inverse exponent of the current. The

expression for the resistance of the plasma channel given by Kushner et al is:

35



p3 5
R, (t)= Cll{ﬁ} (2.20)

where the coefficients are the same as previously defined in Equations (2.12-2.19). The
experimental constraints given by Kushner et al were for |< 0.012m, gas pressure
P,=0.5%x10’ Pa and current density of j:ZX1O4MA/m2. The gases used within [75] were H,,
N,, SFs, CH,, Xe.

A review and comparison of many of these plasma resistance Equations has been presented
by Engel et al [80]. The authors provide details of the assumptions made by each author

within their respective studies, which have been outlined within this section, as well as
providing recommendations for the value of C,, the proportionality constant which
appears in all of the above suggested expressions for the plasma resistance. Where no
value for the constant was provided by the author within the original research paper Engel
et al have suggested suitable values to fit with data, however, it should be noted that
values for C, presented were all normalised for gas pressure P, = 0.85x10° Pa and where
more than one value for C, is reported, these values have been obtained dependent upon

which expression for the radius of the plasma channel has been used by the author within

their original investigation.

Table 2-1 shows the values of the constant(s) of proportionality suggested by Engel et al for
each of the author’s papers where an equation to describe the resistance of the plasma

channel that forms during a breakdown has been suggested. Values for the constant of
proportionality C, are given for a normalised gas pressure to account for differences in
experimental test conditions in some of the papers. It can clearly been seen that there is a

wide range of values (across orders of magnitude) of which C, can take.
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Table 2-1 Values for C the constant(s) of proportionality suggested by Engel et al for each of the proposed
methods of describing the plasma resistance outlined

Reference Normalised Constant, C,
Barannik [74] G, =1.7x10°
Kushner [75] C,=24.7

C;=191
Popovic [78] C, =30(for n=0.33)
Rompe and Weizel [79] C,=9.7
Toepler [81] C,=4.5x102
Viastos [84] C, =876
C,=1003

Many of the proposed equations to describe the temporal behaviour of the plasma
resistance over time which have been discussed have proportionality constants attached to
them which have been extracted under specific experimental conditions. It can therefore
reasonably be assumed that any value of plasma resistance obtained using these equations

will only hold true provided identical experimental conditions are going to be replicated.

Within Chapter 8 of this thesis, two computational models of 12-stage Marx bank systems
are developed. For the dynamic resistance model, the Braginskii expression for plasma
resistance as given by Equation (2.19) is utilised. Braginskii’'s equation for the plasma
resistance was chosen as this was developed from the energy balance equation, includes
the expression for a changing radius of plasma channel with time, given by Equation (2.18),
and was not dependent upon specific experimental conditions in order to derive this
expression. By using Braginskii’s expression for the resistance of a plasma channel, this also
allowed for more user input in order to determine the model’s sensitivity to changing
physical parameters (e.g the conductivity of the gas) and is comprehensively outlined

within Chapter 8.
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2.5 Insulating Gases used in Pulsed Power Switches

As already outlined briefly in Section 2.2, gases are typically used as the insulation medium
within pulsed power switches due to their dielectric strength, ability to recover their
dielectric strength after a discharge event, rate at which they can recover their dielectric
strength and cost amongst other reasons. From an review of available literature [88]-[92] it
has been seen gases used within spark gap switches of pulsed power devices include; Air,
SFe, CO,, N,, Helium (He), hydrogen (H,), argon and many mixtures of gases such as SFs-CO,,

SFG'Air and SFG-Nz.

Gases can be split into two broad categories dependent upon their ability to attract
electrons and to form stable negative ions (electronegative gases) or to be ionised by
electron impact with formation of positive ions (electropositive gases). Generally speaking,
the more electronegative a gas is, the higher the breakdown voltage of that gas will be due
to the attachment of electrons and the formation of negative space charge — thus the highly

electronegative gases tend to have higher dielectric strengths than electropositive gases.

Table 2-2 Dielectric Strength of the gases used within this investigation. Table created with data taken from

[93]
Gas Dielectric Strength Electron Attaching
(relative to air)
Air 1 Weakly attaching
N, 1.15 Weakly attaching
Cco, 0.95 Weakly Attaching
SFe 3 Strongly Attaching
Ar 0.2 Non-attaching

Each of the gases provides different advantages to the application within which it is used
e.g. air and SFg can provide high voltage hold-off capabilities under pressure, argon has
been shown to promote multi-channelling [94] which reduces the inductance of the switch

and can reduce the electrode erosion [6], [95]. He, neon (Ne) and Ar have also been
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reportedly used to provide faster switching times [96], [97]. The most important factors for
switching can include; the voltage hold off capability, the recovery rate (for high repetition
rate switching capabilities) or any other experimentally determined characteristic which

should be suitable for the application within which the switch will be used.

Many of the gases used within pulsed power switching have had environmental concerns
attached to them and within recent years under climate change regulations have had their
usage tightly bound under strict conditions [98], [99]. The most commonly used gas as an
insulating media within the switches of many pulsed power systems is SFg [8], [59], [60],
[100] and the aim of this project was to suggest an alternative to SF¢ that can be used

within the switches of pulsed power systems.

2.5.1 SF¢as an Insulating gas

SF¢is a man-made gas which was first made commercially available in 1947 [101] and, due
to its high dielectric strength, it has become the most commonly used gas within pulsed
power systems. SF¢ has a dielectric strength approximately 2.5-3 times higher than the
dielectric (breakdown) strength of air and as a result can withstand voltages approximately
three times larger than air under DC conditions [102]—[105]. Literature has reported that
pressurised SFs can withstand pulsed voltages within the range of 10 kV-5MV for single shot
applications, [106]. This high dielectric strength achieved by SFgis able to almost fully self-

recover.

Degradation of SF; does occur over time and as the number of breakdown events increases

and therefore the gas must be replaced periodically to maintain the full dielectric strength.

Under pulsed voltage conditions and when under pressure, it is reported within the
literature that SFs at ~0.8MPa (absolute) the field gradient can reach as high as 1MV/cm
[24]. In addition to the desirable switching properties of SF; due to its high dielectric
strength, is also considered to be chemically inert, non-flammable, non-explosive, thermally

stable and non-toxic [107], [108].

Despite these desirable switching properties including non-toxicity, it has been reported

[109] that under the influence of:
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i. Partial corona discharges

ii.  Spark discharges or switching operations
iii.  Switching arcs and power circuit breakers
iv. Failure arcs due to insulation breakdown

the decomposition of SFg can occur and the by-products that remain after any of these
events are considered to be toxic and hazardous to human health and the environment

[98].

Using SFs within high voltage switches has been reported to enhance electrode erosion
which reduces the lifetime of the device [110]. A reduced lifetime of devices means that
they will need replaced more frequently, requiring money to be spent on replacing the
electrodes and money lost due to associated system down-time. In addition to the cost of
periodic replacing of the electrodes due to the degradation caused by SFs the cost of
obtaining SFs has substantially increased since it was first made commercially available. It
has been found from the literature [111] that from 1960 — 1994 the cost of SF; remained
constant at ~ $3/lb, by 1997 this had increased to $12 - $S37/lb and in 2017 to purchase SFg
the cost is ~$35 - $60/Ib [112], around 20 times the cost that it was even in 1994. This
increase in cost, while possibly due to demand is more likely due to the restrictions now in

place on the usage and emissions of SFs.

The Kyoto protocol in 1997 [98], the Doha amendment [113] and the Paris agreement [114]
were made by global leaders to discuss the problems faced in tacking climate change as a
result of global warming and the depletion of the ozone layer due to the emission of gases
from industrial applications. As a result of the initial summit held in Kyoto, restrictions on
the usage and emissions into the atmosphere of hydrofluorocarbon gases (HFCs),
perfluorocarbons (PFCs), N,O, CO, and SF; amongst others were agreed to by the European
Community and 37 other industrialised countries. The Doha amendment and the Paris
agreement are a second phase and more recent update to the initial Kyoto protocol
respectively and the industrial communities where the gases that are the main consumers
of these ‘restricted gases’ are being asked to further reduce their consumption or remove

the requirement for them entirely.
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2.5.2 Alternatives to SFs already considered

As an initial step towards removing SFs from pulsed power systems, research was
conducted into using mixtures of SF; with other gases and comparing the performance of
these gases within pulsed power systems to the conventional systems that are filled with
pure SFe. The work was carried out with the intentions of seeing if by reducing the amount
of SFg within the systems by combining it with some other, environmentally friendlier gas, it
would be possible to retain the performance characteristics of the SF¢ filled switches.
Smaller percentages of SFg would ultimately reduce environmental impacts as well as
running costs. Environmentally friendlier gases such as N, air, CO,, Ar and He have all been
mixed with SFg [88], [90], [115]-[120] and compared under identical experimental

conditions to pure SF.

The idea of mixing SFs with other gases, while reducing the amount of SFg required within
pulsed power systems and reducing the impact on the environment, does not entirely
provide a solution to the problem posed of finding “an alternative to SF¢”. An alternative
gas to SFg to use within the switches of the pulsed power systems would require that the
switches, when filled with this potential alternative, perform identically, or even in some
areas, such as the voltage hold-off capabilities, dV/dt or current handling capabilities,
improved performance may be desirable. Under identical experimental test conditions for
various applications, gases have been considered as potentials to replace SF¢ entirely within
switches [47], [111], [121]. Some of the gases which have been considered as potentials for
replacing SF¢ within power and pulsed power systems have included CFil [93], [122], [123],
CF,4, C5Fg and CF,Cl, [121]. Gases such as CsFs and CF, and have shown comparable or higher
dielectric strengths when compared under similar test conditions and thus have been
suggested as possible alternatives to SF; Some of which are shown in Table 2-3. These
gases would provide a suitable alternative to SFsunder certain conditions if the request was
to simply seek out alternative gases that would provide a dielectric strength comparable to,

or better than that of SFe.
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Table 2-3 from [124] comparing properties of different gases including the dielectric strength (relative to SF¢),
the atmospheric lifetime and the global warming potential.

Chemical formula c-C,Fy 1-C3F¢ CsFg C,Fg N, CO, CE4 SFe
. Perfluorocy | Perfluoropr | Perfluoropr | Perfluoroeth . Carbon Perfluorome Sulfur
Chemical name , Nitrogen S .
clobutane opylene opane ane dioxide thane hexafluoride
Molecular weight 200.04 138.02 150.0 138.01 28.01 44.01 88.05 146.06
rier| ko [ rrr TR R
Molecular structure | p L Lo F” \C’C\F F-C-C-C-F F*({ *(;'*F N=N 0=C=0 F*(I'* F 1:‘\?(]_3
FF FF FEFE F F F F
Dielectric strength 0.97. 0.78, 0.4.0.39-
£ o) 2. 34.043 11.0.3
(vs. SFg) 1.27 0.92-1.0 040-112 | 0.67-090 0.34-0.43 0.32-0.37 0. 1.0
Liquefaction -5.99 -29.6 -36.7 -78.1 -195.8 -78.5 -128 -63.8
temperature in °C
WP 100year 10.300 100 8.830 12200 0 1 6.500 22.800
(vs. SF gas) (45%) (0.44%) (39%) (54%) (0.0044%) (29%) (100%)
[mospheric 3200 10 2.600 10.000 - - 100,000 3.200
ifetime (years)
Price per gas
pressure. vs. SFg 9.1 3.1 1.8 25 0.003 0.02 1.1 1.0
(p.u. / MPa., SF). (99.5%) (99.5%) (99.9%) (99.99%) (99.99%) 99) (99.999) (99.99)
gas purity

Many of the suggested gases found by the authors to have dielectric properties greater
than (or comparable to) SFs are also considered to be greenhouse gases with global
warming potential (GWPs) of ~7000-8000, seen in Table 2-3 and [98], [113] which are also
restricted under the Montreal Protocol which governs the substances that deplete the

ozone layer [125].

Two of the gases investigated of interest within recent years for possible use within high
voltage applications are HFO1234ze and CFil. HFO1234ze has a GWP of 6 compared to SF¢'s
GWP of 22,800 meaning that while it still has a more negative impact on the environment
than CO, (GWP = 1 and the reference from which all other GWPs are measured), it is
remarkably less impacting on global warming than SF. It has previously only been used as a
refrigerant gas although now it is being looked at for its potential as an insulation gas and
its breakdown properties are currently being studied [126]. CF;l has been a gas with
considerable research conducted on it as a potential replacement for SFg within the power
industry such as switchgear and gas insulated systems [93], [122], [123], [127], [128] and
has shown a dielectric strength 1.2 times greater than that of SF¢ and is considered slightly
toxic. Studies into the by-products of CF;l after high voltage discharges have occurred
within the gas have shown that CF;l also produces harmful and toxic by-products [129] or
non-toxic by-products such as C,Fs which has a global warming potential of ~6200 and is

also a listed gas of concern under the Kyoto protocol [98].
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Gases such as air and N, have been used within spark switches [47], [66], [102], [103],
[130]-[133] although in order to be able to replicate the performance of the conventional
SFe-filled switches in terms of voltage hold-off capabilities, runtime, jitter (in the case of
triggered switches), dV/dt, di/dt and other key operational characteristics that are required
when considering any gas as a replacement for SFg, the pressure required of these gases

often has to be substantially higher due to their lower dielectric strength.

2.6 Conclusions

This chapter has provided a discussion on the basic principles of pulsed power and how it
has developed from technologies used predominantly within defence applications into
wide-reaching, applications which are utilised on a daily basis across the globe. A brief
description of the set-up of a pulsed power system which utilises a capacitive method of
energy storage has been provided and an in-depth look at different kinds of plasma closing
switches used in different areas of pulsed power research for different applications is given

and the differences between these alongside the operational limitations are discussed.

An overview of the mechanisms of gas breakdown, which are the mechanisms that occurs
within the plasma closing switches during operation, is provided covering Townsend and
streamer discharges and Paschen’s law. Limitations of Paschen’s law are discussed in detail
as are suggestions of equations to predict the self-breakdown voltage for non-standard
gases and gas mixtures at specified inter-electrode gap distances and gas pressures are

investigated within this thesis.

A comparison of methods describing the time-dependent resistance of the plasma channel
that forms during a breakdown event is presented alongside the experimental restrictions
and any assumptions made by the author in extracting the expression for the resistance.
Being able to accurately describe and computationally model the time-dependent plasma
resistance is of huge importance within the pulsed power research community as this can
lead to the development of models of larger pulsed power systems which are accurate and
can allow for optimisation of current systems or aid the development of future systems.

This thesis presents a PSpice simulation of a 12 stage Marx generator which includes at
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each switch stage, an expression for the time-dependent resistance, thus, a comparison of

models from literature was conducted.

Finally, as this thesis will predominantly focus on the operational characteristics of plasma
closing switches when filled with different gases a review of the gases which are
conventionally used within research and industry was presented. The most commonly used
gas within the switches of pulsed power systems is SFg and so a discussion on SFg, the
advantages and what makes it the gas of choice is presented. The disadvantages of SFg
usage being the growing environmental concern have led to a desire to remove this gas
entirely from any and all applications where it is currently utilised. The research into finding
a suitable replacement gas for SFgis not a new topic and a brief review of the alternative

gases which have been suggested to date is given.

Within this thesis, the experimental chapters provide a discussion on some of the
operational characteristics of two commonly used plasma closing switch topologies used
within industry when filled with different environmentally friendly gases. The
self-breakdown voltages of 6 different gases are compared within a self-breakdown switch
with a sphere-sphere topology. A field-distortion triggered switch was also filled with each
of the different gases and breakdown initiated under the influence of two different trigger
impulses, in order to compare the time to breakdown and jitter of the switch. During the
breakdown events conducted within the self-breakdown switch, the light emissions were
obtained and analysed and characteristics of the plasma channel, such as the temperature
of the plasma and conductivity of the plasma, are extracted. Post-breakdown current
waveforms were also obtained and analysed to extract values of total resistance and
inductance of the plasma channel. From the experimental work conducted and the values
extracted and measured, two models of plasma closing switches are developed within the
computational software PSpice, one assuming constant resistance over time and one

including temporal changes of the resistance.
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Chapter 3. Characterisation of a Self-Breakdown Spark Gap
Switch

A key component of any pulsed power system that plays a large role in the reliability and
repeatability of the output pulse(s) formed is the switch or switches. The design of the
switches in this investigation have been based upon the dimensions and topology of the
switches used within the MEVEX Marx generator at AWE which was going through a period
of regeneration and upgrade at the time of this study [59], [60]. The aim of this Chapter is
to investigate the breakdown characteristics of spark gap switches when filled with
different gases which can be used as alternative to SFg, therefore a switch with topology
similar to the original MEVEX switch should be designed, filled with any alterative gas and

its operational characteristics should be established.

This chapter discusses a sphere-sphere, self-breakdown spark gap switch topology, which is
based on the ‘half-gap’ switches used in the Marx generator of AWE’s MEVEX machine [59],
[60]. In this Chapter six different gases; air, N,, 60%/40% N,/O, mixture, CO,, 90%/10%
Ar/O, mixture and SFg and self-breakdown voltages were recorded for a variety of inter-
electrode gap spaces and gas pressures within the switch. In each test 20 breakdown
events for each combination of gas, gap space and gas pressure were conducted and the
mean self-breakdown voltage as well as its standard deviation, were obtained, presented

and discussed in this Chapter.

Some of the results obtained in Chapter 3, i.e. breakdown characteristics of a sphere-
sphere self-breakdown plasma closing switch when filled with different gases, have
previously been published [39]-[41]. It is shown that, in terms of voltage hold-off
capabilities, for environmentally friendly gases, such as air, N, and a mixture of 60%/40%
N./O,, there are some conditions, such as elevated pressures or longer gap spaces which
would provide similar levels of self-breakdown voltages to conventional SF¢-filled switches
but however these gases have lower voltage spread and are thus more reliable and stable
during breakdown operation. Another advantage to using these gases is shown in terms of

the spread of breakdown voltage, which is observed to be much narrower for the
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environmentally friendlier gases than for SF¢ or CO, and in all cases was seen to decrease as

both gas pressure and gap space increased.

3.1 Design and Development of Self-breakdown Switch

In order to design a self-breakdown, sphere-sphere topology spark gap switch, the electric
field in this topology was modeled within the electrostatic software package QuickField
before construction took place. Performing an electrostatic simulation of the proposed
design of the switch allowed for analysis of the field distribution between the upper (high
voltage) and lower (grounded) spherical electrodes. The proposed switch body is
axisymmetric: it is a glass reinforced tube which is 60mm in diameter; the electrodes were
made of 16mm diameter brass spheres, and can be separated by a maximum distance of

9mm.
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Figure 3-1(a) Schematic diagram of the self-breakdown switch with the key dimensions of the proposed
design for the switch. Figure 3-1(b) the QuickField simulation result of the electric field within the proposed
switch design under normal operational conditions. Figure 3-1(c) shows the strength of the electric field
between the upper (HV) electrode and the lower (grounded) electrode when 1kV, 5kV, 10kV and 20kV DC
voltage is applied to the upper electrode.

The computational model which was run simulated the electrostatic field distribution in the
switch under normal conditions before breakdown. The space between the spherical
electrodes would be set to the desired inter-electrode gap length and the gap space filled
with a dielectric (gas) of known permittivity. The lower of the two spherical electrodes
would be grounded throughout experimental conditions while voltage would be applied to

the upper electrode, increasing until breakdown occurs. The results of this electrostatic
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modelling are presented within Figure 3-1. This field distribution is produced when two
simulated, 16mm diameter spherical brass electrodes are separated by 9mm and the inter-
electrode gap space is filled with air, =1 . The results of the Quickfield simulation of the
electric field are shown in Figure 3-1(b) and show that the proposed switch design, when
operating under the desired conditions would provide, as expected, the peak value of the
electric field directly between the spherical electrodes with no unwanted field
enhancements occurring elsewhere within the switch body under normal operational
conditions. Figure 3-1(c) presents a graph comparing the magnitude of the electric field
strength in the region directly between the upper and lower spherical electrodes for
increasing applied voltage to the upper electrode (simulating the increasing voltage
required to initiate breakdown within a 9mm gap as the gas pressure increases) and it can
clearly be seen that as the voltage applied to the upper electrode increases (corresponding
to the increase in breakdown voltage required for closure due to the increase in gas
pressure), the electric field will increase. This is in line with analytical results predicted by

Equation (2.2) for the maximum electric field in the sphere-sphere topology.

It was from this simulation model with specified dimensions that the physical switch was
designed and constructed. Figure 3-1 shown the cross-section of the practical switch which
was used to study the self-breakdown characteristics of different gases. Figure 3-2 is a
photograph of the self-breakdown switch which has been constructed from the dimensions

and schematic provided in Figure 3-1(a).
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Figure 3-2 Photograph of the constructed self-breakdown switch

The body of the practical switch was constructed from a solid glass-reinforced nylon (GRN),
rod. The switch body has 102mm external diameter/60 mm internal diameter and is 90mm

in height (65mm main body plus 15mm lid).

The spherical electrodes within the test cell are machined brass spheres 16mm in diameter,
mounted onto a 3mm diameter brass rod. The lower spherical electrode is held in a fixed
position throughout the experimental procedure and thus the inter-electrode gap space
within the switch is altered by movement of the upper electrode. This alteration of inter-
electrode gap space is achieved by rotating the knob attached to the shaft and upper
electrode pointed out in the diagram in Fig 3-2. Each 360° rotation of the knob corresponds

to a vertical adjustment of Imm within the switch.

Within the body of the test-cell, a 25mm diameter quartz window was mounted to allow
for analysis of optical emissions during breakdown events, for evaluation of plasma
temperature, which is discussed in Chapter 6. A 6mm push-in gas connection is also
mounted into the side of the test cell for evacuating gas, filling the switch and monitoring

the gas pressure within the test-cell before, during and between experiments.

One other design requirement of the spark gap switch was that it should be able to

withstand pressures of up to 0.5MPa absolute. The lid of the test-cell is held in place by
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eight nylon bolts and o-rings have been placed at each point within the test-cell where
connections are fit together to ensure the switch can be pressurised and hold gas pressure

over the length of time required to conduct experiments.

3.2 Experimental Setup and Methodology

The experimental requirements of the desired test-set were that once the inter-electrode
gap space had been set and the test-cell filled with gas to the desired pressure, there
should be continual monitoring of the voltage being applied across the inter-electrode gap

until the point where a breakdown event was seen to occur.

Self-breakdown voltage and the voltage hold-off capabilities for six different gases were to

be tested for each combination of:

e Gas
o Air (BOC bottled, 12% relative humidity)
o N, (99.9% N,, BOC Ltd)
o 60% N, +40% O, (BOC Ltd)
o 90% Ar + 10% O, (BOC Ltd)
o CO,(BOCLtd)
o SF¢(BOC Ltd)
e Inter-electrode gap space
o 1Imm-9mm
e Gas pressure

o 0.1MPa—0.4MPa

A ‘zero point’ for determining the inter-electrode gap space was defined as the point when
the upper and lower spherical electrodes were in contact creating a short circuit across the
switch. It is from this point that the inter-electrode gap space is determined as each full
rotation of the knob equates to a 1mm vertical displacement of the upper electrode inside
the switch. The gap between spherical electrodes was ‘set’ to the required distance before

the gas within the switch was changed.

In dealing with gas-filled switches, adequate gas safety and gas handling must be

undertaken. A gas distribution board was set-up for the process of evacuating then refilling
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the test-cell with the different gases. A digital pressure gauge, manual valves with 6mm gas
tubing that connect the test cell to the gas cylinders, vacuum pump and gas exhaust pipes

were all connected via the gas board.

A Glassman high voltage DC power supply was used to apply DC voltage to the upper
electrode through a 100kQ charging resistor and the voltage applied across the gap is
monitored by a North Star PVM-5 high voltage probe (60kV impulse/100 kV DC, 80 MHz
bandwidth) connected to a Tektronix Tektronix TDS 3054C digitising oscilloscope (500MHz
bandwidth, 5GS/s sampling rate). Figure 3-3 is a schematic of the experimental test set-up

for the self-breakdown experiments.
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Figure 3-1. Schematic of Experimental set-up with self-breakdown switch

After the inter-electrode gap space had been set, the ambient air was evacuated from the
test cell by the vacuum pump before the switch was then filled to 0.1MPa with the bottled
gas under test. A positive polarity DC voltage was applied manually at a rate of ~ 2kV/s to
the upper electrode while the lower electrode was held at ground until a breakdown event
was seen to occur on the screen of the scope at which point, the applied voltage was
reduced to zero again. The magnitude of voltage applied at the point where breakdown
occured was recorded as the breakdown voltage and this was repeated for 20 events
before the gas was evacuated from the test cell and filled again with the same bottled gas

to an increased pressure in 0.05MPa increments. This process was repeated for each
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pressure in the range 0.1 — 0.4MPa for each of the 6 bottled gases tested and for each

inter-electrode gap space in the range 1 — 9mm (in Imm increments).

The mean self-breakdown voltage value was calculated for each combination of gas tested,
gap space and gas pressure and, where possible, experimental data has been compared to
standard Paschen data taken from literature as discussed in Chapter 2. Where novel gases
have been used for switching purposes or new mixtures had been used, suitable fittings
have been suggested to describe and predict breakdown events by extrapolation of

experimental data obtained.

The standard deviation in the self-breakdown voltage was calculated and is considered to

represent the spread in the self-breakdown voltage.

3.3 Self-Breakdown Voltage: Results and Analysis

This section presents the experimentally obtained and analysed results for the self-
breakdown voltages of the 6 different gases tested within the sphere-sphere topology
switch. A discussion on the interesting results observed and the industrial impact of the
results obtained, as well as any practical implications on currently employed systems,

follows on from experimental work.

The self-breakdown voltages for each of the six different gases tested are presented
individually alongside the comparison with Paschen data for gases where available. In the
cases where novel gases in terms of switching applications have been considered, analysis

of the results are extracted from the experimental data and fittings are applied to the data.

For each graph presented, each symbol represents an average value of 20 breakdown
events conducted for each specific combination of inter-electrode gap length and gas
pressure where breakdown was able to be initiated. The error bars represent the standard

deviation for each individual set of breakdown experiments conducted.

Following on from the self-breakdown voltages of each individual gas considered, a
comparison of these voltages for all six gases together is presented and interesting

conclusions are drawn.
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3.3.1 Self-Breakdown Voltages for an Air-Filled Switch vs pd

Experimental breakdown data obtained for an air-filled switch has been plotted using the

OriginPro 2015 software package.

Alongside the experimentally obtained results, a classic Paschen fit for air has been applied
to the experimental data and for the inter-electrode gap-space and the gas-pressure used
throughout experiments. The range of operation of the self-breakdown spark gap switch
falls on the right hand side of the Paschen curve, well away from the Paschen minimum and
the breakdown voltage of a gas-filled gap. The breakdown voltage can be described by
Equation (2.5). It was proposed that a modified form of this equation using
phenomenological constants M and k, which provides a reasonable fit to experimental
breakdown data in the self-breakdown electrode topology filled with air [66] can be given

by Equation 3.1 :

where M = 2.74 and k=3.51(pd)" are related to the breakdown of air at given pd [66].

When the Paschen fitting (3.1) is plotted alongside the experimentally obtained results
(solid fit line) it was noted that the self-breakdown results obtained in the sphere-sphere
topology switch in which spark discharge occurs, for all values of pd tested, fit closely to

those described in literature for a breakdown event in air in uniform field conditions.

The literature Paschen data used to describe and predict the breakdown voltage of a gas for
a specified value of pd, is considered valid for breakdown conditions in a uniform electric
field. As already outlined in section 3.1, the design of the self-breakdown switch makes use
of a non-ideal uniform electric field which provides an electric field utilisation factor of
n=2.25 between the spherical electrodes. Therefore, potentially in the case of electric fields
with a high field utilisation factor 7 (Equation 2.4) in some gases it could be expected that
the Paschen Equations 2.5 or 3.1 will not be valid. Therefore in order to describe

experimental breakdown voltage V,(pd) for all gases under these test conditions a
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phenomenological fitting can be used. In this work it is suggested to use an allometric fit

and to apply this fit to the experimental data:
Vy, = A(pd)” (3.2)

where A; (kV/Pa.m) and 8(kV) are fitting coefficients extracted from the experimental data.
This power Equation describes the breakdown voltage of gases as a function of the product
of the inter-electrode gap space and the gas pressure and constants of proportionality

calculated from experimental results.

Figure 3-4 shows the behaviour of self-breakdown voltage of an air-filled switch as the

product of the gas pressure and the inter-electrode gap space, pd, increases.
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Figure 3-2 The average breakdown voltages for an air-filled switch as a function of the product of the gas

pressure and the inter-electrode gap length.
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As can be seen from the results in Figure 3-4, the self-breakdown voltage increases
proportionally as the product pd also increases. The standard deviation, or the spread in
the obtained self-breakdown voltage, is relatively small for an air-filled switch, in the range
0.02kV — 1.09kV and was observed to decrease as the product pd increased. For practical
applications, this means that for switches operating with larger gaps, higher gas pressures
or some combination of the two, the performance of the switch is more stable and the self-

breakdown operation of an air-filled switch can be more reliably predicted.

In the case of breakdown events in an air-filled switch, the value of the fitting coefficients
have been obtained using the best fit procedure in Orgin graphing software package and it
was found that A; = 0.11 kV/Pa.m and 8 = 0.81 kV. Thus it is established that for bottled air
in the sphere-sphere electrode configuration used within the present work, both the
Paschen fitting (Equation 3.1) and the phenomenological fitting (Equation 3.2) fit

reasonably well with the experimental self-breakdown voltage.

When a fit with Equation (3.2) is plotted (dashed line in Fig. 3.4) alongside the experimental
data, it was observed that the allometric fit in the range of pd values tested, provides very
close match to experimentally obtained results. Also it can be seen that using
phenomenological fitting Equation (3.2) to describe the self-breakdown voltage of air in the
sphere-sphere topology can therefore give a more accurate description of the behaviour of
the self-breakdown voltage of air for low pd values as compared with the Paschen fitting

3.1

Later in this chapter Equation (3.2) will be used together with Paschen fitting, Equation 3.1,
for each of the 6 gases tested, as this approach may give a more accurate description of the
behaviour of the self-breakdown voltage of each gas which is important from practical
engineering point of view. This fitting with Equation 3.2 can be used in the design of plasma
closing switches for Pulsed Power applications or any other application in which switching
is utilised and where the classic Paschen description may not prove accurate due to non-

uniformity of field or the development of spark discharge.

55



3.3.2 Self-Breakdown Voltages For a N»-Filled Switch vs pd

This section presents the results of measuring of, self-breakdown voltages in the the
sphere-sphere switch topology filled with nitrogen. The same experimental procedure was
used in these tests as previously outlined in section 3.3.1. The obtained results are

presented in Figure 3-5 as V,, (pd) for N, gas.
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Figure 3-3 The average breakdown voltages for a nitrogen-filled switch as a function of the product of the gas

pressure and the inter-electrode gap length.

As can be seen from the results presented in Figure 3-5, there is a proportional increase in
the self-breakdown voltage in a N,-filled switch as the product pd increases as was seen in
the case of breakdown events for an air-filled switch. The error bars in Figure 3-5 above

shows that the standard deviation in breakdown voltage will decrease as the product pd is
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increased. For self-breakdown events in a nitrogen-filled switch the value of standard
deviation was observed to be in the range 0.02kV - 1.26kV. This is also considered to be a
relatively small standard deviation, meaning more reliable prediction of self-breakdown

voltage as the value of pd increased.

The Paschen curve for N, was plotted using Equation 3.1 (solid line) alongside the
experimentally obtained self-breakdown data. For self-breakdown events occurring in N,
within the pd range of interest, the constants in the Paschen Equation (3.1) are given by
M=2.565 and k=2.4-(pd)>'®. It can be seen that for the N, filled switch, the Paschen

description of the self-breakdown voltage fits well with the experimentally obtained results.

The approach used in applying an allometric fit with Equation (3.2) to the experimental data
was applied to the self-breakdown nitrogen data. The coefficients A and 8 for Equation 3.2
have been obtained in Origin Pro 10 graphing software using the best fit procedure and it
was found that these coefficients are: A;= 0.12 kV/Pa.m and 6= 0.80 kV. Fitting Equation 3.2
with these coefficients has been plotted (dashed line) in Figure 3-5 above and sits very close
to the classic Paschen description of the breakdown voltage for N, as well as the

experimental results.
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3.3.3 Self-breakdown Voltages for a 60% Nitrogen + 40% Oxygen Mix Filled
Switch vs pd

This section presents the self-breakdown voltages obtained in the sphere-sphere topology
filled with a gas mixture consisting of 60%/40% N,/O,. The obtained results in the form of

V,, (pd) are shown in Figure 3-6.
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Figure 3-4 The average breakdown voltages for a switch filled with a 60%/40% nitrogen/oxygen mixture as a

function of the product of the gas pressure and the inter-electrode gap length..

For a switch filled with a mixture of 60%/40% N,/O, it was observed that the level of
breakdown voltage increased almost linearly as the product pd increases. Practical benefits
which would be applicable to industrial applications in using this mixture come from the
small standard deviation of the self-breakdown voltage observed which fell in the range
0.01 - 0.65kV, the smallest standard deviation values observed for any of the gases tested.

For practical applications this shows that the most reliable prediction of self-breakdown
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voltage occurs in the switch filled with a mixture of 60%/40% N,/O, at increasing values of

pd.

While many mixtures of gases making use of oxygen and nitrogen have previously been
considered for switching applications [66], [89], [102], [111], a mixture ratio of 60%/40%
N,/0, has not previously been considered for use in plasma closing switches for industrial
switching applications. The reason for selecting a mixture of 60%/40% N,/O, is that, when
compared to air as (crudely approximated to) 80%/20% N,/O, it approximately doubles the
percentage of oxygen (an electronegative gas) in the mixture and would therefore allow for
an investigation to see if there was any significant alteration to the obtainable voltage hold-

off capability of the switch due to the electronegativity of increasing percentages of oxygen.

With this specified ratio of 60%/40% N,/O, having not previously been considered for the
purposes of switching, investigations into previous published literature have yielded no
self-breakdown data for comparison of the experimental data obtained within this
investigation. As there is no previous data of any kind for this specified gas mixture, there
can be no Paschen curve plotted for this gas mixture and therefore the allometric fitting
with Equation (3.2) has been applied to the experimental data obtained. The coefficients
for A and B were found using the best fit procedure conducted in Origin Pro 10 graphing

software, and they found to be : A;=0.09kV/Pa.m and 6=0.85 kV.

The fit line obtained using Equation (3.2) with these A; and 8 coefficients are plotted
(dashed line) in Figure 3-6 alongside the experimentally obtained self-breakdown results for

this gas mixture.
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3.3.4 Self-breakdown voltages for a CO-filled switch vs pd

Another gas of interest within industrial applications is CO,. Although not environmentally
friendly as such, the standards upon which the global warming potentials are ranked are all
compared to the impact of CO, on the environment. CO, is ~23,000 times less harmful to
the environment than SFs. Figure 3-7 presents the results of the sphere-sphere topology,

self-breakdown for a switch filled with CO,.
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Figure 3-5. The average breakdown voltages for a switch filled with a CO, as a function of the product of the
gas pressure and the inter-electrode gap length.

The level of voltage hold-off was seen to increase as pd increased, however, the standard
deviation for a CO, filled switch was the largest of all 6 gases tested and fell within the
range 0.79-3.97kV. As the value of pd increased, the standard deviation in the CO, filled
switch was not seen to change significantly leading to an unreliable prediction of self-

breakdown voltages across the entire range of pd values.
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It was concluded that the larger standard deviation values were observed for smaller pd
values and negated the potential benefit in using CO, to withstand slightly higher voltages

for lower pd values.

The allometric fit applied (Equation 3.2) to the experimental data for all gases was applied
to the experimental results for a CO, filled switch and the constants found using the best fit

procedure in Origin graphing software are A; = 0.38 kV/Pa.m and 6 = 0.63kV.

When the allometric fit line 2, Equation 3.2, with these coefficients is plotted alongside the
experimental results in Figure 3-7 (dashed line) it can be seen that for larger values of pd

there is a more accurate fit to the experimental data.
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3.3.5 Self-breakdown voltages for a 90%/10% Ar/0; mix filled switch vs pd

This section discusses the self-breakdown capabilities of a mixture of 90%/10% Ar/O,
oxygen, a mixture which has not previously been considered for switching purposes.
Figure 3-8 shows the self-breakdown voltage as a function of pd for the switch when filled

with 90%/10% Ar/0O, mix.
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Figure 3-6. The average breakdown voltages for a switch filled with a 90%/10% Ar/O, mixture as a function of
the product of the gas pressure and the inter-electrode gap length.

Argon gas has previously been used in a wide range of applications, both as a pure gas or
added as part of a mixture for some enhanced properties such as to promote multi-
channeling to reduce inductance [116], [134]-[138]. The mixture of 90%/10% Ar/O,
provided the lowest breakdown voltages of all the gases tested as is evident from

Figure 3-8 but was also observed to increase proportionally as pd increased.

It was found that that the standard deviation in a switch filled with a 90%/10% Ar/O,

mixture fell within the range 0.07kV-1.23kV, the a relatively wide range considering the
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lower self-breakdown voltages, and therefore also one of the less reliable gases for

predicting self-breakdown voltage in self-breakdown operation.

A mixture of 90%/10% Ar/O, has not previously been investigated for its suitability of use as
an insulation gas within switching devices and there is no classic Paschen information for
this particular mixture either. Figure 3-8 does however show the self-breakdown data for
this particular gas mixture plotted alongside the Paschen curve for pure argon (solid line)

which is extracted from work presented in [136], [137].

As is clearly seen in Figure 3-8, when using a mixture of 90%/10% Ar/0O,, the experimentally
obtained self-breakdown results are widely varied from the classic Paschen description of

the breakdown voltages of pure argon.

By fitting the experimentally obtained results with an allometric fit as in Equation 3.2, the
coefficients extracted using Origin graphing software (best fit procedure) are A; =0.04
kV/Pa.m and 8 =0.82 kV. This allows for a more accurate description of the breakdown

voltage capabilities of a 90%/10% Ar/O, mixture to be described by Equation (3.2).

When Equation (3.2) with the corresponding coefficients A; and 8 is plotted (dashed line)
alongside the experimental results and the classic Paschen data for pure argon, it is noted
to have a very close fit to obtained results and thus can be used to accurately predict the

breakdown voltage of this particular gas mixture for the defined range of pd values.
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3.3.6 Self-breakdown voltages for an SFe-filled switch vs pd

This section describes the self-breakdown voltage results obtained from the switch filled
with SFs. SFg being the most commonly used gas, its properties as a gas for use in switching
are well established. Figure 3-9 presents the results of an experimental investigation into

the performance of SF in this particular switch body for direct comparison to other gases.
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Figure 3-7 The average breakdown voltages for a switch filled with SF¢ as a function of the product of the gas
pressure and the inter-electrode gap length.

Due to the dielectric strength of SFs being around 3 times that of air, a smaller range of pd
values where breakdown could be initiated were found due to experimental equipment
limitations. Where breakdown events were initiated, it was observed that as pd increased,

the voltage required to initiate breakdown also proportionally increased.
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The standard deviation for the self-breakdown voltage in an SF; filled switch was observed

to be quite large, falling within the range 0.51kV — 2.32kV.

SF¢ being a well-established gas and one of the most commonly used gases for switching
within the pulsed power community, its breakdown characteristics are well known and
described throughout literature. Figure 3-9 plots the classic Paschen curve for SFg (solid

line) with Equation given by Equation (3.2) and constants given by M=2.19 44

k=6.45(pd)** As can be seen in Figure 3-9, this classic Paschen curve for SFs fits well with
the experimentally obtained results particularly at lower pd values. It is not clear if the
experimental data would continue to fit quite so well at pd values increased beyond the

capabilities of the experimental equipment.

When considering the allometric fitting of Equation 3.2 applied to experimental data, the
best fit procedure in Origin software allow extraction of the coefficients A;=0.17 kV/Pa.m
and 6 = 0.87kV. The breakdown voltage of SF¢ can be described by Equation (3.2) with these
coefficients and when this allometric fit line is plotted (dashed line) in Figure 3-9 it appears

that Equation 3.2 fits closely to all of the experimental data as pd increases.
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3.3.7 Comparison of self-breakdown voltages gases for all gases.

This section provides a comparison of the breakdown voltage capabilities of all 6 of the

gases tested. Figure 3-10 shows a comparison graph of the self-breakdown voltage for all 6

of the gases/gas mixtures tested as a function of the product pd.
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Figure 3-8 A comparison graph for the average calculated self-breakdown values obtained for each of the six
gases/gas mixtures tested.

It is evident from Figure 3-10 that SF; still provides the self-breakdown voltage of all the
gases while the mixture of 90%/10% Ar/O, provided the lowest self-breakdown voltages.
The four gases; air, N,, CO, and the 60%/40% N,/O, mixture have similar performance in
terms of self-breakdown voltages as pd increases. At lower pd values, CO, was seen to have
slightly higher self-breakdown voltage capabilities than air, N, or the 60%/40% N,/O, mix. It

can be seen from Figure 3-10 that the self-breakdown voltages

A key finding from this investigation in relation to SF; filled switches currently in operation,

is that for pd values in the ranges tested, the self-breakdown levels reached can easily be
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achieved with air, N, or a 60%/40% N,/O, mixture with a reasonable increase in pd (300-
1200 Pa.m). Where breakdown was observed to occur within an SFs-filled switch, the pd
values were within the range 100-500 Pa.m, the same breakdown voltage can be achieved
in the other mentioned gases for pd values of 300-1200 Pa.m. This increase in pd values of
around three times can correspond to an increase in pressure, increase in inter-electrode

gap length or a both.

Another result of note came from the spread in self-breakdown voltages of each of the
different gases. CO, was observed to have the largest spread in self-breakdown voltage of
all gases tested which negated any small benefit being able to withstand higher voltages at
lower pd values than air, N, or the 60%/40% N,/O, mixture. The second largest spread in
self-breakdown voltages came from the switch filled with SFs. This means that where
possible, SFg could be replaced in currently operating systems with air, N, or the 60%/40%
N,/O, mixture at an increased pd value and will be operationally more predictable and

reliable at the voltages where breakdown will occur.

Where classic Paschen breakdown data was available, the experimental results obtained
were plotted alongside the literature data for comparison, however, due to the non-
uniformities of the electric field within the switch and the nature of the transition into a
spark breakdown between two spherical electrodes, the Paschen curves used to predict the
breakdown voltage of gases have been determined to not be the most accurate prediction
of achievable voltage hold-off capabilities within this self-breakdown switch topology. For
the six gases/gas mixtures tested, an allometric fit with Equation (3.2) has been fit to
experimental data and has been shown to more accurately predict the self-breakdown

voltage of the six gases/mixtures tested.

The fitting coefficients A; (kV/Pa.m) and 8 (kV) obtained using the best fit procedure in
Origin graphing software for the allometric fit of each of the gases/gas mixtures tested are
presented within Table 3-1 to provide a comparison. 95% confidence intervals for the

obtained coefficients are also provided.
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Table 3-1 A and B coefficients of the allometric fit applied to the experimental self-breakdown voltage data
obtained for each of the six gases/gas mixtures tested and the 95% confidence bands

AIR \P3 60% N + 90% Ar + CO; SFe
40% 0, 10% O3
A; 0.11 0.12 0.09 0.04 0.38 0.17
95% 0.10-0.12 0.10-0.13 0.08-0.10 0.035-0.045 0.27-0.49 0.17-0.27
confidence
interval
B 0.81 0.80 0.85 0.82 0.63 0.87
95% 0.80-0.82 0.78-0.82 0.84-0.86 0.81-0.83 0.59-0.67 0.77-0.97
confidence
interval

Table 3-1 compares the A; and 8 coefficients of Equation (3.2), the allometric fit applied to
the experimentally obtained self-breakdown voltage data for each of the six different
gases/gas mixtures tested. As has already been shown within this chapter, the allometric fit
provides a closer fit to experimental data than the Paschen curve (where Paschen data has
been available from literature) and for the gases which have previously not been
considered for switching purposes in the proposed mixed quantities (60%/40% N,/O, and
90%/10% Ar/0,) an allometric fit only, has been applied as a way means of predicting the
self-breakdown voltage for these gas mixtures at pd values outwith the scope of this

experimental investigation.

3.4 Analysis of Experimental Results

The experimental results presented show the average values of the self-breakdown voltage
calculated from the 20 breakdown events conducted for each inter-electrode gap space,
gas pressure and gas tested. A factor of interest which can arise from an experimental test
set-up is whether there are any apparent conditioning effects on the electrodes or within

the gas over a number of breakdown events.

The measured self-breakdown voltage value for each of the 20 breakdown events was
plotted as a function of the breakdown number to view if any obvious conditioning effects
were taking place throughout each of the experimental sets conducted. Figure 3-11(a)-(f)

shows the self-breakdown voltage levels as a function of breakdown number for a fixed
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inter-electrode gap length of 3mm. Each plot presents the self-breakdown voltages

measured of one of the six gases/gas mixtures tested within the self-breakdown switch as a

function of the breakdown number for each of the different gas pressures tested.
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Figure 3-9 Measured self-breakdown voltage as a function of the breakdown number for (a) air (b) N, (c)
60%/40% N,/O, (d) 90%/10% Ar/0O, (e) CO, (f) SF; respectively within a fixed 3mm inter-electrode gap length.
The measured self-breakdown voltages are shown for each gas as the gas pressure within the switch

increases.
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By plotting the self-breakdown voltage as a function of the breakdown number, it is
possible to observe any potential conditioning effects acting upon the electrodes or taking
place within the fresh portion of gas in the switch which may affect the performance of the

switches and would need to be considered within industrial applications.

It can be seen in Figure 3-11(a)-(d) that there is no functional variation in the self-
breakdown voltage as the breakdown number increases i.e. between the first breakdown
observed and the 20" breakdown observed for each gas and gas pressure, the self-
breakdown voltage was consistent. It can also be seen for these gases that as the gas
pressure within the switch increased, the change between the self-breakdown voltages

measured for each individual breakdown event is wider spread.

Another interesting result, evident from Figures 11(e) and (f), the CO, filled switch and the
SFs filled switch, is the wide spread in breakdown voltages recorded for both gases. Neither
of these gases at the pressures tested showed consistent levels of breakdown voltage
during testing. This resulted in both of these gases providing the largest values of standard

deviation in the self-breakdown tests conducted.

Aside from the standard deviation in the self-breakdown of each of the gases changing as
the gas pressure changes (and thus assuming it will change as the product pd changes,
which will be discussed within the next section), there were no evident conditioning effects
observed when monitoring the self-breakdown voltage for any of the gases tested as a
function of the breakdown number which confirms the self-breakdown voltage results
previously presented within this chapter without having to consider or discard breakdown

events conducted due to conditioning of the experimental set-up.

Within Figure 3-11(a)-(f), for a fixed 3mm inter-electrode gap length, as the gas pressure
increased, it could be seen that the variation in the self-breakdown voltage grew as the gas
pressure increased. In Figure 3-12(a)-(f), the standard deviation in the self-breakdown

voltage for each of the data sets was plotted as a function of the product pd.
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Figure 3-10(a)-(f) standard deviation in the self-breakdown voltage as a function of pd for for (a) air (b) N, (c)
60%/40% N,/O, (d) 90%/10% Ar/0O, (e) CO, (f) SF; respectively.
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It can be seen within Figure 3-12(a) the air-filled switch, Figure 3-12(b) the N, filled switch,
Figure 3-12(c) the switch filled with the 60%/40% N,/O, mixture and Figure 3-12(f) the SF
filled switch, as the pd value increases, the calculated standard deviation in the self-
breakdown value was also generally seen to increase. This result is in agreement with the
self-breakdown result presented as a function of the breakdown number in Figures 3-11(a)-
(f) which showed that within the fixed 3mm inter-electrode gap length, as the gas pressure
within the switch increased, the self-breakdown voltage for each of the gases was observed

to vary more widely.

In the switch filled with the 90%/10% Ar/O, mixture, the standard deviation was able to be
calculated for much higher values of pd than the other gases tested due to the lower self-
breakdown voltage of the 90%/10% Ar/O, gas mixture and a far wider range of self-
breakdown voltages measured and the corresponding calculated standard deviation of

those measurements are available.

Figure 3-12(e) presents the calculated standard deviation of the measured self-breakdown
voltages within the switch when filled with CO,. As already discussed within section 3.3.4,
CO, provided the largest values of standard deviation in self-breakdown voltage of all the
six gases/gas mixtures tested and when plotted as a function of pd, there are no distinct
trends as appear with the other gases tested within this experimental investigation. For all
possible pd values where breakdown was initiated, regardless of the experimental inter-
electrode gap length or gas pressure combination required to achieve this pd value, the
standard deviation within a CO,-filled switch was found to be significantly larger than the

other gases.

For all gases tested, it was found that there could be a wide spread in the calculated values
of the standard deviation for the same pd value. This is due to different combinations of

inter-electrode gap lengths and gas pressures giving the same product pd.
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3.5 Discussion

This investigation into the breakdown performance of different gases in a self-breakdown
switch with a uniform electric field distribution has produced important results which can

be used in practical applications.

A self-breakdown sphere-sphere topology spark gap switch was designed from operational
requirements provided by AWE. An electrostatic simulation of pre-breakdown electric field
in the proposed switch was conducted before construction took place, to ensure that under
normal operational procedures there would be no abnormal field enhancements occurring
within the switch. Post-simulation development and construction of the switch a simple
circuit was developed which allowed the self-breakdown voltages of 6 different gases/gas
mixtures to be monitored, recorded and compared. SF; was one of the gases used within
the experimental investigation and was used as a baseline to compare all other gases to.
This baseline was created as any gas considered as a potential replacement gas for
switching applications should be able to provide similar performance characteristics to

those of SFg

It was found that air, N, and a mixture of 60%/40% N,/O, all provide similar levels of self-
breakdown voltage suggesting that the percentage of the electronegative O, mixed with
the electropositive N, does not strongly contribute to the overall self-breakdown strength
of these gases / gas mixtures. However the 60%/40% N,/O, mixture had the lowest
standard deviation of all the gases tested (0.05 kV-0.65 kV) and so proved to be the most
stable and reliable in terms of breakdown voltage level predictions, a desirable trait for

industrial applications.

It was found that a mixture of 90%/10% Ar/O,, although used in some industrial pulsed
power applications, provides far lower voltage hold-off capabilities than any of the other
gases tested (voltages approximately 50-60% of that achieved by air, N,, 60%/40% N,/O, or
CO, for the same pd values) and the standard deviation in self-breakdown voltages is
significantly large. In self-breakdown applications where the pd values fall in the range 100
— 1500 Pa.m, as was tested, there is no evidence to support suggesting that a 90%/10%

Ar/0, mixture would make a suitable alternative gas for use in plasma closing switches.
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CO,-filled switches at lower tested pd values (100-300 Pa.m) provided higher breakdown
levels than the switches filled with air, N, and the 60%/40% N,/O, mixture. It was found,
however, that as the pd values increased, the self-breakdown levels in a CO,-filled switch
were at a similar level to those switches filled with air, N, and the 60%/40% N,/O, mixture.
Another finding of this experimental investigation was that the standard deviation in a CO,-
filled switch had the largest values (0.79-3.97 kV compared to the ~0.65-1.3 kV for all other
gases although SF¢ has a breakdown voltage spread around 1-2 kV) and, as such, suggests
that the self-breakdown voltages are the least predictable of all tested gases. Despite the
slight advantage in the increase in breakdown voltage at smaller pd values, a gas with more
reliable breakdown characteristics is desirable in practical applications. No conditioning
effects were observed throughout each set of breakdown tests run and no significant
decrease in standard deviation as pressure increased was apparent under the experimental

conditions available.

The calculated standard deviation of the self-breakdown voltages measured was
investigated as a function of the product pd within the switch and was shown to increase as
pd increases for all gases/gas mixtures tested, with the exception of the CO, filled switch

which had no discernible trends.

Much of the research into alternative gases for use within pulsed power devices comes
from a desire to replace SFs. The self-breakdown experiments conducted using SFs showed
that, despite providing a breakdown voltage level ~2.5 times that of most of the other

gases, the standard deviation of SFg was also large.

The breakdown voltage level and breakdown voltage spread of self-breakdown switches
are two key characteristics of interest for many industrial applications. It has been shown
that the self-breakdown voltage of SF¢ in a switch can be replicated in a switch filled with a
60%/40% N,/O, mixture at a pd value which would require minimal retrofitting of current
systems and would also improve on the spread of breakdown voltage, ensuring the

switching is more reliable.

The next section of this thesis will be focussed on the design and investigation of a field-

distortion, triggered spark gap topology switch filled with 6 different gases/gas mixtures.
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Chapter 4. Characterisation of a Field-Distortion Spark Gap
Switch Triggered with “Slow” 0.45 KV /us HV

Impulses

This chapter presents an experimental investigation into time to breakdown and jitter of a
field-distortion triggered spark gap switch. The field-distortion spark gap is the second of
the two switch topologies of interest throughout this investigation and is of particular
interest due to the large number of these topology of switches that can be used in erecting
Marx generators e.g. within the Mevex machine at AWE, of the 13 switches used to erect

the Marx, 11 of them are of a field-distortion design [59], [60].

Within this chapter a discussion on the design of a field-distortion, triggered spark gap
switch is presented followed by the results of an experimental investigation into the
breakdown characteristics of the field-distortion switch filled with six gases previously
investigated; air, N,, 60%/40% N,/0O,, 90%/10% Ar/0,, CO, and SFs. The key breakdown
characteristics in a field-distortion switch triggered with HV impulses with a “slow”,
~0.45kV/us rate of voltage rise have been studied in this Chapter, these key characteristics,
including the time to breakdown and the switch jitter, have been investigated with respect
to their dependence upon inter-electrode gap space, gas pressure within the switch and the
level of DC stress voltage applied across the main inter-electrode gap distance. Statistical
analysis of the experimental results is conducted and the main findings are presented and

discussed in this Chapter.

4.1 Switch design and electrostatic modelling

The basic concept and principle of operation of field distortion plasma closing switches are
described in Chapter 2. Based on this basic concept a field-distortion switch has been
designed and developed in this study. When designing the field-distortion spark gap
switch, some of the desirable operational characteristics which had to be taken into

consideration were that, similar to the self-breakdown switch, this switch body should also
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be able to withstand and contain gas pressures up to 0.5MPa absolute. The triggering
voltage impulse applied during the experimental procedure is designed to be applied to a
mid-plane electrode which would remain in a fixed position at an equidistant point

between the two spherical electrodes throughout the experimental procedure.

Prior to construction of the switch, a model of the switch has been developed in the
electrostatic software package Quickfield in order to simulate the pre-breakdown electric

field distribution inside the proposed switch design.

MO ANAANANARNANANARAAAANAAAARAAAARARANAARRANAANAANAAAROGAAARRANARANOAANA AN AAAAOARAROAAAAnAnAAAAnn A
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Figure 4-1 The proposed design for a field-distortion spark gap switch to investigate the time to breakdown
and jitter characteristics of different gases.

Figure 4-1 shows the proposed design for the field-distortion spark gap switch which was
modelled within the QuickField electrostatic software for analysis of the electric field
distribution before breakdown events. The proposed design in Figure 4-1 makes use of a
90mm diameter cylindrical test cell comprised of two halves. A 1mm thick brass plate,
150mm in diameter with a 16mm aperture in the centre is utilised as the mid-plane
triggering electrode and this is held in place between the upper and lower halves of the test

cell body. This location of the trigger plate which follows the equipotential lines in the
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switch is selected to avoid distortion of the field within the switch before application of the
trigger impulse. The ‘main electrodes’ used within this test cell are the upper and lower
16mm diameter, spherical brass electrodes, identical to those used in the self-breakdown

topology switch as described within Chapter 3.

When simulated within QuickField software, two different experimental conditions have
been modelled. Both simulations conducted have made use of a DC stress voltage of 10kV
applied to the upper spherical electrode and the lower spherical electrode is grounded
throughout experiments. One of the conditions modelled considered the mid-plane
electrode when assigned to be a floating potential voltage and another condition where a

fixed voltage of -30kV is applied to the mid-plane electrode.

(a) (b)

Figure 4-2(a) QuickField cross section of the switch and the electric field distribution between the electrodes
under operational conditions when a DC stress voltage of 10kV is applied to the upper electrode, the lower
spherical electrode is grounded and the mid-plane electrode is a floating potential. Figure 4-2(b) QuickField

cross section of the switch and the electric field distribution between the electrodes under operational
conditions when a DC stress voltage of 10kV is applied to the upper electrode, the lower spherical electrode is
grounded and a -30kV voltage is applied to the mid-plane electrode.

It is shown in Figure 4-2(a) above, the electric field strength within the proposed switch
design during operational conditions for a 4mm inter-electrode gap (considered to be the
gap between the upper and lower spherical electrodes) when a DC stress level of +10 kV is
applied to the upper spherical electrode, the lower spherical electrode is grounded and the

mid plane electrode is considered at floating potential. It can be seen that the electric field
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reaches its maximum value in the region between the upper and lower spherical electrodes

similar to the case of the self-breakdown topology switch as discussed within Chapter 3.

It is seen from Figure 4-2(b) that when a -30kV voltage is applied to the mid-plane
electrode, the electric field is at a maximum around the mid-plane electrode, in the region
between the mid-plane electrode and the upper-electrode where the DC stress voltage is

applied.

This proposed switch topology enhances the electric field in the region surrounding the
mid-plane where the trigger impulse with polarity opposite to the polarity of the DC stress
is applied and upper electrode where the DC stress voltage across the gap is applied. The
magnitude of the electric field will also be enhanced although to a lesser extent between
the mid-plane electrode and the lower spherical electrode which is grounded throughout

experimental procedure as is shown in Figure 4-3 below.
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Figure 4-3 (a) The magnitude of the electric field between the upper and lower spherical electrodes when the
midplane electrode is at a floating potential and when it has a -30kV voltage applied moving from the upper
electrode which is applied with 10kV DC as a voltage stress towards the lower spherical electrode which is
grounded. (b) The magnitude of the electric field in the region between the upper electrode where the high
voltage DC stress is applied and the mid-plane triggering electrode where -30kV is applied moving from the
HV electrode towards the mid-plane triggering electrode.

Figure 4-3(a) shows a comparison of the magnitudes of the electric field between the upper
spherical electrode which is stressed with 10kV DC and the lower spherical electrode held
at ground potential (black line). When the mid-plane electrode is modelled to be at a
floating potential, it is seen that the peak magnitude of the electric field is ~ 2.7MV/m in

the regions immediately around the electrodes and a minimum electric field value of
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~2.4MV/m, which occurs at precisely the mid-point between the upper and lower electrode
(indicated at the 2mm point of the 4mm distance between the upper and lower
electrodes). In Figure 4-3(a) when the modelled switch is stressed with +10kV DC and the
mid-plane triggering electrode has -30kV voltage applied (red line), the peak magnitude of
the electric field in the region between the two main spherical electrodes is seen to have
increased to ~ 3.4MV/m in the region directly surrounding the upper electrode stressed
with the high voltage. The magnitude of the minimum electric field is seen to be lower,
~2MV/m than that of the conditions when the mid-plane electrode is at a floating

potential.

However, when the mid-plane electrode provides -30kV voltage, as seen in Figure 4-2(b),
the electric field strength is increased in the region between the high-voltage electrode and
the mid-plane electrode, with the intense electric field strength in the region surrounding
the mid-plane electrode. Figure 4-3(b) plots the magnitude of the electric field strength in
moving from the high voltage spherical electrode with +10kV DC voltage applied to the
edge of the mid-plane triggering electrode where the -30kV trigger impulse is applied. It is
clearly seen from Figure 4-3(b) that the electric field strength increases by an order of
magnitude in the region around the mid-plane triggering electrode when compared to the
electric field strength in the main inter-electrode gap of the switch. This significant increase
in the strength of the electric field in the region surrounding the mid-plane electrode
suggests that under experimental conditions, where a DC stress voltage is applied to the
upper spherical electrode (and is smaller in magnitude than the voltage impulse which is to
be applied to the mid-plane trigger electrode) and the mid-plane electrode supplies a
trigger voltage of the opposite polarity to the DC stress voltage, the magnitude of the
electric field within the switch is an order of magnitude higher in the region surrounding
the mid-plane electrode and thus the breakdown event within the switch will initiate within

this region before complete breakdown of the main gap occurs.

Once a breakdown event has been initiated between the mid-plane triggering electrode
and the upper spherical electrode where the high voltage DC stress has been applied, a net
‘post-initiation’ voltage is established at the high voltage electrode and trigger electrode
when a spark connects the two electrodes. The two initially separate electrodes,
independently stressed with DC and impulse voltages of opposite polarities, become

stressed with the post-initiation voltage after the spark bridges the gap between the two:

79



’Vpost—initiation

- [Vdc—stress| (4.1)

= Ntrigger—impulse

where Viyigger-impuse 1S the magnitude of the trigger impulse applied to the mid-plane
electrode and Vpciess is the voltage applied to the upper spherical electrode as the DC

stress across the main gap of the switch.

The field distribution in the switch has been obtained after a conductive plasma channel is
formed between the upper spherical electrode and one part of the mid-plane triggering
electrode, this field distribution has been obtained using Quickfield electrostatic software.
The conductive plasma channel was modelled as a thin conductor placed between the top
HV electrode and the trigger plate, thus the top HV electrode and the trigger electrode
have the same electrical potential, Vpost-initiation, after formation of the conductive plasma
channel (assuming that the plasma resistance and the voltage drop across the plasma

channel are negligible for the purpose of this analysis).
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Figure 4-4 Electric Field strength within the switch post-initiation of breakdown between the two electrodes.
The net voltage equal to the magnitude of the trigger voltage minus the DC stress voltage is applied and the
electric field strength within the main-inter-electrode gap length is observed.

Figure 4-4 presents the result of the electric field strength simulation in Quickfield for a
post-initiation condition when a spark channel has bridged the gap between the upper
spherical electrode and the mid-plane electrode and the net post-initiation voltage is
manually applied on what had previously been the high voltage electrode, the mid-plane
electrode and the spark channel which now has formed connecting the two electrodes. In
the simulation in Figure 4-4, V s.inititation 1S @applied as a net voltage of 20kV (equal to 30kV-
10kV, the magnitude of the trigger impulse voltage minus the DC stress voltage applied
across the main gap) from the upper spherical electrode, the mid-plane electrode and the
channel formed between the two electrodes. Figure 4-5 shows the resulting electric field

strength within the switch post-initiation of breakdown.
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Figure 4-5. The electric field strength in the region between the upper, spherical electrode and the lower,
grounded electrode when the net post-initiation voltage is applied to the upper electrode and mid-plane
electrode. The switch simulates the post-initiation condition where a spark has bridged the gap between the
mid-plane electrode and the upper spherical electrode which initially had opposite polarity voltages applied
to them. The spark bridging the gap between the two electrodes become stressed with a single, net post-
initiation voltage after the spark has bridged between the two electrodes.

Figure 4-5 shows the electric field strength in the main inter-electrode gap length when a
net-post initiation voltage of 20kV is applied to the mid-plane, upper electrode and the
spark channel that bridges the two electrodes, simulating the conditions after breakdown

has been initiated but before complete closure of the switch has occurred.

4.2 Switch Construction and Test Set-up

The proposed switch design as described within Section 4.1 has been shown through
electrostatic simulation to encourage breakdown events within the switch to initiate
between the upper electrode where the DC stress voltage is applied and the mid-plane

electrode upon which the high voltage trigger impulse is applied, before complete closure
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of the switch will occur. No unwanted field enhancements were seen to occur at points
elsewhere within the proposed design and, as such, a physical switch was constructed

based upon the model design.

Trigger
impulse
connection

Figure 4-6 Photograph of the field-distortion topology switch.

The schematic diagram in Figure 4-6 above shows a photograph of the constructed switch
built from the schematic provided in Figure 4-1. The main body of the test cell was
constructed in two halves from a grey PVC rod, the mid-plane triggering electrode is
constructed from a 1mm thick brass sheet and is held in place between the two halves of
the switch body, a connection for applying the voltage impulse to this mid-plane electrode
is screwed onto one side of the trigger plane as indicated in Figure 4-6. The location of the
trigger-plane is firmly fixed and cannot move throughout the experimental procedure and
both halves of the test cell are fixed together, compressed and held in place with six bolts,

three of which fix into the legs of the test cell.

The main electrodes within the field-distortion spark gap switch were two spherical
electrodes, identical to those used in the self-breakdown switch (16mm diameter, brass
attached to 3mm thick shaft) and within the design of this switch topology, the inter-
electrode gap distance is fully adjustable by raising or lowering both the upper and lower

spherical electrodes. The upper and lower electrodes are simultaneously adjusted and each
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360° rotation of the shaft corresponds to a 1Imm vertical adjustment of each electrode,

resulting in an increase or decrease of the gap space by 2mm.

A 2mm incremental increase in gap space was chosen as this keeps the separation
between the upper electrode with the mid-plane and the lower-electrode with the mid-
plane uniform ensuring that no breakdown between mid-plane and one of the main

electrodes will be favoured due to uneven gap spacing.

By allowing both the upper and lower electrodes to be moved, provides more control over

the gap separation under experimental conditions.

In Section 4.3 of this thesis, the methodology and description of the experimental
procedure followed to conduct the breakdown tests within the field-distortion spark gap

switch is provided.

4.3 Methodology

This section describes the experimental test set-up and methodology for conducting
breakdown tests carried out with the field-distortion triggered switch and making use of a

trigger generator to provide the trigger impulse to the mid-plane electrode.
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Figure 4-7. Experimental test set-up for measuring time to breakdown in the Field distortion spark gap switch
when the -30kV trigger impulse is applied to the mid-plane electrode by the trigger generator. The voltage
across the main gap is monitored by HV voltage probe, a DC stress voltage applied to the upper spherical
electrode via a 1MQ charging resistor. To ensure complete breakdown occurs, the current across the switch is
monitored via Pearson current monitor.

The experimental test set-up for the breakdown experiments conducted is shown in Figure
4-7 and consists of a Glassman high voltage DC power supply (EH series 0-60kV) which
provides a DC stress voltage across the inter-electrode gap space in the switch via a 1IMQ
charging resistor. A maximum trigger impulse of ~30kV with a rate of rise ~0.45kV/us is
applied by means of a trigger generator via a decoupling resistor to the mid-plane electrode
of the switch. A North Star PVM-5 high voltage probe (1000:1 division ratio, 80 MHz
nominal bandwidth) is used to monitor the voltage across the ‘main gap’ of the switch i.e.
the total gap between the two spherical electrodes. A Tektronix P6015A probe (1000:1
division ratio, 75 MHz nominal bandwidth) is used to monitor the trigger impulse provided
by the trigger generator to the mid-plane of the switch. The voltage signals from both
probes were monitored using a Tektronix TDS 3054 digitising oscilloscope (500MHz
bandwidth, 5GS/s sampling rate). A TesTec HVP-40 probe (1000:1 division ratio, 300 Hz)
was also used for the purpose of determining the level of DC stress voltage applied to the

upper spherical electrode.
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Figure 4-8 Schematic of the experimental test set-up created for field distortion switch experiments

For the field-distortion topology switch, the inter-electrode gap space during experimental
procedures is defined from a ‘zero point’ where a short circuit is observed across the entire
switch. By measuring the resistance across the switch from the upper electrode to the
lower electrode by using a digital multi-meter, the gap is space is defined from the point
where the upper electrode no longer makes contact with the mid-plane electrode and the
lower spherical electrode no longer makes contact with the mid-plane electrode. The
shortest inter-electrode gap space where triggered breakdown experiments were
conducted was with a 2mm gap — achieved by adjusting both the upper and lower

electrodes by 1mm each from the zero point.

To measure the time to breakdown for each gas tested for a range of pressures at different
inter-electrode distances, an initial evaluation of the self-breakdown voltage level for each

gas at each pressure tested for the different inter-electrode gap distances was required.

Once the gap distance had been set, gas was evacuated from the switch by means of the

vacuum pump in the same steps taken outlined in Section 3.0 for evacuating and refilling
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the switch with gas. The self-breakdown voltage of each gas at different pressures was
measured within this switch topology and this was conducted as described in Section 3.0 by
manually increasing the DC voltage applied at a rate of ~ 2kV/s to the upper spherical
electrode until a complete voltage collapse across the switch was observed to occur on the
screen of the oscilloscope. The breakdown voltage level was recorded and the self-
breakdown voltage level for each gas, inter-electrode distance and gas pressure was used in
determining the DC stress voltage level required for the triggered breakdown experiments.
Typically when gaps are stressed with a DC voltage to minimise the jitter, the DC stress
applied is in the region of 60%-90% of the self-breakdown voltage and as the gap becomes
increasingly stressed, typically the operation of the switch is seen to become more stable

with jitter seen to decrease.

The process for carrying out the time to breakdown experiments involved setting of the
inter-electrode gap length as previously outlined, evacuating the test cell of gas and filling
with gas to an initial pressure of 0.1MPa with air and manually applying a DC stress voltage
to the upper spherical electrode of 70% of the self-breakdown voltage for this gas at this

pressure.
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Figure 4-9 Voltage waveforms from both the Tektronix and the North Star voltage probe indicating the
measured time to breakdown in an air-filled switch at 0.15MPa with 70% Vbr DC stress applied.

Figure 4-9 shows the obtained voltage waveforms from the Tektronix probe monitoring the
voltage impulse applied to the mid-plane electrode and the North Star PVM-5 probe which
monitored the voltage across the main gap of the switch. The time to breakdown is marked
and is taken to be the time between the start of the voltage impulse on the trigger plane
and the complete collapse of voltage across the main gap. As can also be seen from
Figure 4-9, the DC stress voltage applied across the inter-electrode gap length equating to
70% of the self-breakdown voltage is below the 10kV that was modelled within Quickfield.
The trigger impulse that is applied to the mid-plane electrode that initiates the breakdown
within the gap does not reach the full -30kV before breakdown is initiated. The values of
10kV dc stress and a -30kV voltage application to the mid-plane triggering electrode were
simply maximum expected values, however under experimental conditions, different values
of DC stress will be applied and the magnitude of the trigger voltage that is required to

initiate breakdown will change for each data set. It is therefore reasonable to conclude that
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the magnitude of the electric field in the region between the electrodes will be smaller than

the values obtained from the simulations.

The start of the voltage impulse was measured on the screen of the oscilloscope and
defined as the last point at which the voltage was measured to be zero before negative
value, non-zero voltage measurements were taken. The end point of the ‘time to
breakdown’ is measured as the moment when the voltage across the entire switch
collapses to zero as indicated on Figure 4-4 above. For the triggered switch experiments
outlined, 30 breakdown events were conducted before the test cell was evacuated and
refilled to the same pressure with a fresh portion of gas. The experiment was then
conducted with an increased DC stress level across the main inter-electrode gap length of

80% of the self-breakdown voltage.

This procedure was repeated for each of the six gases that had previously been investigated
in the experiments; air, N,, 60%/40% N,/0,, 90%/10% Ar/0,, CO, and SF¢ within the self-
breakdown topology switch. For each of the gases investigated the switch was stressed
with 70% of the DC self-breakdown voltage level and 80% of the DC self-breakdown voltage
level for each gas pressure within the range 0.1MPa-0.4MPa. The gas pressure within the
switch was increased from 0.1MPa (absolute) in 0.05MPa increments to a maximum
pressure of 0.4MPa or until breakdown between the electrodes was not observed. Inter

electrode gap lengths of 2mm and 4mm were investigated.

The next section of this chapter will present the results of the breakdown experiments
conducted for each of the gases tested under the experimental conditions. The time to
breakdown as a function of increasing pressure has been obtained and presented in this

Section for each inter-electrode gap length tested individually.

4.4 Time to Breakdown in a field distortion switch with variation in
pressure and percentage of DC stress level.

Within this section, the results of the experimental investigation focused on the time to
breakdown of each of the gases which had previously been investigated for self-breakdown
properties within Chapter 3 are presented. The time to breakdown measurements are

presented separately for each gas and inter-electrode gap space and within each of the
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graphs, a comparison of the effect of stressing the main inter-electrode gap length with

either 70% or 80% of the self-breakdown voltage level is shown.

This triggered switch was filled with each of the 6 gases used in previous experiments
shown; bottled air, N,, 60/40% N,/0,, 90%/10% Ar/O,, CO, and SF¢. The results of the time

to breakdown experiments for each gas are presented below.

A linear fit is applied to the experimental data as a means of comparing the time to
breakdown characteristics of the switches at different gas pressures for different levels of

DC stress voltage applied across the switch.

4.4.1 Time to Breakdown for an Air filled switch

The results presented within this section show the time to breakdown as a function of gas
pressure for an air-filled switch and the jitter (standard deviation of the time to breakdown)
as a function of the gas pressure within the switch. The standard deviation in time to
breakdown, (typically depicted the Greek letter ¢ is used for standard deviation calculated
using a normal distribution assumption) is obtained from experimental results: this is
referred to as the jitter (or 1-c jitter) of the switch and is another key characteristic of
interest which has been investigated and is presented. The jitter calculated for each
variation of experimental parameters is shown in the context of the time to breakdown but

also presented independently as a function of gas pressure within the switch.

A linear phenomenological fitting has been applied to the experimental data and is plotted
on the figure alongside the experimental results as a means of evaluating the relationship
between the time to breakdown and the pd value. The linear fit applied to the experimental

data has equation:
t, =ap+b (4.2)

Where t,, is the time to breakdown, a is the gradient of the line (us/MPa), p is the gas

pressure within the switch (in MPa) and b is a constant (us).

Coefficients a and b have been obtained using the best fit procedure in Origin Pro graphing,
by fitting Equation (4.2) to the experimental data points. Equation 4.2 for 70% DC

breakdown stress voltage and 80% DC breakdown stress voltage with numerical coefficients
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a and b are provided in graphs presented in this Section and summarised in Table 4-1. For
each figure presented within this Chapter, the solid symbols represent the experimental
conditions where 70% of the self-breakdown voltage is applied as the DC stress across the
inter-electrode gap length, the open symbols represent the conditions for 80% of the self-
breakdown voltage applied as DC stress and the error bars represent the jitter in the time

to breakdown.
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Figure 4-10. Average time to Breakdown vs pressure in an Air-filled switch with a 2mm inter-electrode gap
length.

Figure 4-10 above shows the time to breakdown in a 2mm gap for an air-filled switch
stressed with 70% of the self-breakdown voltage and for experiments conducted with the
gap stressed with 80% of the self-breakdown voltage. It was observed that as the gas
pressure within the switch increases, there is also an increase in the time between the

initiation of breakdown and complete voltage collapse across the switch.

An interesting result from Figure 4-10 is that for a 2mm inter-electrode gap length in air-

filled switch, when the switch gap was stressed with 80% of the self-breakdown voltage,
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the time to breakdown was observed to be longer than the time to breakdown under the
conditions where the switch was stressed with 70% of the self-breakdown voltage. It was
found that when the gap was stressed with 80% of the self-breakdown voltage potential,
the time to breakdown was 9% - 34% longer than the total time to breakdown when the
gap was stressed with 70% of the self-breakdown voltage potential. This experimental
observation may seem counter-intuitive, however it is discussed and explained with
computational modelling of these results within Section 4.6 when the electric field strength
is modelled within the switch and a plasma channel formed between the upper spherical

electrode and the mid-plane triggering electrode is taken into consideration.

Once the work in a 2mm gap had been completed, the inter-electrode gap space was

increased to 4mm gap length between the main spherical electrodes.
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Figure 4-11 Average time to Breakdown vs pressure in an Air-filled switch with a 4mm inter-electrode gap
length.

As is shown in Figure 4-11, in a 4mm inter-electrode gap space also shows the proportional

increase in time to breakdown as gas pressure within the switch increases. The standard
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deviation in the time to breakdown for both switches stressed with 70% or 80% of the self-
breakdown voltage level appeared to decrease slightly as the pressure increased. The
exception to this being the 4mm gap stressed with 70% of the self-breakdown voltage

capability which provided the largest standard deviation (jitter).

The experiments conducted with a 4mm inter-electrode gap length, as also seen in the case
of the 2mm inter-electrode gap space, show that the time to breakdown generally is longer
when a DC stress level of 80% of the self-breakdown voltage level is applied across the main
gap. An exception being at 0.15MPa, however this point also showed the largest standard
deviation value and statistically can be considered to fall in-line with the other results.
Experiments conducted for a 2mm gap filled with air at 0.15MPa pressure however also
showed the largest standard deviation values. For 0.1MPa and 0.2MPa experiments
conducted, the increase in time to breakdown for a gap stressed with 80% of the self-
breakdown voltage potential were 1% and 11% longer than the time to breakdown
observed in the experiments conducted with 70% of the self-breakdown voltage potential

applied as DC stress across the gap.

The coefficients a and b derived for Equation 4.2 for each of the inter-electrode gap lengths
and DC stress voltage combinations is presented within the Table 4-1 below. A and b
together with their 95% confidence intervals, have been obtained using the best fit

procedure in Origin Pro graphing software.

Table 4-1 provides a comparison of the coefficients a and b of Equation (4.2) which describe
the dependence of the time to breakdown measured on the product pd of the inter-

electrode gap length and the gas pressure within the switch.

Table 4-1 linear fit coefficients for air-filled switch

AIR a (us/MPa) b (us)
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2mm 70% DC stress 176.88 +0.80

95% confidence interval 100.54 - 253.22 -10.21 - (+) 11.81
2mm 80% DC stress 221.05 -2.51

95% confidence interval 180.80 — (+) 261.30 -7.73-(+)2.71
4mm 70% DC stress 457.67 -19.92

95% confidence interval 413.43-501.91 -25.34—(-)14.50
4mm 80% DC stress 487.13 -23.77

95% confidence interval 346.79 — 627.47 -42.39 —(-)5.15

For both the 2mm inter-electrode gap length and the 4mm inter-electrode gap lengths it
can be clearly seen that for the experimental conditions where the test cell is stressed with
80% of the self-breakdown voltage, the gradient of the linear fit is larger than the values
obtained when the gap is stressed with 70% of the self-breakdown voltage, confirming that
as pd increases, the switch when stressed with 80% of the self-breakdown voltage will
continue to take longer to achieve breakdown than the switch which has been stressed

with 70% of the self-breakdown voltage.

This is an intriguing result which again as discussed within Section 4.6 is due to the topology
of the spark switch itself. The longer time to breakdown for gaps stressed with 80% of the
self-breakdown is apparent from the steeper gradient of the fit applied to the experimental

data.

Figure 4-12 shows the behaviour of the jitter as a function of the gas pressure within the

switch.
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Figure 4-12 Calculated Jitter for the field-distortion spark switch as a function of gas pressure for the air-filled
switch when the main inter-electrode gap length is (a) 2mm and (b) 4mm and for both 70% and 80% of the

self-breakdown voltage level applied across the main gap as a DC stress voltage.

95



As can be seen, for an air filled switch for both the 2mm and the 4mm inter-electrode gap
lengths tested, the jitter was observed to increase as the gas pressure within the switch

also increased overall within the switch.

Interestingly, for the lower pressures tested 0.1MPa-0.2MPa the jitter of the switch was
calculated to be statistically the same as gas pressure increases. It is as the gas pressure is
increased further (0.25MPa and above) that the jitter was calculated and observed to

increase. This was observed within both the 2mm and 4mm inter-electrode gaps lengths.

For the air-filled switch, the role of the DC-stress voltage level on the jitter performance of
the switch did not appear to play a statistically significant role on the jitter performance of
the switch. Generally, it was observed that jitter in the air-filled switch was in the region of
4ps or less for the high voltage, trigger impulses applied to the mid-plane electrode with a

rate of voltage rise of 0.45kV/us.

4.4.2 Time to Breakdown for an N filled switch

This section presents the results of the experiments conducted for both the 2mm and 4mm
inter-electrode gap lengths within the main switch body when filled with N, gas. The N, gas
used (BOC Ltd, 99.9% purity) is from the same cylinder which had been used in previous
self-breakdown experimental work. Figure 4-13 presents the time to breakdown results for
the 2mm inter-electrode main gap length within the switch as a function of the gas

pressure.
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Figure 4-13 Average time to Breakdown vs pressure in an N,-filled switch with a 2mm inter-electrode gap
length.

Within Figure 4-13, it can be seen that the time to breakdown of the switch when filled with
nitrogen was observed to increase linearly as the gas pressure within the switch increases
and the standard deviation in calculated time to breakdown values also was observed to

increase when observed as a function of gas pressure.

Within the 2mm nitrogen-filled gap switch, it was also observed that for all bar one of the
pressures tested (0.15MPa) the time to breakdown in a switch stressed with 80% of the
self-breakdown voltage potential was longer than the time to breakdown observed in
experiments conducted with 70% of the self-breakdown voltage potential applied as a DC

stress voltage.

It was found that by increasing the DC stress applied across the gap from 70% to 80% of the
self-breakdown voltage level the total time to breakdown of the switch was somewhere in
the region of 5% - 25% longer than the total time to breakdown observed when the gap had

been stressed with 70% of the self-breakdown voltage potential.
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Figure 4-14 Average time to Breakdown vs pressure in an N,-filled switch with a 4mm inter-electrode gap
length.

As Figure 4-14 shows, within the 4mm N, filled inter-electrode gap, the increase in time to

breakdown of the switch is also linear with pressure.

When stressed with 80% of the self-breakdown voltage potential, no breakdown events
were observed to occur in the switch for gas pressures of 0.2MPa or above. This means that
an accurate comparison of the performance of the time to breakdown characteristics of the
switch when stressed with either 70% of the self-breakdown voltage or 80% of the self-
breakdown voltage could not be conducted for this combination of 4mm inter-electrode

gap length, DC stress levels and gas pressures in a N,-filled switch.

A linear fit was applied to the experimental data where breakdown events were observed
to occur for at least three different gas pressures within the switch. The coefficients of the

linear fittings of Equation (4.2) for a N, filled switch are given in Table 4-2:
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Table 4-2 linear fit coefficients for the N,-filled switch

Nitrogen a (us/MPa) b (us)
2mm 70% DC stress 175.62 3.21
95% confidence interval 161.59 — 189.65 0.81-5.61
2mm 80% DC stress 170.80 6.21
95% confidence interval 129.60 - 212.00 0.84 -11.58
4mm 70% DC stress 439.67 -13.79
95% confidence interval 424,77 — 454.57 -15.57 —(-)12.01

The coefficients of the linear fit applied to experimental data of the N,-filled switch suggest
that for the gas pressures tested, the time to breakdown measurements in a 2mm gap
length stressed with 80% of the self-breakdown voltage potential would again be longer
than those under conditions where 70% of the self-breakdown voltage potential is applied
as DC stress voltage. The coefficients suggest that as the gas pressure increases beyond the
scope of this project in a switch filled with N, gas, the 70% DC stressed switch may take
longer to breakdown than the 80% of self-breakdown voltage stressed switch. However,
this is not a reasonable deduction which could be made from the experimental data and
the pressures at which this may occur are above those which were able to be used within

the scope of this research project.

Another key breakdown characteristic of the nitrogen-filled switch to be considered is the
jitter of the switch. Figure 4-15 presents the jitter as a function of the gas pressure within

the switch.

99




15 T T T T i T
14 L ® 2mm 70% Vbr|-
13 O 2mm 80% Vbr|
12F ]
1k ]
10 [ .
= °F ]
2 8l .
5 7L i
S 6l o
5L ]
4L ]
3 L o L] ]
2r S 8 ° ]
r s ]

0 1 N 1 N 1 N 1 N 1

0.10 0.15 0.20 0.25 0.30
Pressure (MPa)
(a)
15 [ T T T T T T T ]
14 ® 4mm 70% Vbr|
131 o 4mm 80% Vbr|
12F .
1| .
10F .
= °f ]
S 8| o ]
g 7} ° a
= ° ]
5L i
4 ]
sl i
2 © .
1L i
0 1 N 1 N 1 N 1 N 1 N 1

0.10 0.12 0.14 0.16 0.18 0.20 0.22
Pressure (MPa)

(b)

Figure 4-15 Calculated Jitter for the field-distortion spark switch as a function of gas pressure for the N,-filled
switch when the main inter-electrode gap length is (a) 2mm and (b) 4mm and for both 70% and 80% of the
self-breakdown voltage level applied across the main gap as a DC stress voltage.
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Figure 4-15 shows the jitter performance of the switch when filled with nitrogen as a
function of the gas pressure within the switch. It is shown that in the nitrogen-filled switch
as was observed in the air-filled switch, the jitter increases as gas pressure increases
although in the switch with the 2mm inter-electrode gap, for the lower gas pressures
(0.1MPa-0.2MPa) the jitter remains largely the same ~2us. For the 2mm N,-filled inter-
electrode gap, the jitter remains 3us or less however when the inter-electrode gap space is
increased to 4mm, the jitter of the switch increases dramatically to around 8us for the

same gas pressures.

4.4.3 Time to Breakdown for a switch filled with a 60% /40% N./0. mixture.

A mixture of 60%/40% N,/O, was the next gas tested in the field-distortion switch to
investigate the time to breakdown characteristics. Again this gas was chosen as the mixture
containing 40% oxygen is approximately double the concentration of oxygen than in air.
This allows for a comparison of increasing quantities of electronegative oxygen to
electropositive nitrogen gas and the effect that this has on the breakdown characteristics,
specifically the time to breakdown characteristics of a field distortion gap stressed with

different levels of the self-breakdown voltage potential.

As shown in Figure 4-16, for a 2mm inter-electrode gap space filled with the 60%/40%
oxygen/nitrogen gas mixture a linear increase in the time to breakdown as a function of
increasing gas pressure was observed which is in agreement with both the air-filled switch

and the switch filled with nitrogen (99.9% purity) gas.
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Figure 4-16 Average time to Breakdown vs pressure in a switch filled with 60%/40% N,/0, gas mixture with a
2mm inter-electrode gap length.

It was observed that for this particular gas mixture, when the main inter-electrode gap is
stressed with 80% of the self-breakdown voltage potential the time to breakdown was
measured to be longer than that using 70% of the self-breakdown voltage. The increase in
time to breakdown was calculated to be between 3%-20% longer in the experiments
conducted with 80% of the self-breakdown voltage DC stress than in the 70% self-

breakdown voltage experiments and was observed to increase as gas-pressure increased.
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Figure 4-17 Average time to Breakdown vs pressure in a switch filled with 60%/40% N,/0, gas mixture with a
4mm inter-electrode gap length.

Within Figure 4-17, the average time to breakdown for the conditions where a 4mm inter-
electrode gap was filled with the mixture of gas comprised of 60%/40% N,/O, are
presented. It was observed that for 0.1MPa and 0.15MPa pressure within the switch, the
time to breakdown was observed to increase as gas pressure increases in the expected
manner as had been observed for previous gases and in the 2mm gap and for previous

gases tested.

As the gas pressure within the switch for the 60%/40% N,/O, mixture was increased to
0.2MPa or above, when applying a voltage impulse with a voltage rise rate of 0.45kV/us to
the mid-plane electrode, no breakdown events were observed across the switch. This was
confirmed by monitoring both the voltage across the switch, no collapse of voltage across
the main inter-electrode gap occurred, and by monitoring of the current in the switch
where there was no current flow observed after the trigger impulse had been applied

indicating that no breakdown event had occurred.
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Of the results obtained i.e. the time to breakdown measured in the switch at 0.1MPa and
0.15MPa, as had been shown in the previous gases, the higher level of DC stress voltage
(80% of the self-breakdown voltage) applied across the gap has been shown to result in a
longer time to breakdown of the switch. For 0.1MPa and 0.15MPa gas pressure within the
switch, the time to breakdown was calculated to be 7%-18% longer for the higher DC
voltage stress level applied across the gap due to the design topology of the switch as is

later discussed fully within Section 4.6.

A linear fit with Equation (4.2) has been applied to the experimental data obtained for the
2mm inter-electrode gap filled with the 60%/40% N,/O, mixture, the fitting was unable to
be applied to the data obtained for the 4mm inter-electrode gap space experimental
conditions due to a small number of pressures where breakdown could be initiated. The
coefficients of the fitting lines which were able to be fit to experimental data are provided

for the 60%/40% N,/O, gas mixture in Table 4-3.

Table 4-3 Linear fit coefficients for the switch filled with a mix of 60%/40% N,/O,

60%/40% Nitrogen/Oxygen a (us/MPa) b (us)
2mm 70% DC stress 192.17 1.49
95% confidence interval 180.46 - 203.88 -0.45-3.43
2mm 80% DC stress 217.55 -0.55
95% confidence interval 197.15-237.96 -3.54-2.44
4mm 70% DC stress N/A N/A
4mm 80% DC stress N/A N/A

Analysis of the coefficients of the linear fit applied to the experimental data shows for the
2mm inter-electrode gap that clearly a DC stress level of 80% of the self-breakdown voltage

level resulted in time to breakdown measurements that were observed to increase as the
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gas pressure within the switch further increased. The rate of increase of the time to
breakdown measurements, evaluated by the magnitude of at a steeper gradient than the

DC stress conditions of 70% of the self-breakdown voltage.

As for the 4mm inter-electrode gap distance, it is clear that it is not possible to apply linear
fit lines to the experimental data obtained. It does appear that between 0.1MPa and
0.15MPa gas pressure, the time to breakdown increases as expected and the experimental
conditions where 80% of the self-breakdown voltage is applied as a stress across the gap
results in an increase in the time to breakdown for the same gas pressure when compared

to the gap stressed with 70% of the self-breakdown voltage.

The jitter of the switch filled with the 60%/40% N,/O, mixture is presented as a function of

gas pressure in Figure 4-18.
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Figure 4-18 Calculated Jitter for the field-distortion spark switch as a function of gas pressure for the
60%/40% N,/O,-filled switch when the main inter-electrode gap length is (a) 2mm and (b) 4mm and for both
70% and 80% of the self-breakdown voltage level applied across the main gap as a DC stress voltage.
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In the self-breakdown experiments conducted and presented within Chapter 3, the
60%/40% N,/0O, mixture had been shown to be the most stable gas in terms of the smallest
spread in self-breakdown voltage measured. As can be seen in Figure 4-18 above, for both
the 2mm 4-17(a) and 4mm inter electrode gap in Figure 4-18(b), the jitter obtained for this
gas mixture is low (<1ps for 0.1MPa-0.2MPa in the 2mm inter-electrode gap space) and
although also observed to increase as gas pressure increases as was observed with other
gases tested, still generally remains low for each combination of inter-electrode gap length

and gas pressure combination tested, typically < 4ps.

4.4.4 Time to Breakdown for a switch filled with a 90% /10% Ar/0: mix.

Within this section, the results of the time to breakdown analysis of results of the
field-distortion spark gap switch filled with the gas mixture comprised of 90%/10% Ar/O,

are presented.
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Figure 4-19 Average time to Breakdown vs pressure in a switch filled with 90%/10% Ar/0, gas mixture with a
2mm inter-electrode gap length.
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The time to breakdown measured for the 2mm gap field-distortion switch filled with the
90%/10% Ar/O, mixture is shown in Figure 4-19. A small increase in the time to breakdown
measured is observed as the gas pressure was increased from 0.1MPa to 0.25MPa,
however on further increasing the gas pressure within the switch to 0.25MPa, the time to
breakdown was observed to have significantly increased for both levels of applied DC stress

voltage.

In line with the results previously presented within this chapter for the other gases tested,
when the switch test-cell was filled with the mixture of 90%/10% Ar/O,, it was observed
that the switch stressed with 80% of the self-breakdown voltage potential would take
longer to reach complete breakdown than the switch which was stressed with 70% of the
self-breakdown voltage potential e.g. in the experiments conducted with 80% of the self-
breakdown voltage applied as a DC stress voltage, the time to breakdown of the switch was
found to be 6% - 28% longer than the time to breakdown observed for the same gas
pressure and the same inter-electrode gap space stressed with 70% of the self-breakdown
voltage due to the design of the switch encouraging breakdown to initiate between the
mid-plane electrode and the upper spherical electrode where the DC stress voltage is

applied before complete breakdown across the main gap of the switch.

The increase in time to breakdown as the gas pressure within the switch increases appears
linear as shown in Figure 4-19 and thus a linear fitting with Equation (4.2) was applied to

the experimental data obtained.

Figure 4-20 shows the results of the increased inter-electrode gap length to 4mm when

filled with the 90%/10% Ar/O, gas mixture.
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Figure 4-20 Average time to Breakdown vs pressure in a switch filled with 90%/10% Ar/O, gas mixture with a
2mm inter-electrode gap length.

An increase in time to breakdown was observed between 0.1MPa and 0.2MPa gas pressure
although at the intermediate 0.15MPa pressure tested, the difference in time to
breakdown was considered to be statistically the same as the time to breakdown calculated

for 0.1MPa gas pressure within the switch.

For the switch filled with 90%/10% Ar/O, mixture and a 4mm inter-electrode gap length it is
again shown that under experimental conditions when the main inter-electrode gap is
stressed with 80% of the self-breakdown voltage, the time taken between the initiation of
the voltage impulse and the complete collapse of the voltage across the gap is between

12% and 20% longer than when the gap is stressed with 70% of the self-breakdown voltage.

As applied to other gases within this chapter, the linear fit with Equation (4.2) was applied
to the experimental data allows for a comparison of the coefficients of the experimental

data for different DC stress levels applied across the switch.
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Where measured time to breakdown increased linearly as the pressure within the switch
body also increased, the linear fit with Equation (4.2) was applied and the coefficients a and

b are given in Table 4-4.

Table 4-4 linear fit coefficients for the switch filled with the 90%/10% argon/oxygen mix

90%/10% Argon/Oxygen a (us/MPa) b (us)
2mm 70% DC stress 33.20 9.80
95% confidence interval 17.30-49.10 7.00-12.60
2mm 80% DC stress 20.40 14.13
95% confidence interval 17.44 -27.36 13.18 - 15.08
4mm 70% DC stress N/A N/A
95% confidence interval N/A N/A
4mm 80% DC stress N/A N/A
95% confidence interval N/A N/A

Table 4-4 show that for the 2mm inter-electrode gap, at increased pressure, the steepest
gradient of the fitting line is on the data from the 70% DC stress suggesting that as pressure
increases, the time to breakdown may be longer for this level of DC stress. This however is
not backed up by experimental results obtained and the increased pressures again would

be out with the scope of this research project.

No linear fit was applied to the time to breakdown results for the 4mm inter-electrode gap
space as from Figure 4-20, the time to breakdown does not appear to increase linearly with

pressure.

In the self-breakdown switch results, the 90%/10% Ar/O, mixture showed the lowest

voltage hold-off capabilities and the spread of the self-breakdown voltages were one of the
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highest leading it to be deemed one of the least reliable gases of those tested for use in

self-breakdown switches.

These results in the triggered regime show that although the time to breakdown is
generally short for the 90%/10% Ar/O, mixture, there is very little variation for short inter-
electrode gap lengths in the time to breakdown as gas pressure changes. This suggests that
specific applications that may make use of short gaps, a range of pressures but require
similar time to breakdown as gas pressure in the system changes, this gas mixture may be

considered.

The jitter of the switch filled with 90%/10% Ar/O, is difficult to determine from the plotted
Figures above, Figure 4-21(a) and (b) presents the jitter performance of both the 2mm and
the 4mm inter-electrode gap lengths respectively as a function of gas pressure within the

test cell.
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Figure 4-21 Calculated lJitter for the field-distortion spark switch as a function of gas pressure for the
90%/10% Ar/O,-filled switch when the main inter-electrode gap length is (a) 2mm and (b) 4mm and for both
70% and 80% of the self-breakdown voltage level applied across the main gap as a DC stress voltage.
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In the 2mm inter-electrode gap length switch, the jitter performance can clearly be seen to
be <1us for all pressures up to up to 0.25MPa and remains statistically the same regardless

of an increase in pressure.

For the experimental conditions of a 4mm inter-electrode gap length, the results are less
cohesive and do not give a defined trend on the jitter performance for this gas mixture
under the triggered conditions described. In a 4mm inter-electrode gap length when
stressed with 70% of the self-breakdown voltage, the jitter was observed to increase as the
gas pressure increased. Conversely, under experimental conditions where a 4mm inter-
electrode gap is stressed with 80% of the self-breakdown voltage, the jitter was observed

to decrease as the gas pressure increased.

4.4.5 Time to Breakdown for a switch filled with CO;

This section contains the experimental results of the experimental investigation into the
time to breakdown characteristics when the field-distortion spark gap switch was filled with
CO.. In the self-breakdown results CO, had been shown at low pressures to provide slightly
higher breakdown voltage capabilities than air, nitrogen and the 60%/40% N,/O, mixture.
However it was also shown to have the largest spread in breakdown voltages observed and
thus deemed less reliable for use in self-breakdown switching. In a triggered switching

regime however, CO, has previously been used in industrial applications [102] .

The field-distortion switch was filled with CO, and the time to breakdown measurements as

a function of the gas pressure are presented within Figure 4-22.
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Figure 4-22 Average time to Breakdown vs pressure in a switch filled with CO, with a 2mm inter-electrode gap
length.

Figure 4-22 shows that, when breakdown increases in a linear fashion as the gas pressure
within the switch also increases. It can also be seen from Figure 4-22 that the jitter appears

to increase as the gas pressure increases and this is discussed after Figure 4-24.

Another result of note is the agreement of these CO, results showing that the experiments
conducted with the different levels of DC stress applied across the main gap of the switch
appear to show that when the main inter-electrode gap is stressed with 80% of the
self-breakdown voltage potential, the time it takes for complete voltage collapse across the
gap to appear is 12%-33% longer than the time taken for complete closure of the switch

when 70% of the self-breakdown voltage is applied across the gap.

The linear fit with Equation (4.2) has been applied to experimentally obtained data and is
also shown on Figure 4-22. The coefficients of the fit Equation are in Table 4-5 for

comparison.

114



Figure 4-23 presents the average time to breakdown measured in a 4mm inter-electrode

gap length for a CO,-filled switch.
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Figure 4-23 Average time to Breakdown vs pressure in a switch filled with CO, with a 4mm inter-electrode gap
length.

It can be seen that although there is an increase in the time to breakdown as the gas
pressure within the switch increases, the behaviour is non-linear and at 0.2MPa pressure,
the highest pressure at which breakdown was observed the standard deviation of the time

to breakdown measurements is large.

It can also be seen, however, that in the CO, filled switch with a 4mm inter-electrode gap-
length, the time to breakdown measured in a gap stressed with 80% of the self-breakdown
voltage is “9%-16% longer than the measured time to breakdown when the gap is stressed

with 70% of the self-breakdown voltage.

Where the measured time to breakdown increased linearly as the pressure within the
switch body increased (the 2mm inter-electrode gap length conditions), the linear fit with

Equation (4.2) was applied and the coefficients of Equation are given in Table 4-5.
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Table 4-5 linear fit coefficients for the CO,-filled switch

Carbon Dioxide a (us/MPa) b (us)
2mm 70% DC stress 164.45 1.35
95% confidence interval 119.66 —209.24 -4.14-6.84
2mm 80% DC stress 180.51 5.42
95% confidence interval 137.30-223.72 -1.34-12.18
4mm 70% DC stress N/A N/A
4mm 80% DC stress N/A N/A

Table 4-5 provides the linear fit coefficients for the 2mm inter-electrode gap length when
the gap space is filled with CO, gas. The ‘a’ coefficient which determines the sensitivity to
change in pressure is larger for the condition of 80% of the self-breakdown voltage applied
as the DC stress across the gap than for 70% of the self-breakdown voltage. This confirms
that even at increased pressures beyond the scope of this investigation, the time to
breakdown measured will be increased when the inter-electrode gap length is stressed with

a higher level of voltage. This is further discussed in section 4.6.

The jitter of the CO,filled switch is of key importance in this analysis as in the self-
breakdown investigation. CO, had shown the largest value of breakdown voltage spread of
all the gases tested. Figure 4-24 plots the jitter of the CO,-filled switch as a function of the

gas pressure within the switch.
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Figure 4-24 Calculated Jitter for the field-distortion spark switch as a function of gas pressure for the CO,-
filled switch when the main inter-electrode gap length is (a) 2mm and (b) 4mm and for both 70% and 80% of
the self-breakdown voltage level applied across the main gap as a DC stress voltage.
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In agreement with the other gases tested and presented within this investigation, the jitter
of the CO,-filled switch was calculated and observed to generally increase overall as the

pressure of the gas within the switch also increased.

The jitter in the 2mm gap was typically less than 4us while in the 4mm inter-electrode gap
the jitter was calculated to be < 10us. The values of jitter calculated for CO, are slightly
above those calculated for the other gases tested within this investigation however, under
triggered conditions, the difference in jitter between CO, and the other gases tested is not
as significant as the difference in the spread of the breakdown voltage which was observed
in self-breakdown investigations, suggesting that under triggered conditions CO, performs

more reliably than it does under self-break conditions.

4.4.6 Time to Breakdown for a switch filled with SF¢

In the interest of a complete dataset comparing all six gases which had been tested in the
self-breakdown switch topology, the field-distortion switch was also filled with all six of the

gases which had previously been used within experimental investigations.

The nature of SFg and its high dielectric strength and thus it’s higher breakdown voltage
means that under the exact same experimental test conditions with the same experimental

equipment as described above, no breakdown events were observed to occur.

This means that for a field-distortion spark-gap switch that is triggered by a trigger
generator with a relatively long rise-time of the voltage impulse (0.45kV/us), no direct

comparisons can be made with SF¢ under identical experimental conditions.
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4.5 Statistical Analysis

This section gives a brief side-by-side comparison of the measured time to breakdown in
the triggered switch stressed when filled with all five gases tested (air, N,, 60%/40% N,/O,,
90%/10% Ar/0O, and CO,) under DC stress and when a voltage impulse of 0.45kV/us is
applied to the mid-plane trigger electrode. The most appropriate way found to compare
the gases in this manner was to take the coefficient ‘a’ from the linear fit applied to the
experimental data obtained from the 2mm inter-electrode gap length tests conducted
which is a measure of how sensitive the measured time to breakdown will be to any change
in gas pressure within the switch. Figure 4-25 presents the value ‘a’, in Equation 4.2, the
coefficient determining the gradient of the fitting line applied to the data set for

experimental conditions of both 70% and 80% of the self-breakdown voltage applied across

the gap.
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Figure 4-25. A comparison of the Linear fit coefficient ‘a’ (Eq. 4.2) for the 2mm inter electrode gap space
which determines the sensitivity of the time to breakdown of each of the gases to any change in gas pressure
within the switch for both 70% and 80% of the self-breakdown voltage applied as a DC stress across the main
inter-electrode gap.
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Figure 4-25 shows that under the application of 80% of the self-breakdown voltage across
the switch gap in an air filled gap, a gap filled with CO, and a gap filled with a mixture of
60%/40% N,/O, results in a larger value of ‘a’ which can be considered to correspond to a
longer time to breakdown since ‘a’ describes the sensitivity to changing pressure. For the
N,-filled switch, the application of 70% or 80% of the self-breakdown voltage as the DC

stress across the gap length provided similar values for ‘a’ (175.62 and 170.80 respectively).

The switch filled with the mixture of 90%/10% Ar/O, was observed to be the least sensitive
to changes in pressure, i.e. the smallest ‘a’ values however this is more due to the far lower
breakdown voltages achievable with the mixture of Ar/O, It was also found that under
experimental conditions, as discussed previously within Section 4.3.4, the switch stressed
with 70% of the self-breakdown voltage at higher pressures than those in the scope of this
project may take longer to achieve breakdown than the gap stressed with 80% of the self-
breakdown voltage. This result is due to the nature of the Ar/O, mixture and has
consistently been found and shown throughout Chapter 3 and 4 to have significantly

different performance in terms of switching properties than any of the other gases tested.

An interesting result shown within Figure 4-25 is that, despite providing slightly higher self-
breakdown voltages than the other gases tested (excluding SF¢) in Chapter 3 and within
Chapter 4 when determining levels of DC stress voltage, the time to breakdown in a CO, -
filled was observed to be in line with the time to breakdown measured in air, N, or the
60%/40% N,/O, mixture. Figure 4-25 also shows that in terms of sensitivity of the time to
breakdown measured to the changing gas pressure within the switch, CO, is one of the
more stable gases with a smaller ‘a’ value than air or the 60%/40% N,/O, mixture and is

comparable to the values for N..
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4.5.1 Weibull Analysis of Time to Breakdown

Each of the sets of experimental results obtained and presented within Section 4.3 have
been analysed with a Weibull statistical analysis in order to compare the probability that
breakdown events will occur for each of the gases tested and will take a specified amount
of time deemed “time to breakdown” which shall be determined by the experimental
conditions. A Weibull distribution is a statistical distribution which can be used for
analyzing the reliability of dielectric media such as gas or liquid [139], [140] stressed with

high voltage impulses.

A three-parameter Weibull distribution function was used following industrial standard IEC
62539 [141] as this is used within engineering to describe the distribution of experimental
failure data, where the probability of a failure event (electric breakdown in the case of

dielectric media) at a specific time F(t) is given by Equation (4.3) [141]
t— B
F(t;a, 8)=1-exp —[—q t>y (4.3)
a

where t is the time to breakdown, F(t) the Weibull probability distribution function (which
provides the reliability of the system), a (us) is a positive scale parameter which represents
the time at which 63% of breakdowns will have occurred on the cumulative distribution
curve and 8 is the shape parameter which is a measure of the range of breakdown times
which is also positive. The larger the value of 8 is, the smaller the range of times in which a
breakdown event is likely to occur. The term of y (us) is known as the location parameter
and is the minimum time at which breakdown events may occur, i.e. the probability of

breakdown events occurring is zero fort < y.

The breakdown in the plasma closing switch takes place at specified time under any given
set of experimental conditions. Therefore, the output of a Weibull analysis can be utilised
to estimate the probability that a breakdown will occur at a given time under specified
operational conditions, such as gas pressure, inter-electrode gap length and level of DC

stress applied across the main inter-electrode gap.
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This section presents the Weibull analysis conducted for both the 2mm and 4mm inter-
electrode gap lengths stressed with 70% and 80% of the self-breakdown voltage potential.
The Weibull analysis has been conducted using Origin Pro graphing software which allows
to fit the Weibull probability distribution function given by Equation 4.3 to the experimental
time to breakdown data and to obtain the Weibull distribution parameters, a, 8 and y. The
fitting procedure in Origin Pro graphing software provides 95% confidence intervals for the
obtained Weibull parameters. A comparison of o (us), 8 and y (us) for the different
combinations of experimental conditions is given and this allows for a direct comparison of

all gases tested.

Weibull distribution graphs of the 2mm inter-electrode gap length under 70% and 80% of
the self-breakdown voltage potential for each of the five gases tested; for each of the gas
pressures tested where breakdown was able to be initiated, is presented. A table of
coefficients for each of the respective gas pressures and inter-electrode gap lengths is
compiled which provides a direct comparison of the scale and shape coefficients of each of

the gases and the 95% confidence intervals for breakdown occurring at a specified time.
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Figure 4-26 Weibull analysis graphs for a 2mm inter-electrode gap length at 0.1MPa (a) Air (b) N2 (c) 60%/40%
N,/0, (d) 90%/10% Ar/O; (e) CO, with 70% of the self-breakdown voltage applied across the main inter-electrode
gap length as DC stress. 95% confidence bands are also plotted. The vertical axis represents the reliability of
breakdown events occuring (%) and the horizontal axis is the time to breakdown (ns). Each of the open circle
symbols plotted on the graph represent breakdown events occurring at a specified time. The green line on each

graph is a reference line with parameters of the shape and scale extracted from the Weibull fit of the plotted open
symbols. The red lines on either side of the green line represent the 95% confidence band, that is, the band within
which 95% of the breakdown events are predicted to occur.
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Figure 4-27 Weibull analysis graphs for a 2mm inter-electrode gap length at 0.1MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/0, (e) CO, with 80% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress. 95% confidence bands are also plotted. The vertical axis represents the
reliability of breakdown events occuring (%) and the horizontal axis is the time to breakdown (ns). Each of the
open circle symbols plotted on the graph represent breakdown events occurring at a specified time. The
green line on each graph is a reference line with parameters of the shape and scale extracted from the
Weibull fit of the plotted open symbols. The red lines on either side of the green line represent the 95%
confidence band, that is, the band within which 95% of the breakdown events are predicted to occur.
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Table 4-6 Weibull Parameters for time to breakdown events measured in a 2mm inter-electrode gap for each
of the 5 gases tested at 0.1MPa pressure when 70% and 80% of the self-breakdown voltage are applied across

the main inter-electrode gap length as DC stress voltage respectively.

interval

0.1MPa Air Nitrogen 60%/40% 90%/10% Cco2
2mm 70% V,
Scale — a (us) 33.91 22.55 31.83 12.93 34.38
95% 25.83-41.99 17.23-27.87 25.08 — 38.58 -9.67 — 35.53 26.48 -42.28
confidence
interval
Shape - 20.95 20.90 21.01 13.11 18.53
95% 20.75-21.15 20.59-21.21 19.79-20.23 12.94-13.28 18.36-18.70
confidence
interval
Intercept- y 3.04 3.04 3.04 2.57 2.92
(us)
95% 3.02-3.06 3.02 -3.06 3.02 -3.06 2.55-2.59 2.90-2.94
confidence
interval
2mm 80% V,,
Scale—a 29.05 41.28 25.02 27.73 36.24
(us)
95% 23.14 -34.96 31.37-51.19 19.86 -30.18 21.66-33.80 27.10-45.38
confidence
interval
Shape - 20.28 24.16 21.89 24.77 16.67
95% 20.04 - 20.52 24.35-23.97 21.60-22.18 24.48 — 25.06 16.52 -16.82
confidence
interval
Intercept- y 3.01 3.18 3.09 3.21 2.81
(us)
95% 2.99-3.03 3.16 -3.20 3.07-3.11 3.19-3.23 2.79-2.83
confidence




Figures 4-26(a)-(e) present the Weibull probability plots for time to breakdown events for
each of the gases tested; air, N,, 60%/40% N,/O,, 90%/10% Ar/O, and CO, respectively at
0.1MPa when 70% of the self-breakdown voltage is applied across the inter-electrode gap.
Figures 4-27(a)-(e) present the Weibull probability plots of time to breakdown in a 2mm
inter-electrode gap also under 0.1MPa pressure for the same gases however under a DC

stress level equal to 80% of the self-breakdown voltage for each of the respective gases.

Table 4-6 presents a comparison of the three Weibull parameters obtained from the
statistical analysis of the time to breakdown measurements in the switch filled to 0.1MPa
with each of the gasses and stressed with 70% and 80% of the DC self-breakdown voltage

level respectively. This allows for a direct comparison of each of the Weibull parameters a

(us), 6 and y (us).

As described, the shape parameter 8, is related to the size of the range of times over which
a breakdown can be expected to occur. The gas with corresponding largest value(s) of 8 will
have the smallest range in terms of measured times to breakdown and thus can be
reasonably described as the most predictable and stable gas in terms of measuring the time
to breakdown. Table 4-6 shows that the value of B, is largest under the 70% of self-
breakdown voltage as DC stress application for the gas mixture comprised of 60%/40%
N,/O, although the value of 8 obtained for both the air and N, filled switch are close in
magnitude. When the level of DC stress voltage is increased to 80% of the self-breakdown
voltage in the 2mm inter-electrode gap length for 0.1MPa gas pressure, the smallest range
of breakdown voltages predicted, i.e. the highest value of B obtained was found in the
90%/10% Ar/O, mixture closely followed by the N, filled switch. This means that under
experimental conditions where the gap is stressed with 70% of the DC stress level, the
range of times over which breakdown is likely to occur is smaller for the 60%/40% N./O, gas
mixture than any of the other gases tested, however, when the level of DC stress voltage is
increased to 80% of the self-breakdown voltage potential, the range of times over which a
breakdown may occur is found to be smallest for the gap filled with the 90%/10% Ar/O,

mix.

Another parameter of interest to come from Weibull analysis is the value of y (us). In the
context of this experimental investigation, y represents the minimum time (us) where the

probability of a breakdown occurring is non-zero. For any time t < y , the probability of
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breakdown occurring is zero and any time t 2 y, the probability of breakdown occurring is
non-zero. For all gases tested at 0.1MPa under DC stress of either 70% and 80% of the self-
breakdown voltage, when the Weibull statistical analysis has been applied to the
experimental data, it can be seen as in Table 4-6 that the minimum time where the

probability of a breakdown occurring is non-zero is ~ 2.5-3.2s.

The Weibull probability plots have been obtained for each of the other combinations of
inter-electrode gap distance, gas pressure, gas type and DC voltage stress level applied
across the gap. These probability plots can be found within Appendix 1, however, the key
values of scale, a, shape, 8, and the intercept, y, have been extracted and are presented

within tables and discussed.
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Table 4-7 Weibull Parameters for time to breakdown events measured in a 2mm inter-electrode gap for each
of the 5 gases tested at 0.2MPa pressure when 70% and 80% of the self-breakdown voltage are applied across
the main inter-electrode gap length as DC stress voltage respectively.

0.2MPa Air Nitrogen 60%/40% 90%/10% Cco2
Nz/Oz Ar/OZ
2mm 70% V,
Scale —a 22.96 16.96 65.87 40.03 21.39
(us)
95% 17.23 - 28.69 13.43-20.49 51.65-280.01 30.14-49.92 15.73-27.04
confidence
interval
Shape - B 36.79 40.08 40.65 16.17 38.44
95% 36.26 -37.31 39.30-40.86 40.45 -40.85 16.03-16.31 37.86-39.01
confidence
interval
Intercept- y 3.61 3.69 3.70 2.78 3.65
(us)
95% 3.59-3.62 3.67-3.71 3.68-3.72 2.76 -2.80 3.63-3.67
confidence
interval
2mm 80% Vy,
Scale - a 20.17 22.04 65.87 57.88 46.11
(us)
95% 15.46 — 24.88 17.21 -26.87 51.64 —80.09 44,78 —70.98 34,57 -57.65
confidence
interval
Shape - 8 40.28 41.95 40.65 18.24 42.50
95% 39.62-40.94 41.32-42.58 40.44 - 40.85 18.13-18.34 42.19-42.81
confidence
interval
Intercept- 3.70 3.74 8.37 2.90 3.75
y(us)
95% 3.68-3.72 3.72-3.76 8.35-8.39 2.87-2.93 3.73-3.77
confidence
interval




Table 4-7 compares the values of the three Weibull parameters obtained for each of the
five gases tested under experimental conditions of a 2mm inter-electrode gap length,
0.2MPa gas pressure and 70% or 80% of the self-breakdown voltage applied as the DC
stress across the main gap length within the field-distortion triggered switch triggered with

a voltage impulse with a voltage rise-time of 0.45kV/us.

The value of 8, the shape parameter is again largest under the 70% of self-breakdown
voltage as DC stress application for the gas mixture comprised of 60%/40% N,/O, and
similarly to the lower pressure (0.1MPa evaluation) the value of 8 obtained for the N, filled
switch is close in magnitude. This suggests that while the 60%/40% N,/O, gas mixture may
have the shortest range of times over which a breakdown is predicted to occur, the switch,
when filled with N, gas (99.9% purity) also has a comparatively short range over which
there will be measured times to breakdown. When the level of DC stress voltage is
increased to 80% of the self-breakdown voltage in the 2mm inter-electrode gap length for
0.2MPa gas pressure, the smallest range of breakdown voltages predicted, i.e. the highest
value of 8 obtained was found in N, filled switch under the DC stress level of 80% of the

self-breakdown voltage level.

Another parameter of interest to come from Weibull analysis is the value of y. It can be
seen from Table 4-7 that the minimum time where the probability of a breakdown
occurring is non-zero is ~2.8-3.8us, however, the shortest time where the probability of a
breakdown is non-zero under the DC stress equal to 80% of the self-breakdown voltage in a
switch filled with the mixture of 60%/40% N,/O, is ~8.3us which is ~3 times the duration of

any of the other gases tested.
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Table 4-8 Weibull Parameters for time to breakdown events measured in a 2mm inter-electrode gap for each
of the 5 gases tested at 0.3MPa pressure when 70% and 80% of the self-breakdown voltage are applied across
the main inter-electrode gap length as DC stress voltage respectively.

0.3MPa Air Nitrogen 60%/40% 90%/10% Cco2
N,/O, Ar/0,
2mm 70% V,
Scale - a 24.85 19.63 24.29 7.54 13.61
(us)
95% 18.63 - 31.06 14.94 - 24.32 18.67 —29.91 5.64-9.44 10.53-16.69
confidence
interval
Shape - 69.97 53.81 69.94 35.05 58.96
95% 69.05-70.89 52.91-54.71 68.99 - 70.89 33.53-36.56 57.53-60.39
confidence
interval
Intercept- y 4.25 3.99 4.25 3.56 4.08
(us)
95% 4.23-4.27 3.97-4.01 4.23-4.27 3.53-3.59 4.06-4.09
confidence
interval
2mm 80% V,,
Scale - a 10.07 15.77 13.97 8.94 10.34
(us)
95% 7.67—-12.47 11.56-19.98 11.13-16.81 6.77-11.11 7.55-13.13
confidence
interval
Shape - 96.32 67.94 80.77 38.66 67.99
95% 93.18 - 99.46 66.55-69.33 78.85—-82.69 37.25-40.07 65.87-70.11
confidence
interval
Intercept- y 457 4.22 4.39 3.65 4.22
(us)
95% 454 -4.60 4.20-4.24 4.37-4.41 3.62-3.68 4.20-4.24
confidence
interval




Table 4-8 compares the values of all three Weibull parameters obtained for each of the five
gases tested under experimental conditions of a 2mm inter-electrode gap length, 0.3MPa
gas pressure and 70% or 80% of the self-breakdown voltage applied as the DC stress across

the main gap length.

The value of 8, the shape parameter is largest for the air-filled switch under the DC stress
conditions where 70% or 80% of the self-breakdown voltage is applied across the gap. It
was also noted that the value of B for the gas mixture made up of 60%/40% N,/O, was large
for both the experimental conditions when the inter-electrode gap length was stressed

with 70% or 80% of the self-breakdown voltage.

The value of y, for the 2mm inter-electrode gap length when the gas pressure within the
switch is 0.3MPa (absolute) was found to be ~4us when the inter-electrode gap length is
stressed with 70% of the self-breakdown voltage and ~4.4us when stressed with 80% of the
self-breakdown voltage of each of the gases. Under both DC stress level conditions of 70%
and 80% of the self-breakdown level, the 90%/10% Ar/O, gas showed the smallest value of
y corresponding to the shortest minimum time at which the probability of breakdown
occurring would be non-zero. This can be regarded as a result of the lower voltage hold-off
capabilities of the Ar/O, mixture than the other gases tested. The largest y values, i.e. the
gases which have the longest time before the probability of a breakdown is non-zero are air

and the mixture of 60%/40% N,/O,.

131



Table 4-9 Weibull Parameters for time to breakdown events measured in a 4mm inter-electrode gap for each
of the 5 gases tested at 0.1MPa pressure when 70% and 80% of the self-breakdown voltage are applied across
the main inter-electrode gap length as DC stress voltage respectively.

0.1MPa Air Nitrogen 60%/40% 90%/10% co2
Nz/Oz Ar/OZ
4mm 70% V,
Scale - a 16.37 14.44 25.66 26.53 8.36
(us)
95% 12.62 -20.12 11.09-17.79 19.03-32.29 20.09 -32.97 6.24-10.48
confidence
interval
Shape - 26.58 31.27 30.94 20.16 31.31
95% 26.05-27.11 30.56 -31.98 30.55-31.33 19.91-20.41 30.09 -32.53
confidence
interval
Intercept- 3.28 3.44 3.43 3.00 3.44
y (us)
95% 3.26 -3.30 3.42 -3.46 3.41-3.45 2.98 -3.02 3.41-3.47
confidence
interval
4mm 80% V,
Scale - a 23.17 18.85 15.55 15.42 13.40
(us)
95% 17.70 - 28.64 14.34 -23.35 12.22 -18.88 11.82-19.02 10.31-16.49
confidence
interval
Shape - 26.62 37.32 33.27 23.78 34.95
95% 26.25-26.99 36.67-37.97 32.57-33.97 23.27-16.49 34,10 -35.80
confidence
interval
Intercept- 3.28 3.62 3.50 3.17 3.55
y (us)
95% 3.26-3.30 3.60-3.64 3.48 -3.52 3.15-3.19 3.53-3.57
confidence
interval




Table 4-9 provides a comparison of the values of the three Weibull parameters obtained for
each of the five gases tested under experimental conditions (4mm inter-electrode gap
length, 0.1MPa gas pressure and 70% or 80% of the self-breakdown voltage applied as the

DC stress across the main gap length).

The values of 8 can be compared for each of the different gases from Table 4-9 and it is
evident that N, generally shows the largest 8 value at 0.1MPa pressure within the 4mm
inter-electrode gap under 70% and 80% self-breakdown voltage DC stress, however, as the
inter-electrode gap length has been increased, the B value of CO, increased suggesting that
by increasing the main inter-electrode gap length, the range of times where a breakdown is

likely to occur in a CO;, filled switch can be reduced.

The value of y, the minimum time at which the probability of a breakdown event occurring
is non-zero is ~3.4us when the inter-electrode gap is stressed with 70% of the self-
breakdown voltage of each of the respective gases and ~3.5us when stressed with 80% of
the self-breakdown voltage. It was again noted that the smallest y values were observed

from the Ar/O, mixture as had been observed in the 2mm inter-electrode gap length.
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Table 4-10 Weibull Parameters for time to breakdown events measured in a 4mm inter-electrode gap for

each of the 5 gases tested at 0.2MPa pressure when 70% and 80% of the self-breakdown voltage are applied

across the main inter-electrode gap length as DC stress voltage respectively.

0.2MPa

Air

Nitrogen

60%/40%
NZ/ o2

90%/10%
Ar/OZ

Cco2

4mm

70% V,,,

Scale - a

(us)

17.42

12.87

N/A

31.87

10.48

95%
confidence
interval

13.63-21.21

9.85-15.89

24.87 -38.87

8.24-12.72

Shape -

73.20

77.37

N/A

39.48

77.61

95%
confidence
interval

71.82-74.58

75.40-79.34

39.07-39.89

75.16 — 80.06

Intercept-
Y (us)

4.29

4.35

N/A

3.68

4.35

95%
confidence
interval

4.27-431

4.32-4.38

3.66-3.70

4.32-4.38

4mm

80% V,,

Scale - a

(us)

23.17

N/A

3.59

59.86

7.68

95%
confidence
interval

17.70 - 28.64

2.79-4.39

45.45-74.27

5.64-9.72

Shape -

26.62

N/A

51.61

44.04

92.06

95%
confidence
interval

26.25-26.99

46.89 - 56.33

43.80-44.28

87.39-96.73

Intercept-
Y (us)

3.28

N/A

3.94

3.79

4.52

95%
confidence
interval

3.26-3.30

3.86-4.03

3.77-3.81

4.49-4.,55




Table 4-10 provides a comparison of the values of the three Weibull parameters obtained
for each of the five gases tested under experimental conditions (4mm inter-electrode gap
length, 0.1MPa gas pressure and 70% or 80% of the self-breakdown voltage applied as the

DC stress across the main gap length).

The value of 8 under 70% of the self-breakdown voltage and 80% of the self-breakdown

voltage applied as DC stress is largest in the switch filled with CO,.

The value of y is again found to be smallest in the Ar/O, mixture and largest within the CO,
under experimental conditions where the inter-electrode gap length is 4mm and the gas

pressure within the test cell is 0.2MPa.

4.6 Computational Analysis of Time to Breakdown Results

As observed within the experimental results resented in Section 4.4, for all 5 gases tested,
when the main inter-electrode gap length is stressed with 80% of the self-breakdown
voltage of the respective gases, generally it is observed to take a longer period of time
before a complete breakdown is observed after the application of a trigger impulse than
the switch under experimental conditions where 70% of the self-breakdown voltage is

applied as the DC stress across the inter-electrode gap length.

Although seemingly counter-intuitive, it is expected that there will be an observed increase
in the time to breakdown measured when a higher percentage of the self-breakdown
voltage is applied as DC stress across the main gap of the switch. This experimentally
observed result is due to the designed nature of the switch with the application of the
positive polarity DC voltage on the upper spherical electrode and the application of a
negative trigger impulse voltage on the mid-plane encouraging the initiation of breakdown
to occur between the mid-plane triggering electrode and the upper electrode. The initiation
of breakdown between the upper electrode and the mid-plane electrode occurs before a

complete breakdown occurs across the main gap of the switch.

A net post-initiation voltage as discussed within Section 4.1 is used which is described by
Equation (4.1) and when considering magnitudes only, it clearly shows that for the cases
where 70% of the self-breakdown voltage and 80% of the self-breakdown voltage are
applied as DC stress voltage, the post-initiation voltage. In the initial design phase of the

field-distortion switch, the simulation run in Quickfield, simulated a 10kV application on the
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high voltage electrode and a -30kV voltage application applied to the mid-plane electrode.
These values were chosen as maximum values beyond what would be reasonably being
achieved within the switch during experimental procedure. E.g. if the self-breakdown

voltage of a gas is 14.28kV, V,, 7p4= 10kV, V}, gps= 11.4kV.

Vpost—initiation 70% = /Vtrigger/'/ Vbr70%/ =30kV - 10kV = 20kV

Vpost—initiation 80% = /Vtrigger/'/ VbrSO%/= 30kV —11.4kV = 18.6kV

Experimentally, this leads to a greater enhanced electric field in the main inter-electrode
gap once the breakdown has been initiated between the mid-plane electrode and upper

spherical electrode.

If, however, the minimum measured time to breakdown is taken for each of the gases at
any gas pressure, multiplied by 0.45kV/us (the rate of rise of the voltage impulse) and the

dc stress voltage subtracted:

e.g. 4dmm inter-electrode gap space, 0.1MPa air

Vinin post init 70% = tor min*0.45KV/US - [Vi705] = 24.3 *0.45 - [Vipr704/ = 10.9 kV - 6.7kV = 4.2 kV
Vimin post init 80% = tor min™ 0.45KV/US - [Vipygoss| = 23.6 *0.45 - [ Vg0 = 10.6 kV = 7.7kV = 2.9 kV

Again, this shows that for the minimum time to breakdown observed, the post-initiation
breakdown voltage in the gap stressed with 70% of the self-breakdown voltage will be
higher than that in the gap stressed with 80%. A higher post-initiation voltage in the gap
stressed with 70% of the self-breakdown voltage means the electric field in the main gap
will be larger than in the gap stressed with 80% and so the time to breakdown measured
for the gap stressed with 80% can reasonably expected to be longer than the gap stressed

with 70%.

Experimental conditions where 70% of the self-breakdown voltage had been applied across
the upper electrode, resulting in Vyost.initiation70% = 20kV on the charged electrodes and 80% of
the self-breakdown voltage resulting in Viost.initiationso%=18.6kV have been simulated in

Quickfield. The resulting electric field strength across the main inter-electrode gap length
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(4mm total length from the upper spherical electrode to the grounded, lower electrode) for
each of these post-initiation voltages applied across the mid-plane and upper electrode is

plotted within Figure 4-35.
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Figure 4-28 Electric Field Strength within the main inter-electrode gap post-initiation for 70% self-breakdown
voltage applied as DC stress and 80% of the self-breakdown voltage applied as DC stress. V. initiation Used to
model the electric field strength within the main inter-electrode gap of the switch being the net voltage of
the trigger impulse minus the DC stress voltage.

Figure 4-36 presents the electric field strength in the main inter-electrode gap between the
spherical electrodes when the net post-initiation voltage after 70% of the self-breakdown
voltage had been applied or 80% of the self-breakdown voltage had been applied to the
upper electrode as a DC stress voltage prior to the application of the impulse voltage on the
mid-plane electrode. It is clearly seen that the net post-initiation voltage after 80% of the
self-breakdown voltage had been applied across the switch is lower than the post-initiation
voltage after 70% of the self-breakdown voltage had been applied. This lower net-voltage
results in lower electric field strength within the main inter-electrode gap for initiation of
the complete breakdown between the main electrodes. Since the electric field strength in
the main inter-electrode gap is lower post-initiation for the ‘80% of self-breakdown’
condition, it can reasonably be concluded that it will take a longer time to reach a complete

breakdown across the gap when the main inter-electrode gap is stressed with 80% of the
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self-breakdown voltage than it will when stressed with 70% of the self-breakdown voltage;

a result which has been observed experimentally for all gases throughout this chapter.

4.7 Conclusions.

This chapter has presented an investigation into the temporal breakdown characteristics of
a field-distortion spark gap switch filled with five different gases; air, N,, 60%/40% N,/O,,
90%/10% Ar/O, and CO,. The switch was triggered with HV impulses with a rate of rise of
~0.45 kV/s.

The field-distortion spark gap switch was designed based on the electric field in the switch
which was modelled using the electrostatic software package QuickField before
construction of the switch took place. The design of the switch had been shown to
encourage the initiation of breakdown to originate between the mid-plane electrode and
the upper, high voltage electrode before complete breakdown occurs within the main inter-

electrode gap length.

For the 2mm inter-electrode gap length filled with each of the different gases, a linear
increase in the measured time to breakdown was observed as the gas pressure within the
switch increases. At the increased inter-electrode gap length of 4mm all gases showed an
increase in the measured time to breakdown as the gas pressure within the switch
increased, however due to experimental limitations, there was an insufficient range of

pressures at which breakdowns were observed to take place to establish any trends.

In each of the gases tested, where it was possible to compare the effect on the time to
breakdown that applying 70% or 80% of the self-breakdown voltage potential as a DC stress
voltage across the switch had, it was noted that the time to breakdown increased by ~6% -
33% when 80% of the self-breakdown voltage was applied as the DC stress voltage across
the switch when compared to stressing the inter-electrode gap length with 70% of the self-
breakdown voltage. The difference in the time to breakdown for the different levels of DC
stress applied was also observed and found to increase as gas pressure increased for both

gap lengths tested and for all gases tested.
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The jitter obtained for each of the gases tested was found to be on the p-second timescale
as a result of the “slow” voltage rise rate of the impulse (0.45 kV/us) applied to the
triggering electrode. However, many industrial pulsed power applications require jitter on
the nanosecond timescale [34], [142] and, in order to achieve this, a much faster pulse

should be applied as a trigger pulse to the mid-plane electrode.

It has been shown within this chapter that if using a field distortion spark gap switch
triggered by means of a voltage impulse applied to a mid-plane electrode at a relatively
slow voltage rise rate of ~0.45kV/us, the smallest jitter capabilities were found when the
switch was filled with the 90%/10% Ar/O, gas mixture. The jitter was calculated to be
typically < 2 pys for 2 mm and 4 mm inter-electrode gap lengths stressed with 70% or 80% of
the self-breakdown voltage, whereas the other gases of interest within this investigation
showed increased jitter values of up to 10 us in the case of the CO, and N, filled switches.
The trade-off in this case would be the far-lower self-breakdown voltage capabilities which
can be achieved by using the 90%/10% Ar/O, mixture. If slightly increased jitter (~ 4 ps) can
be tolerated and higher voltage hold-off is of paramount importance, then a switch filled
with air would be recommended, as air provides higher voltage hold-off capabilities than
the 90%/10% Ar/O, mixture, as shown in Chapter 3, and the jitter is only slightly above that
of the 90%/10% Ar/O, mixture within this investigation.

The next chapter of this thesis discusses an experimental investigation making use of the
same field-distortion spark-gap switch and the same inter-electrode gap lengths but
triggered with much faster HV voltage impulses with a rate of rise of 1kV/ns. The DC stress
voltage applied across the main gap of the switch will remain at the 70% and 80% of the
self-breakdown level of each of the gases at the given gas pressure within the switch.
However, the voltage impulse applied to the mid-plane electrode will have a much faster

rate of voltage rise-time in an attempt to minimise the jitter of the switch.
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Chapter 5. Characterisation of a Field-Distortion Spark Gap
switch Triggerred with fast 1kV/ns HV impulses.

In Chapter 4 of this thesis, a description of the field-distortion spark gap switch and the
experimental test set-up was provided alongside the experimental results of an
investigation into breakdown characteristics of the switch under triggered conditions when
thisswitch was triggered by applying a -30kV impulse at a rate of ~0.45kV/us to the mid-
plane electrode. It was found that the time to breakdown and resulting jitter associated
with switching was on the ps timescale. Many pulsed power applications, however, require
much lower levels of jitter in their systems typically of the order of a few nanoseconds

[143]-[146].

Within this chapter, an experimental investigation into the time to breakdown
characteristics and associated jitter of the field distortion spark gap switch triggered with a
fast, ~1 kV/ns, HV impulses is presented. The triggering impulse applied to the mid-plane
electrode within this experimental set-up is provided by a Blumlein pulse generator which
outputs a ~ 30 kV peak voltage pulse over a much shorter (~250 ns FWHM) timescale and
the triggering mechanism is the only alteration to the experimental set-up that was

described in detail in Chapter 4.

Within this chapter, a description of the changes to the trigger pulse forming part of the
experimental system is provided. The results of the investigation into the time to
breakdown and jitter of the switch when filled with the same 5 gases as have been used in
the rest of this experimental investigation. The effect of increasing the gas pressure within
the switch across the range 0.1 MPa - 0.4 MPa for the different inter-electrode distances
(2 mm and 4 mm) and the effect of different levels of DC stress voltage across the main
inter-electrode gap on the time to breakdown and the jitter of the switch is investigated

and presented followed by a discussion of the practical applications of the results.

Some results of note presented within this thesis show that for the time to breakdown in a
field-distortion spark gap switch triggered by a fast Blumlein impulse, the time to
breakdown observed does not statistically change as the gas pressure within the switch

increases. It is shown that the level of DC stress voltage applied across the main gap also
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has little effect on the measured time to breakdown of the switch for any of the five gases

tested.

It is shown within this chapter that by using a Blumlein pulse generator, with a voltage
risetime in the nanosecond timescale, to provide the triggering voltage pulse to the mid-
plane electrode the jitter of the switch reduces for all gases to nanosecond jitter values.
This reduction of jitter to nanosecond timescale levels is ideal for industrial applications.
For all gases tested the jitter observed is found to be ~2-3ns however as the gas pressure
within the switch is increased within the range 0.1MPa-0.4MPa, the jitter is also observed

to increase.

5.1 Experimental test set-up

The test-set up for this experimental investigation into time to breakdown characteristics of
the field distortion spark gap switch made use of much of the same circuit as was described
in Chapter 4. A Glassman high voltage DC power supply (0-60kV) was used to pre-stress the
switch via a 1IMQ charging resistor and a North Star PVM-5 high voltage probe (1000:1
division ratio) (80 MHz nominal bandwidth) monitored the voltage across the main gap of

the switch.

In order to create voltage impulses with defined duration and shape, coaxial transmission
topologies are commonly used. The duration and shape (including the rise-time of the
impulse) is defined by the length of the cables and in order to achieve voltage

multiplication, stacks of transmission cables can be used.

The maximum output voltage of a conventional pulse forming line is given by:

Z
V, =V, —— (5.1)
ZOUT + L
where V| is the load voltage (V); V; is the supply voltage (V); Z; is the impedance of the load
(Q); and Zyyr is the output impedance of the impulse generator (Q) equal to the
characteristic impedance of the cable. When Z, and Zy,r are equal, the maximum load

voltage can be seen to be half the supply voltage.

A Blumlein is a type of pulse forming network that was patented in 1941 by Alan Blumlein

[147] where the magnitude of the output pulse is equal to the input supply voltage. This is
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achieved across a matched load, where Z,=2Z,. The Blumlein pulse generator places the
load in the centre, between two transmission lines as seen in Figure 5-1, and as such, if the
load impedance is twice the characteristic impedance of coaxial cables, Z, Blumlein

generators can output a voltage impulse equal to the DC supply voltage.

—AA = (5 .

Ren

SWITCH 1._1? - | OAD = 1,;?

WV WV

Figure 5-1 Schematic of a Blumlein generator circuit, adapted from [148]

Voltage multiplication can be achieved using Blumlein pulse generators by stacking them in
order to obtain double, triple etc the charging voltage [148]. For any kind of transmission
line within pulsed power applications where fast, short pulses are required, the

characteristic impedance is a key value which can be calculated using Equation 5.2 :

L'
Z,=.— 2
0 W/C' (5.2)

Where L’ is the inductance of the cable per unit length (H/m) and C’ the capacitance per

unit length (F/m).

An ordinary Blumlein topology shown in Fig 5-2 was chosen to provide the triggering
voltage impulse to the mid-plane electrode as it allows for very fast (ns) rising voltage

impulses.
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The single Blumlein pulse generator has a spark switch stressed to ~-30kV before it triggers
and provides the -30kV voltage impulse rising at a rate of ~ 1kV/ns to the mid-plane

electrode of the switch.

5.2 Methodology

The procedure for carrying out the breakdown experiments with the Blumlein pulse
generator was similar to that for the experiments conducted and described within Chapter

4.2, in which the trigger generator producing longer, us scale trigger impulses.

The gas switch which controls the firing of the Blumlein voltage impulse is filled with
bottled air to 0.13MPa (absolute) pressure via the gas distribution board and a second
Glassman High Voltage DC voltage power supply is used to set the input voltage to 30kV.
This means that as described within Section 5.1 the output pulse of the single Blumlein will

also be a maximum of -30kV.

The inter-electrode gap length is still considered to be the ‘main gap’ length and defined
from a zero point where a short circuit was observed across the switch. The adjustment of
both the upper and lower spherical electrodes beyond this point resulted in a non-zero
value of the resistance measured on a digital multimeter. 2mm increments of inter-
electrode gap length were again used (a 1mm vertical adjustment of both the upper and
lower spherical electrodes) to ensure an equidistant spacing between the upper and lower
spherical electrodes and the mid-plane triggering electrode as this ensures no breakdown
between upper and lower electrode with the mid-plane triggering electrode being favoured

due to the geometry of the switch.

The process for carrying out the time to breakdown measurements as previously described
involved setting of the inter-electrode gap length, evacuating the test cell of gas and re-
filling to atmospheric pressure (0.1MPa) with air and manually applying a DC stress voltage
to the upper spherical electrode of 70% or 80% of the self-breakdown voltage for this gas at
this pressure, the DC stress voltage is applied to the upper electrode at a rate of ~2kV/s.
The self-breakdown voltages for each gas and pressure combination within this switch
topology have previously been measured for the experiments conducted with the
0.45kV/us trigger generator (Section 4.4) and thus did not require repeating before this

investigation.
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5.3 ‘Time to Breakdown’ characteristics of the field-distortion
switch triggered by a Blumlein pulse generator.

By using an ordinary Blumlein pulse generator to provide the triggering impulse which
initiates breakdown in these experiments, it is seen in the results presented within this
section that the total time to breakdown for all gases is on the scale of tens of
nanoseconds. The much faster rise-time of the voltage impulse provided by the Blumlein
pulse generator (~1kV/ns) results in the decrease in time to breakdown from microsecond

timescale measurements taken in Chapter 4 to nanosecond timescale breakdown.

Each data point representing the time to breakdown is an average value of 30 breakdown
events initiated. The closed symbols represent the experimental conditions where the main
inter-electrode gap length is stressed with 70% of the self-breakdown voltage level and the
open symbols the conditions where the main gap length is stressed with 80% of the self-
breakdown voltage level. The error bars on each graph again represent the standard
deviation in the time to breakdown measurements i.e. the jitter. The gas within the test-cell
was evacuated and the switch was filled with fresh gas between each change of inter-
electrode gap length tested, each of the gas pressures tested 0.1MPa-0.4MPa (in 0.1MPa
increments, at room temperature) or when the level of DC stress applied across the main
gap length was changed. The error bars represent the jitter (standard deviation in the time

to breakdown) of the switch for the particular gas, gap length and DC stress level applied.

5.3.1 Time to Breakdown for an air-filled switch triggered with 1kV/ns HV
impulses.

The switch test-cell was first filled with bottled air and the time to breakdown measured for
gas pressures within the switch between 0.1MPa and 0.4MPa (at increasing 0.1MPa
increments) for 2mm and 4mm inter-electrode gap lengths. The effect of the DC stress level
applied across the main gap of the switch was again a condition of interest and thus both
70% and 80% of the self-breakdown voltage potential were used as DC stress level
conditions. Figure 5-2 presents the time to breakdown in the switch as a function of the gas

pressure for a 2mm inter-electrode main gap length in the switch filled with air
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Figure 5-2 The average time to breakdown measured for a 2mm inter-electrode gap length filled with bottled
air as a function of the gas pressure within the switch.

It was observed that as the gas pressure increased within the test-cell, the measured ‘time
to breakdown’ characteristic remained almost unchanged, statistically these data points are
not different as their error bars (which represent the standard deviation) overlap. The
standard deviation represents the times at which 63% of the time to breakdown events are
likely to be observed. The overlapping of the standard deviation error bars for each of the
different gas pressures tested within the range 0.1MPa-0.4MPa suggests that there is no
significant difference in the measured time to breakdown as the gas pressure increases.
This observation that the ‘time to breakdown’ of the switch would not significantly change
as the gas pressure within the switch increased (from 0.1MPa to 0.4MPa absolute pressure)
was observed for conditions where 70% of the self-breakdown voltage is applied as DC
stress across the main gap and also for experimental conditions where 80% of the

self-breakdown voltage was applied as the DC stress condition.

For 2mm inter-electrode main gap length experiments conducted, there is no significant

impact on the time to breakdown measured by stressing the inter-electrode gap space with
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either 70% or 80% of the self-breakdown voltage potential. The difference in the levels of
DC stress voltage applied across the gap length resulted in very small changes in the total
time to breakdown measured across the switch. The difference in the measured time to
breakdown between the gap stressed with 70% and with 80% of the self-breakdown
voltage was around 0.5ns-1.1ns, which corresponds to 1-3% of the total time to breakdown

measured.

The results seen in Chapter 4 showed that when the system was triggered with a voltage
impulse with a much slower voltage rate of rise, 0.45kV/ys, the inter-electrode gap lengths
stressed with 80% of the self-breakdown voltage level consistently provided longer total
time to breakdown measurements than those of the gap stressed with 70% of the self-
breakdown voltage level. However, when triggered by a voltage impulse with a rate of
~1kV/ns neither the 70% level nor the 80% of self-breakdown voltage level applied as DC
stress in the resulted in an obvious, consistent, increase in time to breakdown in a 2mm air-

filled gap across the range of pressures 0.1MPa — 0.4MPa.

Figure 5-3 shows the time to breakdown as a function of gas pressure for the air-filled

switch measured when the inter-electrode gap length is increased from 2mm to 4mm.
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Figure 5-3 The average time to breakdown measured for a 4mm inter-electrode gap length filled with bottled
air as a function of the gas pressure within the switch.

As the inter-electrode gap length was increased to 4mm as shown in Figure 5-3, it is also
observed, as was seen in the 2mm gap-space experiments overall, the measured time to
breakdown statistically is not different regardless of the gas pressure within the switch, as
can be seen by the overlapping standard deviations representing the 63% confidence

interval.

A result of note evident within Figure 5-3 is that by increasing the inter-electrode gap
length from 2mm to 4mm, the impact of the stress level applied across the gap space has
increased the difference in the time to breakdown measurements. It has been calculated
from experimental data that when stressed with 70% of the self-breakdown voltage, the
total time to breakdown of the 4mm air-filled switch was 1.95-3.26ns longer than the total
time to breakdown measured for the inter-electrode gap length stressed with 80% of the

self-breakdown voltage, corresponding to a 5-10% increase in the time to breakdown.
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At intermediate pressures between the upper and lower end of the gas pressure range
tested (0.1MPa and 0.4MPa), the time to breakdown measurements were seen to
fluctuate, however when considering the overall trend of time to breakdown as gas
pressure continually increases, the overall influence of the gas pressure on the time to
breakdown of the switch is considered. It is clear within the scope of this project, under
triggering conditions with a rate of voltage rise of 1kV/ns, for relatively small inter-
electrode gap lengths the gas pressure does not much influence the total time to
breakdown of an air-filled switch from initial application of trigger impulse to the mid-plane

electrode to the point of complete voltage collapse across the main gap.

The other key breakdown characteristic of the switch which is of interest in this
investigation is the jitter capability. Determining if triggering the switch with a voltage pulse
with a much shorter duration (nanoseconds instead of microseconds) could reduce both

the total time to breakdown of the switch as well as the jitter of the switch is of interest.

Previous trigger impulses used to trigger the switch (Chapter 4) provided a voltage pulse
over a timescale of ~185 us and the total time to breakdown of an air-filled switch with gas
pressures in the range 0.1MPa-0.4MPa took 10s of us. The difference in the total time to
breakdown between the two triggering mechanisms is approximately three orders of
magnitude due to the Blumlein pulse generator being approximately three orders of
magnitude faster. The jitter capabilities ideally should be as small as possible for industrial
applications as this provides as much stability and predictability during operation for the
switch. Figure 5-4(a) and (b) show the jitter of the air-filled switch triggered by the Blumlein

impulse generator as a function of the gas pressure within the switch.
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Figure 5-4 The jitter for the field-distortion spark switch when triggered with the Blumlein pulse generator as
a function of gas pressure for (a) 2mm and (b) 4mm gap lengths.

Figure 5-4(a) shows the jitter performance of the 2mm inter-electrode gap length which
overall is tending to decrease as the gas pressure increases from 0.1MPa-0.4MPa,

suggesting a more predictable operation as the gas pressure increases.

As the inter-electrode gap space was increased to 4mm, the jitter as shown in Figure 5-3(b)

did not show a decreasing trend as gas pressure increased. Instead it appears that the jitter
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in the air-filled switch reaches a minimum level when the gas pressure within the switch
body is at 0.2MPa pressure. At pressures below 0.2MPa or above 0.2MPa, the calculated

values for the jitter of the switch were seen to increase.

It can be concluded that in an air-filled field-distortion spark gap switch triggered by a
Blumlein pulse generator, the time to breakdown can be reduced to 10s of nanoseconds
and the jitter of the switch will be typically < 3ns for gas pressures 0.1MPa-0.4MPa. The gas
pressures tested had little effect on the total time to breakdown for either of the inter-
electrode gap lengths tested (2mm or 4mm). The level of DC stress applied across the main
gap had very little influence on the measured time to breakdown in 2mm gap tests,
however in 4mm gap tests, the difference in the measured time to breakdown for a gap
stressed with 70% of the self-breakdown voltage is around 5%-25% longer as compared to

the gap stressed with 80% of the self-breakdown voltage potential.

It can also be concluded that for smaller inter-electrode gap lengths filled with air i.e. 2mm,
the jitter of the switch generally decreases as the gas pressure in the switch increases.
However, for increased inter-electrode gap lengths (4mm) an apparent minimum in the
calculated jitter is obtained when the gas pressure within the switch is 0.2MPa. This holds
true for experimental conditions where the inter-electrode gap length is stressed with 70%
or 80% of the self-breakdown voltage potential and thus, the level of DC stress has no

apparent influence on the jitter of the switch.
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5.3.2 Time to Breakdown for a N»-filled switch triggered with 1kV/ns HV
impulses.

This section presents the results of the experimental investigation into the ‘time to
breakdown’ and the jitter characteristics associated with the field-distortion spark gap
switch triggered by means of the Blumlein pulse generator when the switch is filled with N,

gas (99.9% purity).

Figure 5-5 presents the calculated, average time to breakdown measured for each of the

gas pressures tested within the range 0.1MPa-0.4MPa.
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Figure 5-5 The average time to breakdown measured for a 2mm inter-electrode gap length filled with N, gas
as a function of the gas pressure within the switch.

It can be seen from Figure 5-5 that between 0.1MPa and 0.2MPa gas pressure, there is no
statistically significant change in the measured time to breakdown for the increase in gas
pressure i.e. as be increasing the gas pressure from 0.1MPa to 0.2MPa, the time to

breakdown remains constant. This is confirmed by the overlapping values of the standard
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deviation in the time to breakdown as the gas pressure within the switch increases.
However, the jitter of the switch decreases as gas pressure increases, a desirable quality of

any gas-filled plasma closing switch.

With a 2mm inter-electrode gap space, the influence of the DC stress level applied across
the gap length is again found to be small. For all bar one of the pressures tested (0.2MPa) in
the nitrogen-filled switch, stressed with 80% of the self-breakdown voltage there is a longer
time to breakdown measured than under conditions where the gap is stressed with 70% of
the self-breakdown voltage. This result was also observed in the breakdown tests
presented with the longer trigger voltage impulse applied to the mid-plane electrode in
Chapter 4 of this thesis. By stressing the inter-electrode gap length with 80% of the self-
breakdown voltage, the time to breakdown was found to be~1.8%-5% longer than the time
to breakdown for the corresponding gas pressure in the switch when the gap was stressed
with 70% of the self-breakdown voltage which corresponds to an increase in time to
breakdown of 0.5ns-1.2ns respectively. Figure 5-6 presents the time to breakdown results

measured in the field-distortion switch filled with N, for a 4mm inter-electrode gap length.
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Figure 5-6 The average time to breakdown measured for a 4mm inter-electrode gap length filled with N, as a
function of the gas pressure within the switch.
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The total time to breakdown for a 4mm, N,-filled main gap length, as seen in Figure 5-6,
does not change significantly as the gas pressure within the switch increases. The standard
deviation of the time to breakdown results within the 4mm gap again shows that there is
no significant difference in the time to breakdown as the gas pressure within the switch

increases from 0.1MPa to 0.4MPa.

The effect of the DC stress level on the time to breakdown of a 4mm inter-electrode gap
space filled with nitrogen is minimal as can also be seen in Figure 5-6. The difference in the
time to breakdown calculated for each of the gas pressures 0.3MPa and under at 70% and
80% of the self-breakdown voltage DC stress applied is <1% or < 0.5ns. When the gas
pressure within the switch was further increased to the maximum pressure tested, 0.4MPa,
it was observed that the switch stressed with 70% of the self-breakdown voltage took
longer to breakdown than the gap stressed with 80% of the self-breakdown voltage. The
time to breakdown for the 0.4MPa pressure switch stressed with 70% of the self-
breakdown voltage was ~1.31ns (~6%) longer than the gap stressed with 80% of the self-

breakdown voltage.

The jitter of the switch has been plotted as a function of the gas pressure within the switch
and has been plotted separately for each of the two levels of DC stress voltage applied
across the gap length to determine any effect on the jitter that these experimental
conditions may have. Figure 5-7 presents the jitter of the N, filled switch at (a) 2mm and (b)

4mm as a function of the gas pressure within the switch.
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Figure 5-7 The calculated Jitter for the field-distortion spark switch filled with N, when triggered with the
Blumlein pulse generator as a function of gas pressure for (a) 2mm and (b) 4mm inter-electrode gap lengths.

Figure 5-7(a) shows that the jitter of the 2mm inter-electrode gap length tends to decrease

as the gas pressure increases from 0.1MPa-0.4MPa and that although observing an increase

154



in jitter when the gas pressure is increased between 0.2MPa and 0.3MPa, the jitter was

found to be minimum at 0.4MPa (absolute) pressure.

When the inter-electrode gap space was increased to 4mm, the jitter as shown in Figure 5-
7(b) did not show a decreasing trend as gas pressure increased. Instead what was observed
in terms of jitter for the 4mm inter-electrode gap space filled with N, was similar to the
results of the air-filled switch presented in section 5.3.1. The jitter was observed to be at a
minimum level when the gas pressure within the switch body is at 0.2MPa pressure. At
pressures below 0.2MPa or above 0.2MPa, the calculated values for the jitter of the switch

were seen to increase.

For both the 2mm and the 4mm inter-electrode gap length filled with N,, it was also
observed that when the main gap length is stressed with 80% of the self-breakdown
voltage, the jitter of the switch is higher than the jitter calculated for conditions where
breakdown occurred under 70% of the self-breakdown voltage being applied as a DC stress.
Under all experimental conditions considered, the jitter of a nitrogen-filled field distortion

gap was found to be between 1-5ns.

It can therefore be concluded that in a N,-filled field-distortion spark gap switch triggered
by a Blumlein pulse generator, the time to breakdown is reduced to ~27ns in both the 2mm
and the 4mm gap length experiments. For the 2mm and 4mm inter-electrode gap lengths,
the time to breakdown can be considered to remain constant as the gas pressure within the
switch increases when considering the standard deviation of the switch. The level of DC
stress applied across the main gap had very little influence on the measured time to
breakdown in 2mm gap tests, although the experiments conducted under conditions where
the main inter-electrode gap was stressed with 80% of the self-breakdown voltage were
found to take 0.5ns-1.2ns longer to breakdown than the gap which for the same gas
pressure(s) stressed with only 70% of the self-breakdown voltage, an increase in time to
breakdown of 2-5%. In the 4mm inter-electrode gap length tests, however, it was found
that for the gap stressed with 80% of the self-breakdown voltage there was no statistical

difference in the time to breakdown until the gas pressure in the switch reached 0.4MPa.

It can also be concluded for a N,-filled switch that for shorter inter-electrode gap lengths

the jitter of the switch generally decreases as the gas pressure in the switch increases. For
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4mm inter-electrode gap lengths, the jitter has its minimum value when the gas pressure

within the switch is at 0.2MPa.

5.3.3 Time to Breakdown for a switch filled with a 60%/40% N:/0; mixture
triggered with 1kV/ns HV impulses.

This section presents the experimental results obtained when the field-distortion spark gap
switch is filled with a gas mixture comprised of 60%/40% N,/O,. The results of the self-
breakdown experiments conducted within Chapter 3 showed this particular gas mixture
had a higher voltage hold-off capability than N, (99.9% purity) or bottled air with a much
smaller standard deviation in breakdown voltages measured. The 60%/40% N,/O, mixture
was also shown to be a reliably and predictably triggered gas in Chapter 4 under the
triggered regime when the system was triggered with a voltage impulse with a slower rate

of voltage rise.

As before, the time to breakdown across the switch was measured for the 60%/40% N,/O,
mixture at increasing gas pressures within the range 0.1MPa — 0.4MPa (absolute).
Breakdown events across the switch were initiated under conditions where the main inter-
electrode gap was stressed with 70% and 80% of the self-breakdown voltage and the
influence of the level of DC stress across the gap on the total time to breakdown has also

been investigated.

Finally within this section, the jitter of the switch when filled with the 60%/40% N,/O, gas
mixture and its dependence on both the gas pressure within the switch and the level of DC

stress applied across the gap were investigated as separate breakdown characteristics.

Figure 5-8 presents the time to breakdown results of the 2mm inter-electrode gap length
when filled with the 60%/40% N,/O, gas mixture as the gas pressure within the switch

increases.
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Figure 5-8 The average time to breakdown measured for a 2mm inter-electrode gap length filled with the
60%/40% N,/O, gas mixture as a function of the gas pressure within the switch.

It is seen that the average time to breakdown is ~21-23ns with very little change in the time
to breakdown as the gas pressure within the switch increases. The overlap of the standard
deviation at each pressure suggests that there is no significant difference in the measured

time to breakdown.

Figure 5-8 also shows that in the case of a 2mm inter-electrode gap filled with the 60%/40%
N,/O, mixture, when the gap is stressed with 70% of the self-breakdown voltage, it will take
longer to breakdown than if the gap is stressed with 80% of the self-breakdown voltage.
The difference in the time to breakdown when the gap is stressed with 70% of the self-
breakdown voltage has been calculated to be around 0.22-1.31ns longer than the
corresponding breakdown events conducted at the same gas pressure under 80% DC stress

levels which corresponds to an increase in the time to breakdown of ~0.9%-6%.

Figure 5-9 presents the average time to breakdown in the switch filled with the 60%/40%

N,/O, mixture with a 4mm inter-electrode gap length.
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Figure 5-9 The average time to breakdown measured for a 4mm inter-electrode gap length filled with the
60%/40% N,/O, gas mixture as a function of the gas pressure within the switch.

When the inter-electrode gap length within the switch is increased to 4mm, the measured
time to breakdown for the gap filled with a mixture comprised of 60%/40% N,/O, behaves
in a different way to 2mm inter-electrode gap length filled with the same gas and the
results are presented within Figure 5-9. The measured time to breakdown in a 4mm inter-
electrode gap length filled with the 60%/40% N,/O, mix are similar to those measured
when the switch was filled with bottled air or N,. It is observed again that as the gas
pressure increases within the switch body, there is no statistical difference in the observed
time to breakdown measured, again confirmed by the overlapping range of standard

deviation at each value of gas pressure.

It is shown in Figure 5-9 that when the gap length is stressed with 70% of the
self-breakdown voltage, the time to breakdown measured increases from ~27ns to ~30ns as
the gas pressure within the switch is increased from 0.1MPa (absolute) to 0.4MPa
(absolute). When the level of DC stress voltage is increased to 80% of the self-breakdown

voltage, the time to breakdown measured was not seen to significantly change as the gas
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pressure within the switch increased from 0.1MPa to 0.4MPa and remained

approximately ~29/30ns regardless of gas pressure within the test cell.

There is a small increase in the time to breakdown when the gap is stressed with 70% of the
self-breakdown voltage compared to that where the main inter-electrode gap is stressed
with 80% of the self-breakdown voltage. At 0.2MPa there was virtually no difference in the
time to breakdown measured for the different levels of DC stress applied across the inter-
electrode gap, however for other gas pressures, the increase in the time to breakdown
measured is around 2%-11% longer in the 80% DC stress level experiments conducted

which corresponds to breakdown events taking 0.5ns-3ns longer respectively.

The jitter for each of the inter-electrode gap lengths tested, both levels of DC stress applied
across the gap length and the gas pressure within the switch are presented in Figure 5-10 to
determine what effect, if any, changing these experimental parameters would have on the

jitter of the switch.
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Figure 5-10 The jitter is presented when the field-distortion switch is filled the gas mixture comprised of
60%/40% N,/O,, the main inter-electrode gap length is (a) 2mm and (b) 4mm.

Figure 5-10 (a) and (b) present the jitter for the 2mm and 4mm inter-electrode gap lengths
filled with the 60%/40% N,/O, gas mixture respectively. For both gap lengths tested it is

seen that the jitter level is < 3ns.
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For a 2mm inter-electrode gap length, when the gap space is stressed with either 80% or
70% of the self-breakdown voltage level, the jitter was seen to decrease as gas pressure
increased. The gap stressed with 80% of the self-breakdown voltage was calculated to have
a higher jitter than the gap stressed with 70% of the self-breakdown voltage for lower
pressures. As gas pressure in the switch increases, the jitter levels for 80% stress across the
switch decrease and are statistically the same as the jitter of the switch under 70% DC

stress voltage application.

When the inter-electrode gap length is increased to 4mm, the jitter calculated remains
constant as the gas pressure within the switch is increased. Again it can be noted that the
jitter is higher in the switch stressed with 80% of the self-breakdown voltage than the
switch conditions stressed with 70% of the self-breakdown voltage although for the 4mm

inter-electrode gap results, the difference in jitter is not significant.

In conclusion when the field distortion spark gap switch is filled with a mixture of 60%/40%
N,/0,, the time to breakdown measured in a 2mm inter-electrode gap length remains
constant as gas pressure increases and the jitter of the switch which is measured to be low
at ~3ns was measured to decrease as the gas pressure increases. The level of DC stress
applied across the 2mm inter-electrode gap had very little impact on the key breakdown
characteristics of the switch although it was noted that while at lower pressures (0.1MPa
and 0.2MPa) the jitter of the switch was higher when the gap was stressed with 80% of the
self-breakdown voltage, as the gas pressure increased (0.3MPa — 0.4MPa) the jitter in the
switch was statistically the same regardless of the level of DC stress applied across the

inter-electrode gap.

At an inter-electrode gap length of 4mm, the time to breakdown was seen to increase as
the gap length increased for 70% of the self-breakdown voltage applied as DC stress but for
conditions where 80% of the DC stress voltage is applied, the measured time to breakdown
remains statistically the same as the gas pressure increases. The jitter in the 4mm gap

switch was found to remain at a constant level regardless of gas pressure within the switch.
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5.3.4 Time to Breakdown for a switch filled with a 90%/10% Ar/0:
mixturetriggered with 1kV/ns HV impulses.

The time to breakdown and the jitter capability of the field distortion spark gap switch
when triggered with the Blumlein pulse generator has also been measured for the switch
when filled with the gas mixture comprised of 90%/10% Ar/O,. In previous breakdown
experiments conducted, this gas mixture showed the lowest self-breakdown voltage
(Chapter 3) and also had a large spread in breakdown voltages. The time to breakdown
measured within Chapter 4 for this gas mixture under a longer voltage impulse applied to
the mid-plane electrode provided the shortest time to breakdown of all gases tested,
where breakdown was observed, but also showed the smallest jitter of all gases tested.
Figure 5-11 presents the measured time to breakdown results for a 2mm inter-electrode

gap filled with the 90%/10% Ar/O, mixture.
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Figure 5-11 The average time to breakdown measured for a 2mm inter-electrode gap length filled with the
90%/10% Ar/0, gas mixture as a function of the gas pressure within the switch.
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The time to breakdown was measured and is shown in Figure 5-11 to be ~25-28ns across
the entire range of gas pressures within the switch and for both 70% and 80% of the self-

breakdown voltage applied as a DC stress voltage.

As the gas pressure within the switch was increased from 0.1MPa to 0.4MPa, the measured
time to breakdown is not impacted and is statistically considered to remain constant. Once
again this conclusion is drawn from the fact that the standard deviation in the mean time to
breakdown at each of the gas pressures overlaps which statistically suggests there is no
significant difference in the measured time to breakdown at different gas pressures within
the switch for this gas mixture. No significant change in the time to breakdown was
measured when the DC stress level across the gap was altered from 70% to 80% of the
self-breakdown voltage, however it was observed that at lower pressures tested, the gap
stressed with 70% of the self-breakdown voltage took longer to reach complete breakdown
than the gap stressed with 80% of the self-breakdown voltage potential. Below 0.3MPa, the
gap stressed with 70% of the self-breakdown voltage was measured to take 0.2-2.5ns
longer to breakdown than under conditions where the gap is stressed with 80% of the
self-breakdown voltage for the same gas pressure which corresponds to an increased time
to breakdown of 1-10%. The difference in the time to breakdown measured for the gap
stressed with 70% with 80% of the self-breakdown voltage is also observed within
Figure 5-11 to decrease as pressure increases towards 0.3MPa and as the gas pressure is
further increased, the gap stressed with 80% of the self-breakdown voltage was measured
to take 2ns longer to breakdown than the 70% stressed gap for the same pressure, an

increase of ~7%.

Of the gases tested so far under Blumlein triggered breakdown conditions, when the inter-
electrode gap space has been increased to the longer of the gap lengths tested (4mm), the
behaviour of the time to breakdown measurements has been significantly changed from
the behaviour when the main inter-electrode gap length is shorter (2mm). The time to
breakdown measurements for the 4mm inter-electrode gap main gap length when filled
with the 90%/10% Ar/O, mixture are presented within Figure 5-12 as a function of the gas

pressure within the switch.
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Figure 5-12 The average time to breakdown measured for a 4mm inter-electrode gap length filled with the
90%/10% Ar/0, gas mixture as a function of the gas pressure within the switch.

As the gas pressure within the switch body increases, the time to breakdown was measured
and can be seen in Figure 5-12 to increase from ~25ns-32ns under experimental conditions
where 80% of the self-breakdown voltage was applied as DC stress across the 4mm inter-
electrode gap, however due to the large standard deviation in the time to breakdown result
as the gas pressure increases, this time to breakdown can again be considered to
statistically remain the same as the gas pressure within the switch increases from 0.1MPa-
0.3MPa. Under experimental conditions where 70% of the self-breakdown voltage is
applied, the time to breakdown measured was found to remain around the same
level ~27ns for complete breakdown to occur as the gas pressure within the switch was
increased. This time to breakdown remaining statistically unchanged as pressure increases
is again confirmed by the overlap of the standard deviation in the time to breakdown

values presented.

It can also be clearly seen in Figure 5-12 that the jitter of the switch when filled with the

90%/10% Ar/O, mixture is large for all gas pressures tested within the 4mm inter-electrode
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gap length. Figure 5-13(a) and (b) presents the behaviour of the jitter calculated for the
field-distortion spark gap switch when filled with the 90%/10% Ar/O, mixture for the 2mm

and 4mm inter-electrode gap length respectively.
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Figure 5-13 The jitter is presented when the switch is filled with a mixture of 90%/10% Ar/0,, the main inter-

electrode gap length is (a) 2mm and (b) 4mm and for both 70% and 80% of the self-breakdown voltage level
applied across the main gap as a DC stress voltage.

Figure 5-13(a) for a 2mm inter-electrode gap length filled with the 90%/10% Ar/O, mixture
presented jitter that was calculated to be around 2.5ns-4.5ns for gas pressures tested. At

pressures between 0.1MPa and 0.3MPa, the jitter is seen to remain around the same level
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and the percentage level of DC stress voltage applied across the gap have little impact on
the jitter of the switch. However, upon further increasing the gas pressure within the switch
to 0.4MPa it was noted that the jitter was seen to increase for both levels of DC stress
voltage applied across the gap. No conclusive evidence can be drawn on the influence of
the level of DC stress voltage applied across the main inter-electrode gap length of 2mm
impacts upon the jitter of a switch filled with the 90%/10% Ar/O, mixture as it can be seen
that at half of the gas pressures tested, the gap stressed with 70% of the self-breakdown
voltage showed higher levels of jitter than the gap stressed with 80% of the self-breakdown

voltage and half of the gas pressures tested showed the opposite to be true.

For the jitter calculations carried out on the time to breakdown measurements conducted
within the 4mm inter-electrode gap filled with the 90%/10% Ar/O, mixture, it can be seen
in Figure 5-13(b) that when the gap is stressed with 70% of the self-breakdown voltage
potential, the jitter was measured and observed to decrease when the gas pressure was
increased from 0.1MPa and 0.2MPa (absolute) pressure. The jitter then remains at a
constant value ~1.5ns as the gas pressure increases beyond the 0.2MPa pressure. Under
the increased DC stress level conditions where 80% of the self-breakdown voltage is applied
across the inter-electrode gap, the jitter is seen to increase almost linearly as the gas

pressure within the switch also increases.

In summary, the findings of the experimental investigation into the time to breakdown and
jitter characteristics of the field-distortion spark gap switch filled with the gas mixture
comprised of 90%/10% Ar/O, showed that generally, as the gas pressure within the switch
increased, the time to breakdown did not change. The jitter was low for both 2mm and
4mm inter-electrode gap lengths ~2.5-4.5ns and -~1.5-2.5ns respectively. No distinct
conclusion can be made as to the influence or impact on the time to breakdown or the
jitter of the switch when filled with the 90%/10% Ar/O, mixture due to the level of DC
stress applied across the main inter-electrode gap as within the experimental restraints of

this research project, no distinct trends were discernible from the obtained data.

166



5.3.5 Time to Breakdown for a CO:-filled switch triggered with 1kV/ns HV
impulses.

This section presents the time to breakdown data for the field-distortion spark gap switch
when filled with CO,. CO, has been shown previously (Chapter 3 and 4) at the lower
pressures of interest within this investigation to provide higher self-breakdown voltages
(~6%-75% higher self-breakdown voltage for the same inter-electrode gap length and the
same gas pressure) than air, N, or the 60%/40% N,/O, gas mixture but as the gas pressure
increases, the self-breakdown performance is comparable to that of air, nitrogen and the
60%/40% N,/0O, mixture. CO, has also been shown to have the highest standard deviation in
terms of self-breakdown voltage, a less than desirable property for self-breakdown
switching applications. When considered within Chapter 4 for triggered switching
applications, CO, was shown to have comparable time to breakdown as other gases tested,
however the jitter was calculated to be marginally higher than that for the other four gases

tested.

Figure 5-14 presents the average time to breakdown as a function of the gas pressure

within the switch for a 2mm inter-electrode gap length when filled with CO..
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Figure 5-14 The average time to breakdown measured for a 2mm inter-electrode gap length filled with the
CO, gas as a function of the gas pressure within the switch.

Figure 5-14 shows an increase in the measured time to breakdown from ~23ns to ~26-30ns
depending upon the level of DC stress applied across the main gap as the gas pressure
within the switch increases for a 2mm inter-electrode gap length. At 0.1MPa there is
negligible difference in the measured time to breakdown between the gap stressed with
70% and 80% of the self-breakdown voltage. As the gas pressure within the switch
increases, however, the difference in the time to breakdown becomes non-negligible and
appears that when stressed with 70% of the self-breakdown voltage, the time between
initiation of the voltage impulse on the mid-plane triggering electrode and complete
voltage collapse across the gap is ~1.2-3.2ns longer 5-11% longer) than the corresponding

time required for breakdown in a gap stressed with 80% of the self-breakdown voltage.

Figure 5-15 presents the time to breakdown measurements in the field-distortion switch

filled with CO, when the inter-electrode gap length is increased to 4mm.
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Figure 5-15 The average time to breakdown measured for a 4mm inter-electrode gap length filled with the
CO, gas as a function of the gas pressure within the switch.

It can be seen that for CO,, the measured time to breakdown is seen to increase as the gas
pressure within the switch increases. It can also be reasoned from Figure 5-15 that when
stressed with 70% of the self-breakdown voltage level, the measured time to breakdown of
a CO, filled switch will be longer than that of the switch under the same gas pressure when
stressed with 80% of the self-breakdown voltage at higher pressures. On average it was
found that under stress equal to 70% of the self-breakdown voltage, the CO, filled switch
took ~4% longer for breakdown to occur than the measured time when the experimental
conditions meant the inter-electrode gap was stressed with 80% of the self-breakdown

voltage potential.

As is clear from both Figure 5-14 and Figure 5-15, the standard deviation of the time to
breakdown in a CO,-filled switch (the jitter of the switch) appears high when compared to
the calculated time to breakdown. Figure 5-16(a) and (b) presents the jitter of the switch as

a function of the gas pressure for the different inter-electrode gap lengths tested.
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Figure 5-16 The jitter is presented when the switch is filled with CO,, the main inter-electrode gap length is (a)
2mm and (b) 4mm and for both 70% and 80% of the self-breakdown voltage level applied across the main gap
as a DC stress voltage as a function of gas pressure.

The jitter of a 2mm inter-electrode gap length, as shown in Figure 5-16(a), can be seen to
increase as the gas pressure within the test cell increases from 0.1MPa to 0.4MPa. The
calculated jitter in all bar one case was found to be < 2.5ns despite the increasing trend as
the gas pressure increased. It can also be seen that for all gas pressures tested, the

experimental conditions under which the inter-electrode gap distance is stressed with 70%
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of the self-breakdown voltage presents the highest jitter values suggesting that for more
stable and predictable operation of the switch when the main inter-electrode gap length is
2mm, stressing the gap with 80% of the self-breakdown voltage would provide both the

shortest time to breakdown and the lowest jitter.

When the main inter-electrode gap length is increased to 4mm, the jitter is still seen to
increase proportionally from 1.5ns to 3ns as the gas pressure within the switch increases.
However for this inter-electrode distance it is seen that the gap stressed with 80% of the
self-breakdown voltage provided the highest jitter values. For practical applications this
may mean that when considering a 4mm inter-electrode gap length filled with CO, and
triggered by fast-rising impulses, one characteristic may have to be favoured over another,
for example, the time to breakdown may be required to be as short as possible and
marginally higher jitter levels could be acceptable therefore stressing the 4mm inter-
electrode gap with 80% of the self-breakdown voltage would be the optimum solution. If
the lowest jitter possible was required for the gap then low pressure CO,, stressed with
70% of the self-breakdown voltage would give the lowest jitter at the cost of an increase in

the time to breakdown of a few nanoseconds.

This experimental investigation into the time to breakdown and jitter characteristics of the
field-distortion spark gap switch filled with CO, and triggered by the Blumlein pulse
generator have shown a mixture of results from which recommendations for practical

applications can be made based upon desired outputs.

Generally, however the jitter of a CO, filled switch is comparable if not slightly higher than
the other gases tested within this experimental investigation and the time for complete

breakdown to occur within the switch is of the order of each of the other gases tested.

5.3.6 Jitter Analysis
The jitter observed for each of the gases is a key characteristic for the performance and

reliability of switches. In many areas of pulsed power research, a fundamental aim of the

performance of the switch is to minimise the jitter as far as possible.

171



Table 5-1 contains the average jitter values for each of the inter-electrode gap lengths

which have previously been presented within this section.

Table 5-1 Jitter for the field-distortion spark gap switch when triggered with the Blumlein pulse generator
and filled with each of the five different gases.

Jitter (ns) Air N; 60% N: + 90% Ar + CO:
40% 0O 10% O:

2mm 2.43 2.97 1.88 3.27 1.62

4mm 2.56 1.78 1.65 2.94 2.46

As can be seen from Table 5-1 the lowest jitter in the 2mm inter-electrode gap length was
demonstrated by the CO, filled switch, while in the 4mm gap length, the 60%/40% N,/O,
mixture had the lowest jitter unlike the jitter in the case of triggering impulses with the
slower rate of voltage rise presented in Chapter 4 where the 90%/10% Ar/O, mixture
provided the lowest jitter values. The highest jitter values in the case of the faster Blumlein
trigger pulses have been obtained for the air-filled switch and the switch filled with the

90%/10% Ar/0O, gas mixture.

For all gases tested the jitter was observed to increase as the gas pressure within the switch
increased which suggests that for a more reliable and predictable triggering operation,
regardless of gas used, if making use of a fast rate of voltage rise impulse, lower gas

pressures within the switch are optimal for minimising jitter.

5.4 Statistical Analysis

As with the experimental results in Chapter 4, each of the sets of experimental results
obtained for the time to breakdown in the field-distortion spark gap switch when filled with
each of the five different gases; air, N,, 60%/40% N,/0,, 90%/10% Ar/O, and CO, and
triggered by the Blumlein pulse generator, presented within Chapter 5.3 have been
analysed using a Weibull statistical approach. As discussed in Chapter 4 the Weibull
distribution can be used for statistical analysis of unreliability of dielectric systems
(breakdown events in gases and liquids). Similar to the Weibull analysis of the time to

breakdown in the field distortion switch triggered with slow 0.45 kV/us impulses, a similar
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approach (applying Equation 4.3 to the results obtained within this Chapter) was used in
this chapter for statistical analysis of the time to breakdown data in the switch triggered

with fast 1kV/ns impulses.

This section presents the Weibull analysis conducted for both the 2mm and 4mm inter-
electrode gap lengths stressed with 70% and 80% of the self-breakdown voltage potential
and then triggered by the Blumlein pulse generator. A comparison of a (ns), B and y (ns) the
scale, shape and location parameters for the different combinations of experimental

conditions is given and this allows for a direct comparison of all gases tested.

Weibull distribution graphs showing the unreliability of breakdown events occurring for
each of the five gases tested; air, N,, 60%/40% N,/O,, 90%/10% Ar/O, and CO, for each of
the gas pressures tested within the range 0.1MPa-0.4MPa are presented. A table of
coefficients for each of the respective gas pressures and inter-electrode gap lengths is
compiled which provides a direct comparison of the scale and shape coefficients of each of

the gases and the 95% confidence intervals for breakdown occurring at a specified time.

5.4.1 Weibull Analysis of a 2mm inter-electrode gap length

This section presents the Weibull probability plots of breakdown events occurring in a 2mm
inter-electrode gap length. The Weibull analysis has been conducted on the measured time
to breakdown recorded within a 2mm inter-electrode gap length for each of the five gases
tested using Origin Pro graphing software; air, N,, 60%/40% N,/O,, 90%/10% Ar/0, and CO,
at a specified gas pressure under a DC stress application of 70% or 80% of the self-
breakdown voltage. A table is provided of the three of the Weibull coefficients for each of
the gases at the fixed gas pressure at both levels of DC stress voltage application which

allows for a direct comparison of the time to breakdown characteristics of the gases.

Figure 5-17 and 5-18 provides the Weibull unreliability plots for breakdown events when
70% and 80% of the self-breakdown voltage are applied across the 2mm inter-electrode
gap length respectively in a switch filled with (a) air, (b) Ny, (c) 60%/40% N,/0O,, (d) 90%/10%
Ar/0, and (e) CO, at 0.1MPa. Each open symbol represents a single breakdown event. The

green line is a reference line with the parameters of the scale, shape and location extracted
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from the Weibull fit line and the red line on either side represent the 95% confidence

bands, that is, the band within which 95% of the breakdown events are predicted to occur.
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Figure 5-17 Weibull analysis for 70% DC stress applied across 2mm gap at 0.1MPa pressure.
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Figure 5-18 Weibull analysis for 80% DC stress applied across 2mm gap at 0.1MPa pressure.
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Table 5-2 Weibull Parameters for the five gases tested within the 2mm inter-electrode gap space at a gas
pressure of 0.1MPa.

Air N, 60%/40% 90%/10% COo2
N,/O, Ar/0,
2mm 70% V,
Scale - a (ns) 30.58 29.05 24.84 28.15 23.31
95% confidence | 29.75-31.40 | 28.17-29.92 | 24.22-25.45 27.18-29.12 22.95-23.67
interval
Shape - 12.10 10.90 13.26 9.52 21.06
95% confidence 9.08-15.12 8.54-13.27 10.09-16.42 7.26-11.79 16.23-25.89
interval
Intercept —y 3.42 3.38 3.21 3.34 3.15
(ns)
95% confidence | 3.39-3.45 | 3.35-3.41 | 3.19-3.23 3.31-3.37 3.13-3.17
interval
2mm 80% V,,
Scale - a (ns) 30.50 30.05 24.89 26.79 23.28
95% confidence | 29.81-31.18 | 28.82-31.29 | 24.00-25.78 25.89-27.69 22.89-23.66
interval
Shape - 14.65 8.02 9.24 9.81 19.92
95% confidence | 11.18-18.12 6.16-9.89 7.14-11.34 7.49-12.13 15.39-24.46
interval
Intercept —y 3.42 3.40 3.21 3.29 3.15
(ns)
95% confidence | 3.40-3.44 | 3.37-3.43 | 3.18-3.24 3.26-3.32 3.13-3.17

interval
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As previously discussed within Chapter 4 and outlined within the IEC standard 62539 [141],
the value of 8, the shape parameter, is related to the range of times over which a
breakdown event could occur. The larger the value of 8, the smaller the range of potential
times where breakdown could be expected to occur, thus, the larger the value of 8, the

more stable and reliably predictable the time to breakdown is.

As can be seen from Table 5-2, a comparison of the three Weibull parameters obtained
from analysis of the time to breakdown measurements in a 2mm inter-electrode gap filled
with each of the gases to a pressure of 0.1MPa (absolute), when the test cell is filled with
CO,, the 8 value obtained from Weibull analysis is much larger than the value from any of
the other gases. This is true for experimental conditions where the main inter-electrode gap
length is stressed with 70% of the self-breakdown voltage and when stressed with 80% of

the self-breakdown voltage.

The other Weibull parameter of interest is the value of y which in the context of this
experimental investigation is the minimum time at which the probability of a breakdown
event occurring is non-zero. It is found that for increasing the level of DC stress applied
across the main inter-electrode gap, the minimum time at which a breakdown could occur
does not change in three of the gases (air, 60%/40% N,/O, mixture and CO,) and for the
other two gases tested (N, and 90%/10% Ar/0O,) the change is found to be ~ 10s of ps
difference. For all five gases tested, the minimum time at which the probability of a
breakdown is non-zero was found to be ~3.13-3.45ns in a 2mm inter-electrode gap at a gas

pressure of 0.1MPa.

Weibull analysis has been conducted, as in Chapter 4, for both 2mm and 4mm inter-
electrode gap distances stressed with both 70% and 80% of the DC self-breakdown voltage
of the gas at each pressure. The Weibull breakdown graphs for each gas, inter-electrode
gap distance, gas pressure and DC stress voltage level other than 2mm inter-electrode gap
distance at 0.1MPa pressure can be found within Appendix 1. The key values of scale a,

shape, 8, and the intercept, y, are presented in the following tables and discussed.
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Table 5-3 Weibull Parameters for the five gases tested within the 2mm inter-electrode gap space at a gas
pressure of 0.2MPa.

Air N, 60%/40% 90%/10% Co2
Nz/Oz Ar/Oz

2mm 70% V. — 0.2MPa

Scale - a (ns) 11.07 20.17 16.09 14.96 13.37

95% confidence | 8.07-13.43 | 15.28-25.06 12.32-19.86 11.34-18.58 10.07-16.67

interval
Shape - 8 32.30 29.57 22.73 31.05 24.00
95% confidence | 31.33-33.27 | 29.09-30.04 | 22.27—23.18 30.37-31.72 23.41-24.59
interval
Intercept - y 3.48 3.39 3.12 3.44 3.18
95% confidence | 3.45-3.51 3.37-3.41 3.10-3.14 3.42-3.46 3.16-3.20
interval
2mm 80% V,, — 0.2MPa
Scale - o (ns) 14.65 8.02 9.24 9.81 19.92
95% confidence | 11.18-18.11 6.15-9.89 7.13-11.35 7.48-12.14 15.38-24.46
interval
Shape - 30.50 30.05 24.89 26.79 23.27

95% confidence | 28.81-31.29 | 28.81-31.29 24.00-25.77 25.89-27.69 22.88-27.69

interval
Intercept -y 3.42 3.40 3.21 3.29 3.15
95% confidence | 3.30-3.43 3.18-3.24 3.18-3.24 3.26-3.32 3.13-3.17
interval

Table 5-3 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 2mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.2MPa (absolute).

The main parameter value of interest is the value of 8 which determines the range of times
over which a breakdown is likely to occur. The 95% confidence intervals are also shown for
each of the Weibull parameter values obtained for each of the gases. At 0.2MPa pressure,

the largest value of 8, corresponding to the smallest range of times over which breakdown
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is likely to occur was found to be in the switch filled with the bottled air for both the 70%
and 80% of the self-breakdown voltage level of DC stress applied across the main
inter-electrode gap length. This observation of the smallest range of potential ‘time to
breakdown’ measurements observed within the air-filled switch was shown within Chapter
4 when it was seen that the 8 value of bottled air was statistically one of the largest values

observed (air, N, and the 60%/40% N,/O, mixture provided almost identical B values).

It is also of interest to note another observation with the faster triggering impulse
application; the 8 values obtained for the switch filled with the 90%/10% Ar/O, mixture are

the second largest values of the gases tested under both DC stress level conditions.

The minimum time at which the probability of a breakdown occurring is non-zero for all
gases tested at 0.2MPa fell within the range 3.10-3.50ns, the same timeframe as at the
lower pressure of 0.1MPa suggesting that by increasing the gas pressure within the switch
from 0.1MPa to 0.2MPa there is no impact on the minimum time required before

breakdown can be initiated within the switch.
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Table 5-4 Weibull Parameters for the five gases tested within the 2mm inter-electrode gap space at a gas

pressure of 0.3MPa.

Air N, 60%/40% 90%/10% Cco2
N,/O, Ar/0,
2mm 70% V,, — 0.3MPa
Scale - a (ns) 12.87 8.35 14.61 9.75 12.43
95% confidence | 9.93 -15.81 6.75-9.95 11.07-18.14 7.49-12.01 9.35-15.51
interval
Shape - 8 30.57 25.61 23.13 28.46 26.42
95% confidence | 29.79-31.35 | 24.59-26.62 22.60-23.66 27.49-29.42 25.72-27.11
interval
Intercept - y 3.42 3.24 3.14 3.35 3.27
95% confidence 3.39-3.45 3.21-3.27 3.12-3.16 3.32-3.38 3.24-3.30
interval
2mm 80% V,, — 0.3MPa
Scale - o (ns) 12.91 27.48 9.89 12.95 11.43
95% confidence | 9.70-16.12 23.12-31.71 8.02-11.76 9.76-16.14 8.80-14.06
interval
Shape - 29.51 6.53 21.83 28.01 25.15
95% confidence | 28.76-30.26 3.47-12.26 21.10-22.56 27.31-28.71 24.42-25.88
interval
Intercept - y 3.38 3.14 3.08 3.33 3.23
95% confidence 3.36-3.40 3.17-3.46 3.05-3.11 3.31-3.35 3.20-3.26
interval

Table 5-4 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 2mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.3MPa (absolute).

The Weibull parameter 8, which determines the width of the range of times where
breakdown is likely to occur and the corresponding 95% confidence intervals associated
with that value are shown within Table 5-4. At 0.3MPa pressure, the largest value of 8

which corresponds to the smallest range of times over which breakdown is likely to occur
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was found to be in the switch filled with the bottled air for both the 70% and 80% of the
self-breakdown voltage level of DC stress applied across the main inter-electrode gap
length as was observed within the analysis of the time to breakdown measurements at
0.2MPa pressure. For DC stress application across the main inter-electrode gap length of
70% of the self-breakdown voltage and 80% of the self-breakdown voltage, the bottled air
time to breakdown provided the smallest value of shape parameter 8 in the Weibull
analysis. The value of 8 is significantly smaller for the N, filled switch at 80% DC stress level
than for 70% DC stress level applied across the main inter-electrode gap due the smaller

number of breakdown events that were able to be initiated.

The minimum time at which the probability of a breakdown occurring is non-zero for all
gases tested at 0.2MPa, the value of the intercept y, fell within the range 3.05-3.45ns, the
same timeframe as both lower pressure of 0.1MPa and 0.2MPa. This result suggests that
for a 2mm inter-electrode gap length, the gas pressure within the switch does not have an
impact on the minimum time required before breakdown can be initiated within the switch.
The probability of a breakdown occurring within the switch at a time shorter than ~3ns is

zero for any gas pressure 0.1MPa or above.
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Table 5-5 Weibull Parameters for the five gases tested within the 2mm inter-electrode gap space at a gas

pressure of 0.4MPa.

Air N, 60%/40% 90%/10% COo2
N,/O, Ar/0,
2mm 70% V,, — 0.4MPa
Scale - a (ns) 13.55 37.67 16.97 27.15 8.26
95% confidence | 10.29-16.81 | 28.36-46.98 | 13.01-20.93 25.93-28.37 6.20-10.32
interval
Shape - 29.36 24.13 23.37 7.29 31.79
95% confidence | 28.65-30.07 | 23.93-24.33 | 22.91-23.83 5.68-8.90 30.53-33.04
interval
Intercept - y 3.38 3.18 3.15 3.30 3.46
95% confidence 3.36-3.40 3.16-3.20 3.13-3.17 3.25-3.35 3.43-3.49
interval
2mm 80% V,, — 0.4MPa
Scale - a (ns) 17.17 8.35 12.35 6.66 18.49
95% confidence | 13.21-21.12 6.75-9.95 9.77-14.93 5.11-8.21 14.06-22.92
interval
Shape - S 28.74 25.61 22.79 29.40 27.50
95% confidence | 28.20-29.28 | 24.59-26.62 | 22.18-23.40 27.96-30.84 27.01-30.84
interval
Intercept - y 3.36 3.24 3.13 3.38 3.31
95% confidence 3.34-3.38 3.21-3.27 3.10-3.16 3.33-3.43 3.29-3.23
interval

Table 5-5 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 2mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.4MPa (absolute).

The Weibull shape parameter 8 that determines the size of the range of times over which a
breakdown is likely to occur and the 95% confidence intervals are shown within Table 5-5.
At 0.4MPa pressure, the largest value of 8 which corresponds to the smallest range of times
over which breakdown is likely to occur was found to be in the switch filled with CO, for the
gap stressed with 70% of the self-breakdown voltage, however the value of 8 for the

bottled air filled switch was close in magnitude (31.79 in CO, and 29.36 for air). When the
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gap was stressed with 80% of the self-breakdown voltage, the value of 8 was found to be

largest for the air-filled switch as has been seen at other gas pressures within the 2mm gap.

The intercept value, y which corresponds to the minimum time at which the probability of a
breakdown event occurring is non-zero falls within the range 3.10-3.40ns when the gas

pressure within the switch was 0.4MPa for each of the gases tested.

Overall it has been shown within this section that generally the largest value of the shape
parameter, 8, which corresponds to a smaller range of potential times where breakdown is
likely to occur in @ 2mm inter-electrode gap that has been filled with bottled air. This
observation held for all gas pressures tested within the range 0.1MPa-0.4MPa and for both
levels of DC stress voltage applied across the main gap length which corresponded to either
70% of the self-breakdown voltage level of the respective gas or 80% of the self-breakdown

voltage potential of the gas.

The value of y, the minimum time at which the probability of a breakdown event occurring
is non-zero has been shown to fall within the range ~3.10ns-3.5ns for all five gases and has

been shown to remain the same regardless of the gas pressure within the switch.
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Table 5-6 Weibull Parameters for gases at 0.1MPa pressure in 4mm gap

Air N, 60%/40% 90%/10% C0o2
N,/O, Ar/0,
4mm 70% V. — 0.1MPa
Scale - a (ns) 16.90 9.58 13.19 8.78 14.76
95% confidence | 12.48-21.32 7.57-11.58 | 10.11-16.27 6.98-10.58 11.36-18.16
interval
Shape - 32.44 28.17 27.99 28.13 28.77
95% confidence | 31.81-33.06 | 27.20-29.13 | 27.29-28.69 27.08-29.18 28.12-29.42
interval
Intercept - y 3.48 3.34 3.33 3.33 3.36
95% confidence 3.46-3.50 3.31-3.37 3.31-3.35 3.30-3.36 3.34-3.38
interval
4mm 80% V,,, — 0.1MPa
Scale - a (ns) 9.94 12.41 10.63 14.37 17.11
95% confidence 7.63-12.25 9.81-15.01 8.47-12.79 11.16-17.58 13.49-20.73
interval
Shape - 8 29.44 28.31 31.19 25.69 27.37
95% confidence | 28.47-30.41 | 27.56-29.06 | 30.22-32.16 25.10-26.28 26.84-27.90
interval
Intercept - y 3.34 3.34 3.44 3.25 3.31
95% confidence 3.31-3.37 3.41-3.47 3.41-3.47 3.23-3.27 3.29-3.33
interval

Table 5-6 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 4mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.1MPa (absolute).

At 0.1MPa pressure in the increased gap length of 4mm, the largest value of 8 which
corresponds to the smallest range of times over which breakdown is likely to occur was
found to be in the switch filled with the bottled air for the experimental condition when the
gap is stressed with 70% of the self-breakdown voltage. When the level of DC stress voltage
is increased to 80% of the self-breakdown voltage level, the gas mixture composed of

60%/40% N,/O, had the largest value of 8.
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It was noted that the calculated value of 8, the shape parameter for each of the gases is
close in magnitude for each of the other gases suggesting that the size of the range of times
where breakdown may occur is larger for all gases other than air (under 70% of the self-
breakdown voltage as a DC stress) or the 60%/40% N,/O, mix (under 80% of the self-

breakdown voltage as DC stress) but similar to each of the other gases.

The minimum time at which the probability of a breakdown occurring is non-zero for all
gases tested, the intercept y, at 0.1MPa, fell within the range 3.23-3.50ns. This is the same

minimum time as was observed for the analysis of the 2mm inter-electrode gap length.
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Table 5-7 Weibull Parameters for gases at 0.2MPa pressure in 4mm gap

Air N, 60%/40% 90%/10% Cco,
N,/O, Ar/0,
4mm 70% V,, — 0.2MPa
Scale - a (ns) 27.58 33.04 13.68 14.78 16.37
95% confidence | 20.92-34.24 | 25.17-40.91 | 10.72-16.63 11.55-18.01 12.89-19.85
interval
Shape - 35.40 27.01 28.76 29.01 31.06
95% confidence | 34.98-35.82 | 26.74-27.28 | 28.06-29.46 28.36-29.66 30.43-31.69
interval
Intercept - y 3.57 3.30 3.36 3.37 3.44
95% confidence 3.55-3.59 3.28-3.32 3.34-3.38 3.35-3.39 3.42-3.46
interval
4mm 80% V,,, — 0.2MPa
Scale - a (ns) 26.87 16.27 16.62 12.36 19.23
95% confidence | 20.35-33.39 | 12.69-19.85 | 12.61-20.63 9.59-15.13 14.51-23.95
interval
Shape - 8 33.43 27.42 28.62 30.05 30.35
95% confidence | 33.02-33.84 | 26.86-27.98 | 28.06-29.18 29.25-30.85 29.84-30.86
interval
Intercept - y 3.51 3.31 3.35 3.40 3.41
95% confidence 3.49-3.53 3.29-3.33 3.33-3.37 3.37-3.43 3.39-3.43
interval

Table 5-7 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 4mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.2MPa (absolute).

At 0.2MPa pressure in the increased gap length of 4mm, the largest value of B which
corresponds to the smallest range of times over which breakdown is likely to occur was
found to be in the switch filled with the bottled air for both experimental conditions when
the gap is stressed with 70% of the self-breakdown voltage or stressed with 80% of the self-

breakdown voltage of the respective gases.
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It was again noted that the measured value of B, the shape parameter for each of the gases
is close in magnitude for each of the other gases suggesting that the size of the range of
times where breakdown may occur is smaller for air than the other gases. All other gases

have a range of times where breakdown is likely to occur that are close in size.

The minimum time at which the probability of a breakdown occurring is non-zero for all
gases tested, the intercept y, at 0.2MPa, fell within the range 3.29-3.55ns. Again, this is the
same minimum time at which the probability of a breakdown is non-zero as observed with
the 2mm inter-electrode gap length at all gas pressures and for the 4mm gap length at

0.1MPa pressure.

Table 5-8 Weibull Parameters for gases at 0.3MPa pressure in 4mm gap

Air N, 60%/40% 90%/10% Cco,
N,/0, Ar/0,

4mm 70% V.. — 0.3MPa

Scale - a (ns) 16.47 22.82 15.93 15.02 19.71
95% confidence 12.63-20.31 | 17.18-28.46 | 12.40-19.46 11.57-18.47 15.04-24.38
interval
Shape - 27.97 30.40 30.71 27.16 31.96
95% confidence 27.41-28.53 | 29.96-30.84 | 30.08-31.33 26.57-27.75 31.43-32.49
interval
Intercept - y 3.33 3.41 3.42 3.30 3.46
95% confidence 3.31-3.35 3.39-3.43 3.40-3.44 3.28-3.32 3.44-3.48
interval
4mm 80% V. — 0.3MPa
Scale - a (ns) 12.55 13.87 12.15 9.65 11.99
95% confidence 9.73-15.37 | 10.64-17.10 | 9.41-14.88 7.27-12.03 9.46-14.52
interval
Shape - 30.60 30.54 31.67 34.33 33.12
95% confidence 29.80-31.40 | 29.81-31.27 | 30.82-32.52 33.16-35.50 32.20-34.04
interval
Intercept - y 3.42 3.42 3.46 3.54 3.50
95% confidence 3.39-3.45 3.40-3.44 3.43-3.49 3.51-3.57 3.47-3.53
interval
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Table 5-8 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 4mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.3MPa (absolute)

The Weibull shape parameter 8, is shown within Table 5-8. At 0.3MPa pressure in the inter-
electrode gap length of 4mm, the largest value of 8 when the inter-electrode gap is
stressed with 70% of the self-breakdown voltage of the respective gases is observed in the
CO,-filled switch although it should be noted that the 8 values for all five gases tested are
within a small range (27.16-31.96). For the analysis of the time to breakdown results of the
inter-electrode gaps that have been stressed with 80% of the self-breakdown voltage of the
respective gases, the largest 8 was found in the 90%/10% Ar/O, mixture although again the
range of 8 values for all five gases is small (30.60-34.33). This suggests that the range of

times where breakdown is likely to occur is similar for all gases tested at 0.3MPa.

The minimum time at which the probability of a breakdown occurring is non-zero for all
gases tested, the intercept y, at 0.3MPa, fell within the range 3.39-3.57ns. Once again this
shows that the minimum time when the probability of a breakdown occurring is non-zero is
the same regardless of the inter-electrode gap length or the gas pressure within the switch

as ~3.3-3.5ns is the same y value obtained from the Weibull analysis of all previous results.

The final section presents the analysis of the time to breakdown measurements in the 4mm
inter-electrode gap length at 0.4MPa pressure. As no breakdown events were observed for
the 90%/10% Ar/O, mixture within the 4mm inter-electrode gap length at 0.4MPa pressure,
there has been no Weibull analysis for this gas and thus only the Weibull analysis of the
time to breakdown measurements in the other four gases; air, N,, 60%/40% N,/O, and CO,

is presented.

188



Table 5-9 Weibull Parameters for gases at 0.4MPa pressure in 4mm gap

Air N, 60%/40% 90%/10% Co,
Nz/Oz Ar/OZ

4mm 70% V,, — 0.4MPa

Scale - a (ns) 10.65 13.84 16.88 N/A 15.71
95% confidence 8.37-12.93 10.80-16.88 | 13.09-20.67 12.11-19.31
interval
Shape - 31.30 31.74 30.8 N/A 34.80
95% confidence | 30.33-32.27 | 30.99-32.49 | 30.21-31.39 34.07-35.53
interval
Intercept - y 3.44 3.46 3.43 N/A 3.55
95% confidence 3.41-3.47 3.44-3.48 3.41-3.45 3.53-3.57
interval

4mm 80% V,,, — 0.4MPa

Scale - a (ns) 10.40 12.11 12.5 N/A 13.99
95% confidence 8.17-12.63 9.66-14.56 9.61-15.39 13.97-14.01
interval
Shape - 8 29.79 30.40 29.97 N/A 33.68
95% confidence | 28.84-30.74 | 29.57-31.23 | 29.17-30.77 32.90-34.46
interval
Intercept - y 3.39 3.41 3.40 N/A 3.52
95% confidence 3.36-3.42 3.38-3.44 3.37-3.43 3.50-3.54
interval

Table 5-9 presents the Weibull parameters obtained by applying the three-parameter
Weibull analysis to the time to breakdown measurements of the 4mm inter-electrode gap

length filled with each of the five gases respectively to a pressure of 0.4MPa (absolute).

The Weibull shape parameter B values are shown within Table 5-9. At 0.4MPa pressure in
the inter-electrode gap length of 4mm, the largest value of 8 when the inter-electrode gap
is stressed with either 70% of the self-breakdown voltage or with 80% of the self-
breakdown voltage of the respective gases, was found with the switch filled with CO,. As

has been observed previously however, the values of 8 for the other gases tested were
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close in magnitude suggesting that when considering the range of times where a

breakdown is likely to occur, all gases have a similar size of spread.

The y value obtained from the Weibull analysis which is the minimum time at which the
probability of a breakdown event occurring being non-zero at 0.4MPa gas pressure within
the 4mm gap, in agreement with all other gas pressures tested was found to be within the
range 3.36-3.57ns. This shows that the minimum time when the probability of a breakdown
occurring is non-zero is the same regardless of the inter-electrode gap length or the gas
pressure within the switch within the scope of this experimental investigation and can
reasonably be deduced to hold true for gap lengths and pressures above those tested

within the scope of this work.

5.5 Conclusions

Investigating the breakdown characteristics of the field distortion gap filled with five
different gases and triggered by a Blumlein impulse generator, some interesting results

have been shown throughout this chapter.

The field-distortion spark gap switch which had previously been used within Chapter was
utilised in a similar experimental test set-up this time triggered by a Blumlein pulse
generator which provides a 30kV voltage impulse to the mid-plane electrode with a FWHM
~280ns, far quicker than the 185us that had previously been investigated (Chapter 4).
When filled with five different gases; bottled air, N, (BOC Ltd, 99.9% purity), 60%/40%
N,/O, mixture, 90%/10% Ar/O, mixture and CO,, the time taken between the initiation of
the trigger impulse and the complete breakdown across the main inter-electrode gap was

measured as the ‘time to breakdown’.

It has been shown throughout this chapter that the ‘time to breakdown’ characteristic of
the switch when plotted as a function of the gas pressure within the switch does not
significantly change as the gas pressure increases within the range 0.1MPa-0.4MPa for
either the 2mm or the 4mm inter-electrode gap length tested. The total time to breakdown
was found to be ~26-30ns for all gases tested although the gas mixture of 60%/40% N./O,
did generally provide the shortest time to breakdown of all gases tested when compared

directly to the other gases.
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It was observed that not only did the gas pressure have little effect on the measured time
to breakdown; the level of DC stress applied across the main inter-electrode gap had little
influence on the time required between initiation of the voltage impulse on the trigger
plane and complete voltage collapse across the main electrode gap. This is unlike the
results observed in Chapter 4 where it was observed that stressing the gap with 80% of the
self-breakdown voltage of the respective gas would result in a longer time to breakdown;
no discernible trend was observed when stressing the gap with 70% or 80% of the self-

breakdown voltage of the gases.

The other key breakdown characteristic which has been investigated for industrial
applications is the jitter of the switch as it is generally wished to minimise the switch jitter
within a system to allow for more predictable and reliable triggering applications. This is
mainly due to the large number of triggered switches that can be used within the voltage
erection stage of pulsed power systems such as in Marx generators. In order to have
synchronisation of the switches, that is, in order for the switches to trigger at the same time
so that the output voltage impulse across the load is of the correct magnitude and occurs at
the required time, the jitter of each of the switches should be low. It was seen that when
triggering with the Blumlein pulse generator, the jitter was on the scale of ~2-3ns generally,
3 orders of magnitude lower than the jitter observed in Chapter 4 when the rate of voltage
rise applied to the trigger plane was 0.45kV/us. It was observed from the experimental
results however, that as the gas pressure within the test cell increased, the jitter generally
was also seen to increase in all gases tested. The jitter observed within this chapter is in line
with the required levels and the levels of jitter reported in many other studies into jitter of

closing switches [34], [142]-[144], [146], [149]-[151].

A three-parameter Weibull statistical analysis has been conducted on all the time to
breakdown data and it was shown for the shape parameter 8 which determines the size of
the range of times where breakdown may occur (the larger the value of 8, the smaller the
range of times over which a breakdown is likely to be observed) was found to be similar for
all gases at the same pressure. The values of 8 showed negligible change in between those
from the experiments conducted under a DC stress voltage equal to 70% of the self-
breakdown voltage or 80% of the self-breakdown voltage. The Weibull analysis also showed

that the value of y (the minimum time at which the probability of a breakdown occurring is
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non-zero) does not change with respect to DC stress level, inter electrode gap length or gas

pressure within the switch.

In conclusion, by triggering the field distortion spark gap switch with a Blumlein pulse
generator with a fast rate of voltage rise as compared with the trigger generator where the
rate of voltage rise was 0.45kV/us, the time to breakdown and jitter have been seen to
reduce from ps to ns. There is little influence on the time to breakdown as a result of the
gas pressure within the switch although the jitter has been observed to increase as the gas
pressure also increases. For optimum performance in practical systems where either a field-
distortion switch is being used with one of the five gases that have been investigated, the
gas mixture of 60%/40% N,/O, provided marginally faster times to reach complete
breakdown and the jitter values observed within this switch were the smallest values of all

the gases tested.

For the evidence presented within this chapter, if designing a system and requiring switches
to operate with the fastest breakdown times and low jitter under a range of inter-electrode
gap distances, the gas mixture comprising 60%/40% N,/O, is recommended (of those tested

within this investigation).
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Chapter 6. Plasma Channel Characteristics

One of the key objectives of this research is to develop a computational model of a 12-
stage practical Marx Generator which would enable modelling of the wave-shapes of
output HV impulses across different loads under the experimental conditions when plasma
closing switches of the generator are filled with different gases. The actual 12-stage Marx
generator which is being modelled in the present project is a part of the charging system in
a larger pulsed power system [59], [60]. Therefore, a comprehensive PSpice model of the
Marx generator would allow optimization of operational performance of the practical
pulsed power system. The switches within the computational model of the Marx generator
are desired to accurately describe the performance of the self-breakdown spark-gap switch
which has been previously used in experimental investigations presented within Chapters 3,
4 and 5. In order to build a computational model of a pulsed power system including these
plasma closing switches, the electrical characteristics of the plasma channel which is
formed within the switch during the breakdown event need to be known e.g. the resistance
of the plasma channel, inductance of the plasma channel and an estimation of the energy
deposited into the plasma channel. With this data, simulation of the plasma can be

conducted.

Within this chapter, an investigation of the temperature of the plasma in the breakdown
channel formed in the spark switch filled with the six gases; air, N,, 60%/40% N,/0O,,
90%/10% Ar/0O,, CO, and SF;, has been conducted by means of plasma emission
spectroscopy. The optical spectrum of light emitted by breakdown plasma channels in
different gases has been obtained and analyzed. The plasma temperature in the switch is
related to the energy deposited into the plasma channel during a breakdown event [77],
[82], [152]. By evaluating the temperature of the plasma that forms within the inter-
electrode gap length, it is possible to evaluate the conductivity of the plasma, which then

will be used in the computational model of the Marx generator.

The temperature of the plasma that forms within the switch can be obtained by using the
Boltzmann approach which links the optical emission to the plasma temperature in the case
of the thermalized plasma. Then, using the Spitzer approximation, it is possible to evaluate

the plasma conductivity. Thus, the values of plasma temperature and conductivity in
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different gases can be obtained and then used in the computational model of a 12-stage

Marx generator in PSpice (Chapter 8).

Further key characteristics obtained within this chapter for each of the six gases of interest;
are the resistance and inductances of the breakdown plasma channels which have been
obtained by monitoring the post-breakdown current waveforms and extracting relevant
information pertaining to the experimental set-up and subtracting any known resistance

values in the experimental set-up which are provided by the other elements of the circuit.

6.1. Plasma Temperature Evaluation

To obtain the plasma temperature for different gases, light emitted during breakdown was
directed through a fiber optic into a spectrometer (OceanOptics HR4000) and optical
emission spectra were registered and analysed. The Boltzmann approach to obtaining the
temperature of the plasma was selected for the purpose of this project. This approach
which is based on the assumption of the partial local thermodynamic equilibrium (LTE) in
plasma channel has been discussed in literature and found to be an appropriate method

for obtaining the average plasma temperature in spark discharges [153]—-[159].

In the Boltzmann approach the relative peak values of the optical emission lines of specific

elements are linked with the plasma temperature through the following Equation 6.1:

In(LI] =C —5 (6.1)
Ag, KT

where | is the relative intensity of a specific emission lime with the wavelength, A, A is
Einstein’s transitional probability for this emission line, g, the statistical weight of the upper
level, E; is the energy of the upper level (in eV) for the specific element, k is Boltzmann’s
constant and T is the temperature of a plasma. The values of the transitional probability,
statistical weight of the upper level and the energy of the upper level (A, g, and E) are all
known spectroscopic constants for specific elements which can be obtained from [160],

[161].
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Breakdown tests were conducted using the same circuit set-up as outlined in Chapter 3
with the self-breakdown voltage analysis of the gases. An OceanOptics HR4000
spectrometer with fibre optic cable was placed at the 25mm diameter quartz window
which was installed into the side of the self-breakdown switch. The SpectraSuite software

was used to analyse the light emission spectra during breakdown events.

The tests using the self-breakdown switch described in Chapter 3 were conducted for each
of the six gases; air, N,, 60%/40% N, /O,, 90%/10% Ar/O,, CO, and SFs at a range of
pressures from 0.1MPa-0.4MPa. The inter-electrode gap spacing was altered from 1mm-
9mm in Imm increments. The optical emission spectra of five breakdown events were
captured on the SpectraSuite software and saved for analysis. Due to the high percentage
of copper in the brass electrodes within the self-breakdown switch, copper Cu | emission
lines at 6 wavelengths; 510.55nm, 515.32nm, 521.82nm, 529.25 nm, 567.02nm and
577.21nm are easily identified in the optical emission spectra of spark discharges and these
lines have been selected for the use in Equation 6.1 in order to obtain the plasma

temperature.
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Figure 6-1 Optical emission spectrum from 500-600nm in a 1mm air-filled self-breakdown switch at 0.1MPa
pressure. The high percentage of copper in the brass electrodes allows for analysis of the Cu | emission
spectrum where there are 6 peaks at wavelengths within the 500-600nm range.
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Figure 6-1 shows the emission spectrum between 500nm-600nm for the breakdown event

in the 1mm inter-electrode gap in the air-filled self-breakdown switch at 0.1MPa.

Table 6-1 Spectroscopic constants for Cu |, copper emissions at wavelengths between 500-600nm [160].

510nm 515nm 521nm 529nm 567nm 577nm
g.A (108 /s) 0.051 4.7 5.8 3.2 0.014 0.054
Ei(eV) 2.65 4.31 4.31 5.38 2.65 2.63

Table 6-1Error! Reference source not found. provides the relevant spectroscopic constants

for the copper optical emission spectral lines that have been analysed within this work. For

each spectrum obtained, the relative peak intensities of the spectral lines at the identified

wavelengths have been obtained and then used in Equation 6.1. For a given spectrum the

logarithmic term of Equation 6.1 is plotted versus E;, and a straight line of best fit through

the points will be obtained. The slope of this best fit lines allows the temperature of

plasma, T, to be obtained.
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Figure 6-2 An example of a Boltzmann plot obtained from one breakdown event occurring within the air-filled
switch at 0.1MPa with a 1Imm inter-electrode gap length.
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Figure 6-2 shows one of the five Boltzmann plots for the air-filled switch at 0.1MPa with a
Imm inter-electrode gap space. The natural logarithm of the product of the emitted
wavelength and relative intensity of the emission at that wavelength divided by Einstein’s
transitional probability and the statistical weight of the upper energy level is plotted against
the energy of the upper level. A line of best fit is applied through the experimental data

points on the graph with Equation:

y=-ax+Db (6.2)

A 1
when y = In(_A]' X:_ﬁ' a=E;and b=C. Using the Microsoft Excel software,
g

the temperature of the plasma channel formed during a breakdown event can be obtained
from the gradient of the best-fit line applied to the data points. E.g within the
experimentally obtained results presented within Figure 6-2 it was found to have a gradient

of -2.11 which corresponds to a plasma channel temperature of ~5,490 K.

It has been discussed [157] that the value of the spectroscopic constants used within the
Boltzmann spectroscopic analysis of the temperature of the plasma channel are important
as incorrectly evaluated constants can result in incorrect estimations of temperature. This
investigation into the temperature of the plasma channels formed during the breakdown
events conducted is concerned with any overall trends in temperature as the product pd
increases as any significant change in temperature of the plasma temperature as a function
of pd will correspond to significant changes in the conductivity of the plasma in the switch
depending upon the inter-electrode gap length and the gas pressure within the switch, a

consideration which would need to be made for developing the computational model.

The outlined Boltzmann method of evaluating the temperature of the plasma channel
during breakdown events has been deemed appropriate for the investigation as this
approach provides a relatively straightforward method of extracting and comparing the

temperature of the plasma channels formed in different gases.

The symbols in each graph are an average temperature value which has been extracted
from the analysis of 5 emission spectra. The error bars associated with each symbol

represents the standard deviation in the temperature of the plasma channel extracted.
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6.1.1. Temperature of Air Plasma Channels

This section presents the results of the experimental investigation into the temperature of
the plasma channel formed during a breakdown event initiated within a self-breakdown

switch that has been filled with bottled air.

As outlined previously, 5 optical emission spectra were obtained for each combination of
inter-electrode gap length from Imm-9mm (in 1mm increments) and gas pressures within
the range of 0.1MPa-0.4MPa (increasing in pressure by increments of 0.1MPa). Each of the
saved spectra waveforms were analysed and the relative peak intensities of emissions at
the wavelengths in the region 500nm-600nm that correspond to copper Cu | emissions lines
were plotted according to Equation 6.1 with the logarithmic term versus the energy term.
The analytical function (Equation 6.2) was used to fit the experimental data using the best
fit procedure in the Microsoft Excel software, as outlined in Section 6.1, to extract a

temperature of the plasma.
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Figure 6-3 Temperature of the plasma channel formed during breakdown in an air-filled self-breakdown
switch as a function of the product of the gas pressure and the inter-electrode gap spacing.
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Figure 6-3 shows the temperature of the plasma channel formed in an air-filled switch as
the product of the inter-electrode gap length and the gas pressure pd increases. It is seen
that generally, the temperature of the plasma channel formed within the air-filled switch

remains within the range 5250-6750K for all values of pd within the switch.

As the product pd increases for the air-filled switch, there is no obvious discernible trend in
terms of the temperature of the plasma channel formed during breakdown, extracted by
using the Boltzmann Equation which suggests that within the range of pd values tested
within this investigation, the plasma temperature remains almost constant. A constant
plasma temperature over all values of pd within the switch, as will be discussed within
Section 6.2, suggests a constant average value for the conductivity of the plasma in the
breakdown channel for the range of pd’s and energies available in discharge used in the

present study.

6.1.2. Temperature of N; Plasma Channels

As with the experiments conducted in section 6.1.1 where the self-breakdown switch was
filled with bottled air and the light emissions of 5 breakdown events were obtained using
the SpectraSuite software, the light emission spectra for 5 breakdown events for each
inter-electrode gap length and gas pressure combination were again obtained for the
switch filled with N, gas (99.9% purity, BOC Ltd). The average value and the standard

deviation for the temperature are presented as a function of the product pd in Figure 6-4.
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Figure 6-4 Temperature of the plasma channel formed during breakdown in an N,-filled self-breakdown
switch as a function of the product of the gas pressure and the inter-electrode gap spacing..

When the light emission spectra of the switch filled with N, gas is analysed, it can be seen
from Figure6-4 that the range of temperatures extracted from the optical emissions
analysed using the Boltzmann for breakdown events within the N, plasma channels is

~5250-6250K.

As was observed for the temperature of the plasma channel extracted from the breakdown
events in the air-filled switch and again seen for the N, breakdown events within Figure 6-4,
the temperature of the plasma channels formed during the breakdown events does not
appear to be significantly affected by altering the product pd within the switch. This
constant temperature of the plasma channel formed during breakdown, independent of
the product pd will allow for the calculation of a conductivity of the plasma channel based

upon a constant temperature within Section 6.2.
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6.1.3. Temperature of 60%/40% Nz/0: Plasma Channels

This section presents the plasma temperature as a function of the product pd for the
plasma channel formed during breakdown in a switch filled with the 60%/40% N,/O, gas
mixture. Figure 6-5 shows the average temperature extracted from the 5 emissions

obtained from each combination of inter-electrode spacing and gas pressure.
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Figure 6-5 Temperature of the plasma channel formed during breakdown in a switch filled with a 60%/40%
N,/0, gas mixture as a function of the product of the gas pressure and the inter-electrode gap spacing.

Figure 6-5 shows the average temperature of the plasma channel formed during
breakdown in the switch filled with the 60%/40% N,/O, gas mixture as a function of the
product pd. In line with the results obtained for air and N, filled switches previously
discussed, for pd values within the range ~100-3000 Pa.m, the temperature of the plasma
channel formed during breakdown is seen to fall within the range ~5,500-6,250K. It can also
be seen from Figure 6-5 that as the value of pd increases within the switch, the
temperature of the plasma in the channel formed between the electrodes remains almost

unchanged.

201



6.1.4. Temperature of 90%/10% Ar/0: Plasma Channels

The average value of the 5 temperatures extracted for each combination of gap space and

gas pressure are presented within Figure 6-6 when the switch was filled with the 90%/10%

Ar/O, mixture.
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Figure 6-6 Temperature of the plasma channel formed during breakdown in a switch filled with a 60%/40%
N,/0, gas mixture as a function of the product of the gas pressure and the inter-electrode gap spacing.

Figure 6-6 presents the obtained temperatures of the plasma within the switch when filled
with the 90%/10% Ar/O, mixture as a function of the product pd with the switch. It can be
seen that generally the temperatures measured across the range of pd values within this
investigation are ~6,000-7,750K and as the product pd increases, the temperature again

was observed to remain almost constant.
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It is also observed for the 90%/10% Ar/O, mixture, in line with the other gases tested that
the temperature of the plasma channel formed during a breakdown event remains

relatively unchanged as pd increases.

6.1.5. Temperature of CO; Plasma Channels

This section presents the results of the experimental investigation into the temperature of
the plasma channel formed during breakdown events when the plasma closing switch is

filled with CO, gas.

Figure 6-8 presents the temperature of the plasma channels formed during breakdown in a

CO,-filled switch.
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Figure 6-7 Temperature of the plasma channel formed during breakdown in a switch filled with a CO, gas
mixture as a function of the product of the gas pressure and the inter-electrode gap spacing.

As can be seen by the results of the optical investigation into the average temperature of

the plasma presented within Figure 6-8 as a function of the product pd within the switch,
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for a CO, filled switch the range of temperatures of the plasma for the pd values of interest
is ~5,750-6,500K. This temperature range is slightly higher than that of the air, N, and
60%/40% N,/0, filled switches which may correspond to the slightly higher self-breakdown

voltage capabilities observed for CO, as discussed within Chapter 3.

Generally it is seen within Figure 6-7 that as the value of pd increases, the temperature of
the plasma channel formed during breakdown remains constant across the range of pd
values of interest within this investigation. This again will allow within Section 6.2 an
evaluation of the conductivity of the plasma channel to be made using only a constant

temperature for the entire pd range within this investigation.

6.1.6. Temperature of SFs Plasma Channels

The final gas to be evaluated for the temperature of the plasma channels formed during
breakdown events is SF¢. The average value of the 5 emissions for each inter-electrode gap
length and gas pressure when the switch was filled with SF¢ has been plotted within Figure

6-8.
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Figure 6-8 Temperature of the plasma channel formed during breakdown in a switch filled with SF¢ as a
function of the product of the gas pressure and the inter-electrode gap spacing.
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Figure 6-8 shows the temperature of the plasma channels formed during breakdown events
in a switch filled with SFg gas. It can be seen from Figure 6-8 that for the range of pd values
of interest within this investigation where breakdown events were able to be initiated
within a switch filled with SF¢ gas, the temperature of the plasma channel that forms during

a breakdown event, in line with all other gases tested is within the range of 6,000-6,500K.

SF¢ has been shown within Chapter 3 to have the highest self-breakdown voltage potential
of all the 6 gases tested however it was also shown to have the largest standard deviation

in self-breakdown voltage of the gases tested.

6.1.7 Comparison of Plasma Temperature of all gases

This section provides a direct comparison of the temperatures extracted using the
Boltzmann method outlined within Section 6.1 for the plasma channels formed during

breakdown events in all six of the gases tested within this experimental investigation.
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Figure 6-9 The temperature of the plasma channel formed for each of the six gases tested; air, N,, 60%/40%
N,/0,, 90%/10% Ar/0,, CO, and SF¢ as a function of the product pd within the switch.
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Figure 6-9 provides a comparison of the obtained temperatures of each of the gases of

interest within this investigation

Initial expectations for analysis of the temperature of the plasma channel formed during
the breakdown event within a spark gap switch were that the gases which were shown
within Chapter 3 to provide the highest voltage hold-off capability of all six gases tested
would correspondingly also result in the highest temperatures extracted by using the
Boltzmann method of temperature analysis. This result was expected as the self-breakdown
voltage required to initiate breakdown across the switch is related to the energy applied

across the inter-electrode gap by:

1
E==CU? (6.3)
2
where U is the breakdown voltage, C the capacitance of the circuit and E the energy applied

into the circuit and thus a higher self-breakdown voltage requires more energy applied to

initiate breakdown.

Since the energy applied across the inter-electrode gap length is related to the breakdown
voltage by Equation 6.3 and the temperature of the plasma channel formed has been seen
for air, N,, the 60%/40% N.,/O, gas mixture and CO, to increase under conditions where the
self-breakdown voltage for each gas at the same pd value is higher. Thus, it would be
expected that for a switch filled with the 90%/10% Ar/O, mixture which has been shown
within Chapter 3 to have the lowest self-breakdown voltage, the temperature evaluated by
optical emission and application of the Boltzmann Equation would be the lowest of all the
gases tested. However, it can be seen from Section 6.1.6 and Figure 6-9 that the
temperature of the plasma channel formed during breakdown events when the switch is
filled with the 90%/10% Ar/O, mixture is actually higher than the temperatures found in the
air, Ny, 60%/40% N,/0, and CO, filled switches for the same pd values.

Figure 6-9 provides a direct comparison of the average constant temperature of the plasma
which forms inside the channels during the breakdown events across the full range of pd
values of interest within this investigation for all six gases/gas mixtures tested within this
investigation. It is clearly seen that that temperature of the plasma channels formed in the
air and N, are almost identical for the same pd values while the temperature for the

60%/40% N,/O, gas mixture is ~7-8% higher than the plasma temperatures extracted for
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the air and N, filled switch for the same pd values. As for the 90%/10% Ar/O, mixture, the
highest temperatures of the plasma channels formed during breakdown events were
observed for this gas mixture and are observed to be ~13-16% higher than the temperature

of the air or N, filled plasma channels formed at the same pd values.

The temperature of the plasma channel in the 90%/10% Ar/O, mixture is higher than in any
of the other gases tested, although seemingly due to the lower self-breakdown voltage
required to initiate breakdown within the switch filled with this gas mixture, this can
possibly be explained due to some components of the temperature which cannot be
directly measured from the Boltzmann method applied within this investigation. Dutton has
shown [162] that for the same E/N values, characteristics such as the drift velocity of Argon
is higher than the drift velocity of CO, and other gases of interest within this investigation.
This higher drift velocity for the same E/N values contributes to the observation of the
higher plasma channel temperature in the 90%/10% Ar/O, than the other gases tested
despite the observation within Chapter 3 that the self-breakdown voltage of the 90%/10%

Ar/0O, mixture is significantly lower.

Despite this, the difference in the temperatures of the plasma channels formed during
breakdown events for all of the gases tested was found to be <1000K or < 16% across the
entire range of pd values within this investigation. In addition to this, it has also been
observed that as the value of pd changes, there is no significant change in the temperature
of the plasma channel formed during a breakdown event for each of the gases. Now that
there is an estimation of the plasma temperature that has been observed to remain
constant for the range of pd within this investigation, the conductivity of the plasma
channel formed during a breakdown event can be calculated using temperatures of

~5500K-6500K.
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6.2 Conductivity of Plasma in Breakdown Channel

So far within this chapter, a description of the theoretical and experimental approach taken
in order to estimate the temperature of the plasma in a breakdown channel formed in
different gases within a self-breakdown spark gap switch by means of analysing optical
emissions has been provided. It has been shown that for the range of inter-electrode gap
lengths within the switch (1 mm —9 mm) and gas pressures (0.1 MPa - 0.4 MPa) of interest
within this investigation, the resulting pd values (the product of the inter-electrode gap
length and the gas pressure) result in corresponding plasma channel temperatures during

breakdown events of ~5,500-6,500K depending upon the gas within the switch.

Knowledge of the temperature of the plasma formed during a breakdown event is essential
in order to estimate the conductivity of the plasma in the channel. The conductivity of the
plasma is a fundamental parameter which is needed in order to evaluate the resistance of
the plasma channel which is used in the development of the computational model in order
to accurately describe the output of spark gap switches. The spark gap switches which are
accurately described and modelled can then be used within the models of other, larger
pulsed power systems such as a Marx Generator as will be discussed within Chapter 8 of
this thesis. In order to obtain the conductivity of the plasma, the Spitzer model, which says
that the resistance of a plasma will decrease in proportion to the electron temperature as
T/?[163] was used. The Spitzer conductivity of the plasma as described by Equation 6.3,

below can be used:

7ET%

Op=rmor o (6.3)
38.0xZxInA

where y; takes into account electron-electron scattering and takes the value 0.582 when Z,
the mean ionic charge is equal to 1 [164], T is the absolute temperature of the plasma
channel formed during a breakdown event, which has been obtained previously within this

chapter from experimental investigations (K), and A is the Coulombic logarithmic term

208



which is a factor that takes into account the long range interactions between two charged

particles within the plasma channel formed during the breakdown and is given by:

1.24%107 xT 2
7

e

INA=In

(6.4)

and n, is the number of electrons per unit volume (MKS).

A reasonable estimation of the number of electrons per unit volume within the plasma

channel formed during breakdown in the self-breakdown switch and is ~10** cm™[165].

By using the temperatures at either end of the range from 5,500K-6,500K as were extracted
experimentally earlier in Equation 6.3, the spritzer conductivity of the plasma channel

formed during breakdown events was calculated to be:

1 1
Tspssonc = 4.7x10° am , O sposonc = 6x10° om

and so for a 1,000K difference in temperature, a change in conductivity of ~ 20% can be
classed as a small change due to the approximations made of quantities such as number of
electrons per unit volume within the calculation and limitations on accuracy of temperature

measurement. For this reason, the conductivity of the plasma channel is taken as

1

O¢p "103@

across the full range of plasma temperatures extracted experimentally. This observation of
the conductivity of the plasma channel holding a value of ~ 10> Om™ for breakdown events
occurring in all gases tested across the full range of pd values of interest allows for an
approximately constant value of plasma conductivity ~10°> Qm™ to be employed within the
computational model developed within Chapter 8. This obtained value of conductivity for
the plasma in the breakdown channel for gases with temperatures in the range
5,500K-6,500K fits well with data available in literature where other groups have estimated

plasma conductivity for similar temperature ranges and found obtained values in the region
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of 10°Qm™ , however some groups have reported conductivities as low as 10> Qm™ in SFe

[164].

6.3 Discussion

This chapter has presented an experimental investigation into the temperature of the
plasma channel which is formed within the main inter-electrode gap length during a
breakdown event. By obtaining the light emission spectra produced when a plasma channel
is formed within the main inter-electrode gap length during a breakdown event, it is
possible to analyse the spectra and by use of the Boltzmann approach, extract the

temperature of the plasma temperature which has formed.

It has been shown within this chapter that for all six gases of interest within this
investigation; air, N,, 60%/40% N,/0,, 90%/10% Ar/O, CO, and SF, the temperature of the
plasma channels which form during breakdown events are in the region of ~5,500K-6,500K.
By calculating the temperature of the plasma channels formed during breakdown events
for all gases of interest within this investigation, the temperatures extracted were then able

to be used to estimate the conductivity of the produced plasma channel as ~10° Om™.

This value of the conductivity of the produced plasma channel holds across the full range of
gases and temperatures extracted which then will allow, in the development of the
computational model within Chapter 8, a constant value for plasma conductivity to be

used.
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Chapter 7. Plasma Channel Characteristics

7.1 Post Breakdown Characteristics

One of the main objectives of this research project is to develop a computational model of
a plasma closing switch which would describe the dynamic post-breakdown characteristics
such as resistance, of the switch. This computational model of a plasma closing switch with
the dynamic resistance will then be used within models of larger pulsed power systems to
accurately describe their outputs allowing for optimization of full pulsed power systems or

within the development phase of new systems yet to be built.

In order to develop such a computational model which will provide output results as close
to practical experimental results as possible, some operational characteristics of the plasma
closing switch need to be known in order to be built into the model, such as the
conductivity of post breakdown plasma (which was obtained from optical emission analysis
within Chapter 6), resistance and inductance of the plasma channel formed during
breakdown events. The resistance and inductance parameters of the plasma channel which
are investigated within this chapter are required in order to better aid the development of
the computational model which is fully described within Chapter 8. The conductivity of the
plasma channel formed have already been investigated and discussed within Chapter 6 and
as such, the focus of this chapter remains on estimating the resistance of the plasma

channel as well as the inductance of the plasma channel formed during breakdown.

It is shown within this chapter that by setting up a basic self-breakdown DC charged switch
circuit and analyzing the post-breakdown current waveforms in the switch, values for both
the constant resistance and the inductance of the plasma channel formed during
breakdown events can be extracted from experimental data. This analysis is based on
representation of the post-breakdown circuit as a lumped R-L-C circuit with constant values
of R, L, and C, solving the Kirchhoff Equation for this model circuit and matching the

analytical solution with the experimental post-breakdown wave-forms.

This method is chosen as it is shown within literature [166] to be a valid method for
calculating the post-breakdown plasma resistance within plasma closing switches filled with

different gases including air. Based upon the method described within the literature, by
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assuming the post-breakdown plasma resistance to be a constant value, it has been
possible to obtain values of resistance of the plasma channel formed within different gases

for different inter-electrode gap distances.

7.2 Test-set-up and methodology

This section describes the experimental test set-up used to obtain the waveforms of the
post-breakdown current that flows through the breakdown channel which is established
across the inter-electrode gap in the gas-filled self-breakdown switch. A self-breakdown
switch and the experimental set-up, as with the tests conducted to obtain the temperature
of the plasma channel formed during breakdown described within Chapter 6, is utilised
within this investigation. The switch is filled with gases, bottled air, N,, 60%/40% N,/O,,
90%/10% Ar/0,, CO, and SFg at 0.1MPa (all gases obtained from BOC Ltd,).

Figure 7-1 provides a schematic of the experimental test set-up used within the
post-breakdown analysis of the switch characteristics, specifically the resistance and

inductance of the plasma channel formed during a breakdown event.
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Figure 7-1 A schematic of the experimental set-up to obtain the post-breakdown current waveforms

A Glassman 100 kV high voltage DC power supply was used to apply the charging voltage
across the switch via a IMQ charging resistor at a rate ~2kV/sec. A 0.55uH inductor and
current shunt (29 V/kA) were positioned in series with the spark switch. A 45nF high voltage
capacitor (Maxwell Ltd) was located in parallel to the spark gap switch in the circuit and
charged through 1 MQ current limiting protection resistance. A North Star PVM-5 high
voltage probe (division ratio 1000:1, 80 MHz bandwidth) was used within the experimental
procedure to monitor the voltage applied across the inter-electrode gap to ensure
complete collapse of voltage across the switch had occurred. Both the current shunt and
the PVM-5 probe were attached to a Tektronix TDS-3054 (500MHz, 5GS/s) oscilloscope to
monitor the waveforms of the post-breakdown current and voltage across the switch

respectively throughout the experimental procedure.
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In obtaining the required waveforms for analysis of the plasma channel characteristics, the
inter-electrode gap lengths used within these experiments ranged from 1mm-4mm (1mm,
2mm, 3mm and 4mm inter-electrode gap length) in order to analyse the effect of smaller
inter-electrode gap lengths on the plasma resistance and inductance. Once the required
inter-electrode gap length was set, the test cell was evacuated of gas via the gas
distribution board (the same as utilised within Chapters 3 — 6 for evacuating and re-filling of
the test cell with different gases/ gas mixtures) and re-filled with the required gas to
0.1MPa pressure (absolute). After the inter-electrode gap length has been set and the test-
cell filled with the required gas, the DC voltage applied to the upper spherical electrode via
the charging resistor was manually increased at a rate of ~2kV/s until a breakdown event
was observed on the screen of the oscilloscope as monitored by the North Star high voltage
probe. A current waveform which corresponded to the current flowing through the plasma
channel created during the breakdown event was also shown on the oscilloscope screen
and saved for analysis. A current waveform was obtained for three breakdown events
conducted at each of the inter-electrode gap distances between 1mm-4mm listed and the
waveforms analysed to extract characteristics of the plasma channel formed during the

breakdown.

A typical example of the transient current in the air-filled switch is shown in Figure 7-2.
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Figure 7-2. Experimentally obtained post-breakdown current waveform from a plasma channel formed in the
1mm inter-electrode gap length in the air-filled switch at 0.1MPa with a breakdown voltage of 4.6kV.

The current waveform in the circuit was analysed using the lumped RLC circuit model; the

Kirchhoff Equation for this model circuit is:

= +

2
d |2(t)+1d(l(t)Rtota|) 1t _, (7.1)
d L dt LC

where I(t) is the transient current, R, is the total resistance of the circuit including the

plasma resistance, Cis the capacitance and L is the total inductance of the circuit.

In the experimental set-up, the plasma channel developed during the closure of the switch
is used as the resistive load, the capacitance provided by a 45nF capacitor, C, and the
resistance is the total resistance of the system which can be considered to be composed of

two individual components, the circuit component R..: of the resistance and the

215



resistance provided by the plasma channel formed during breakdown Ryjgsmq (assuming that
this resistance is constant, this approximation can be used for description of the post-
breakdown transient oscillations in the spark channel [70], [166]). The total overall

resistance is a sum of the two individual components:

R R +R (7.2)

total — ' \circuit plasma

When breakdown occurs in the switch and the plasma channel formed between the upper
and lower spherical electrodes, a transient process can be observed within the RLC circuit

and the oscillating current can be monitored (Figure 7-2).

7.3 Results

For the purposes of the analytical approach taken within this chapter it was assumed that
the resistance and inductance of the plasma channel formed during breakdown are
constant and did not alter over time, therefore allowing the current flowing through the

channel to be described by the solution of the Kirchhoff Equation (7.1):

I =1,exp(—at)sin(at) (7.3)

where [, is a constant related to the maximum peak current, (A), a is the attenuation
constant (1/sec) and w is the angular frequency (in rad/sec) all of which can be obtained

from the experimental waveform as shown in Figure 7-2.

The current waveforms were obtained using the current shunt, these waveforms have been
analysed using Equation (7.3) to extract values of a, the attenuation constant and w, the
angular frequency from the relative peak amplitudes of the oscillations of the current

waveform.
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The analysis procedure followed to obtain the values of resistance and inductance of the
breakdown plasma was as follows; three breakdown events for each inter-electrode gap
length within the switch when filled with each of the six different gases: air, N,, 60%/40%
N,/0,, 90%/10% Ar/0O,, CO, and SF¢ at 0.1MPa were initiated and the post-breakdown
current waveforms were obtained and analysed. Peak current values, [, have been

obtained for each sinusoidal current wave-form at
ot=(n/2+nmn),wheren=0,1,2,3.., (7.4)

at these values of wt Equation (7.3) becomes:
I, =1,exp(—at) (7.5)

I, values are used to obtain the averaged attenuation constant and the angular frequency,
, of the oscillations in the current flowing through the plasma channel produced during

breakdown events.

In order to obtain « for each wave-form, two peak currents, /, (Equation 7.5) for n; and n,
should be measured, and then divided by each other. This results in Equation 7.6 which

allows calculation of a:

1
I,

=exp(alt, -t,))=exp(aAt) (7.6)

where At is the time difference between two time moments which correspond to Equation

7.4,
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During the calculation of the resistance of the plasma channel, the post-breakdown current
waveforms were analysed and by using the values of the subsequent relative peaks of the

current oscillations, a value of a, the attenuation coefficient is extracted by using

a=——7>= (7.7)

Where I; is the relative peak magnitude of the current at point t; /, is the relative peak
magnitude of the current at point t, and At is the time elapsed between t; and t,. The value
of the attenuation constant is later used in Equation (7.9) in order to obtain a value for the

total resistance of the circuit.

For each wave-form, at least 6 current peaks have been measured and used for calculation
of the attenuation coefficient o for different time intervals At. Then the obtained 3 (at
least) values of the attenuation coefficient have been averaged and o for specific gas and
specific inter-electrode distance have been calculated. Three individual current post-
breakdown wave-forms for each gas and gap have been obtained and for each of these
wave-form the attenuation coefficient have been obtained. The average of these three
individual «a coeffcients have been used in further analysis of the constant plasma

resistance.

From the average value of the angular frequency obtained from the current waveforms, the
inductance of the plasma channel formed during breakdown event can be calculated by

using Equation 7.8:

L= (7.8)

Once a value for the inductance, L, of the plasma channel formed during a breakdown has
been evaluated, this is then used to evaluate the total resistance R, of the circuit by

making use of Equation 7.9:
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R =2La (7.9)

Additional assumptions made within this analysis in addition to the constant value of the

plasma resistance are:

1. the energy deposition into the plasma channel, E is a continuous process and
directly proportional to time and
2. the radius of the plasma channel is also directly proportional to the energy

delivered into the plasma channel.
The resistance of the plasma channel is then, for any specified inter-electrode gap length
given by Equation 7.10:

ko (7.10)

plasma = E3

R

Where € is the inter-electrode gap length and k is a constant which describes the ratio of
the change in total resistance of the experimental set-up (factoring in the circuit resistance
as well as the differences in the resistance of the plasma channel due to the change in
inter-electrode gap-lengths) to the corresponding energy of the plasma channel at a given

inter-electrode gap length, and can be obtained from Equation 7.11:

k = _ AR (7.11)

bty
E’ E

where ARrpora. is the difference between the total resistance for two different
inter-electrode gap lengths (which can be calculated using Equation 7.7 for each of the

inter-electrode gap distances (€, and &,) required).
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The post-breakdown current waveforms for three breakdown events in each of the
inter-electrode gap lengths between 1 mm and 4 mm was analysed and the angular
frequency and attenuation coefficients extracted. From these values, the inductance of the
plasma channel formed during the breakdown event is obtained and the overall, total
resistance of the circuit is evaluated as well as an estimated value for the resistance of the
plasma channel which is formed at each inter-electrode gap length between 1 mm and

4 mm.

7.3.1 Resistance and Inductance of Plasma Channel

As previously outlined, three breakdown events were initiated for each inter-electrode gap
length between 1mm and 4mm and the characteristics of the current waveform extracted
in order to obtain further information such the values of the relative peaks of the current
oscillations and the corresponding time at which they occur are used to evaluate the

attenuation constant a (1/sec), and the angular frequency w (rad/sec).

Using the value the angular frequency of the current waveform, it is possible to evaluate
the inductance of the plasma channel formed during the breakdown event using

Equation (7.8).

Table 7-1 provides the values of the inductance of the plasma channels formed during
breakdown events at each of the inter-electrode gap lengths within the range 1mm-4mm

for each of the 6 gases of interest within this investigation at 0.1MPa gas pressure.
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Table 7-1 Average inductance value extracted by analysing the angular frequency of the post-breakdown
current waveform in an air-filled switch.

Inter-electrode Air N, 60%/40% | 90%/10% Co, SF;
gap length Ar/O,
(mm) N./O,
1 7.74 uH 7.19 pH 7.13 pH 7.20 uH 7.17 pH 7.20 uH
2 7.72 yH 7.16 pH 7.16 uH 7.17 yH 7.18uH 7.20 uH
3 7.73uH | 7.14pH | 7.18 uH 717pH | 7.22pH | 7.20 pH
4 7.73 pH 7.17 pH 7.18 uH 7.16 uH 7.15 pH 7.13 pH

By using experimental waveforms to obtain and analyse the post-breakdown current
waveforms and extract the inductance for each of the gases, the inductance of the plasma
channels formed during breakdown for each of the gases can be compared. It is seen within
Table 7-1 that the inductance of the plasma channels formed is ~7.20uH for all gases
(except air where he inductance of the plasma channels formed was found to be slightly

higher at ~7.73uH).

Once the value of inductance of the plasma channel has been estimated, using Equations
7.5 - 7.7, the values for the total resistance of the circuit and thus a value for the resistance
of the plasma channels formed during breakdown in each of the inter-electrode gap lengths

can also be estimated.

Table 7-2 provides the obtained values of the total resistance, R;q, of the system (circuit
components and the resistance of the plasma channel formed during a breakdown) and the
extracted value of the resistance of the plasma channel, R,, formed during breakdown
events conducted within the self-breakdown switch when filled with each of the six

different gases of interest within this experimental investigation.
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Table 7-2 Total resistance of the RLC circuit has been evaluated from Plasma Resistance value extracted from
analysis of the post-breakdown current waveforms in the self-breakdown switch filled with each of the six
different gases of interest within this investigation.

60%/40% 90%/10%

Inter- . NZ Nz/Oz COZ SF6
electrode Air Ar/0O,
gap
length
(mm)
Rtot RpI Rtot RpI Rtot Rpl Rtot Rpl Rtot Rpl Rtot Rpl
Q) | (mQ) | (Q | (mQ)| (Q | (mQ) | (Q) | (mQ) | (Q) | (mQ)| (Q) | (mQ)
1 044 | 30 048 | 82 | 048 | 50 | 053 | 49 | 048 | 45 | 0.44 | 97
2 0.41 | (12) | 0.43 | (23) | 0.44 | (31) | 0.48 | (46) | 0.44 | (7) | 035 (1)
3 0.40 | (30) | 0.41 | (37) | 0.42 | (29) | 0.46 | (62) | 0.43 | (23) | 0.35 | (4)
4 0.38 | (10) | 0.38 | (12) | 0.40 | (8) | 0.43 | (33) | 0.42 | (6) | 036 | (2)

It can be seen that within the assumptions of lumped R-L-C model used to obtain the
constant plasma resistance, R,, and following the assumptions imposed on the energy
deposited into the plasma channel and its radius outlined previously, namely that the
resistance of the plasma channel is constant over time, it is possible to obtain values of

plasma resistance for these inter-electrode gap lengths.

The values of plasma resistance for the air, 60%/40% N,/O, mixure, 90%/10% Ar/O, mixture
and CO, filled gaps with Imm inter-electrode gap length, as shown in Table 7-2 have similar
values, typically ~(30-50) mQ. However, the plasma resistance values calculated for the
1mm inter-electrode gap length when the switch filled with N, or SFs were higher ~(80-

100) mQ.

As the inter-electrode gap length increased from 1mm to 4mm, the changes observed in
the obtained plasma resistance of the formed plasma channels are more stochastic
between gases and between inter-electrode gap lengths. This is due to the limitations of
the approach used to estimate the resistance of the plasma channel and the number of
assumptions that were made in order to estimate the energy deposited into the plasma
channel. As the inter-electrode gap length increases to lengths longer than 1mm, this
method of extracting values of the resistance of the plasma channel that forms during

breakdown in each of the gases may not be as reliable due to the previous assumptions
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made in order to extract values of the plasma resistance. For this reason, while the
calculated values of plasma resistance provide a reasonable approximation (i.e. the right
order of magnitude), the exact values cannot be confirmed and have been placed in
brackets to denote this. It is also observed that as the inter-electrode gap length increases,

the resistance of the plasma channel formed deceases for all gases tested at 0.1MPa.

7.4 Discussion

It has been shown within this chapter that by constructing a simplified RLC circuit, it is
possible to describe the post-breakdown current that flows through the system using the
Kirchoff Equation. By making some basic assumptions about the energy deposited into the
plasma channel, e.g. the energy deposited is proportional to time and that the radius of the
plasma channel is also proportional to the energy deposited, it is possible to extract
information from the current waveforms in order to estimate the value of resistance of the

plasma that forms during a breakdown event.

It has been shown within this chapter that by using the Kirchhoff approach it is possible to
estimate the angular frequency and the attenuation of the post-breakdown current
waveforms. From the values obtained of the angular frequency and attenuation of the
current oscillations, it was possible to estimate the inductance of the plasma that forms
within the inter-electrode gap spacing for all gases of interest and for gap distances of 1mm
— 4mm. It was shown that inductances were in the region of ~7.2-7.7uH. This value of
inductance estimated from the Kirchhoff Equation is twice the ‘worst tolerable’ value
presented within [60] when modelling replacement switches within the Marx bank of the
Mevex machine. This value of 7.2-7.7uH estimated from experimental data, however, is
likely a total inductance value taking into account all components of the circuit and not just

the switch itself.

From the value of the inductance as well as the other waveform parameters analytically
obtained, it has also been possible to extract values for the resistance of the plasma that
forms within the switch during a breakdown event. It has been shown that for a 1mm
inter-electrode gap distance, the range of plasma resistances is of the order of~30-100 mQ
across all gases tested within this investigation. This value of plasma resistance was seen to
decrease as the inter-electrode gap length increases and although the exact values

obtained through the method outlined within this chapter were not considered to be
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accurate due to the dependence on the difference between values extracted from two
waveforms at a time, the order of magnitude of the plasma resistance (a few mQ) seems
consistent and can be used to give a reasonable estimation as to the order of magnitude

that can be expected of the plasma resistance as the inter-electrode gap length increases.

The Kirchhoff approximation, used within this chapter to extract the attenuation and
angular frequency information from the post-breakdown current waveforms and, as a
result, to be able to obtain values of inductance and resistance of the post-breakdown
plasma has been outlined, however, a few assumptions had to be made in order to be able
to apply this method. In assuming that the resistance of the plasma channel remains
constant over time, it is also assuming that at the point of breakdown occurring the radius
of the plasma channel is instantaneously formed. This is not the case as an instantaneous
formation of a plasma channel of a fixed radius is physically impossible. Instead, the radius
of the plasma channel will change and the resistance of the plasma channel will change

dramatically, particularly over the first quarter of the post-breakdown current oscillation.

This change in plasma resistance over the first quarter of the post-breakdown current
oscillation is of great importance as the resistance can change by orders of magnitude
during this first quarter oscillation. The next chapter of this thesis takes the constant-
resistance values obtained here for the plasma that forms during a breakdown event and
uses them to develop a computational model that describes the output of a 12-stage Marx
Bank system and then expands the constant-value model to include the more detailed
analysis of plasma resistance over the first quarter of the post-breakdown current

oscillation.
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Chapter 8. Computational Model: 12 Stage Marx Generator

The development of a computational model which describes and models the output of
current Marx bank systems or a computational model that can be used to design and
predict the output of any future Marx bank systems by making use of temporal breakdown
characteristics such as the time dependent (transient) inductance and resistance of plasma
channels formed obtained from experimental breakdown events within different gases was

a fundamental aim of this research project.

Within this chapter a discussion on the development of a constant-value plasma resistance
model is presented from an electronic circuit containing a single plasma closing switch
model, the standard approach to modelling plasma channels, through to the full 12 stage
Marx bank model within the computational software package PSpice. The constant
resistance model is then adapted and expanded to take into account the real-life, time
dependent nature of the plasma channel that develops within the switch and a model
which considers these temporal characteristics is developed. Once a single stage switch
with temporal characteristics has been developed, this too was expanded into a full 12

stage Marx generator model.

Several different approaches to estimating the transient resistance of the plasma channel
formed during a breakdown event have been suggested [80]. The properties of spark-
discharge plasmas have been of interest depending upon the physical characteristics of the
gas used within the system such as pressure, gas type and temperature. The constant value
of the plasma resistance initially used within the model developed within section 8.1.1 is a
value extracted from experimental results obtained in section 7.3.1. The approach taken to
describe the time-dependent resistance adapted from the above mentioned studies is

discussed within section 8.2.

The computational models described within this chapter have been developed and are run
using physical, experimentally obtained values from the experimental test set-up alongside

values of plasma channel characteristics experimentally obtained earlier within this thesis.
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8.1 Constant Resistance Model

8.1.1 Development of Computational Model

In order to simulate the characteristics of a plasma closing switch within a larger pulsed

power system such as those in use at AWE [59], [60], [167], a model describing breakdown

events in a single stage pulsed power system was developed within the computational

software package PSpice. A simplistic model that represents the plasma channel which

forms within the switch was created from lumped elements within an electric circuit as

shown from Figure 8-1.
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Figure 8-1 Simulated circuit with Plasma closing switch parameters.
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It can be seen from Figure 8-1 that the circuit has a 1 MQ charging resistor which acts as a
current limiter and effectively decouples the DC charging circuit from the plasma post-
breakdown event. Many of the values used within the charging elements and load elements
were provided from [60]. The charging resistor has the same value, 1M, as was used in
experimental tests previously described within this thesis (Chapter 3-7). The open-circuit,
pre-breakdown impedance of the switch was specified to be 1000MQ, a switch closure time
of 1ns was specified and the switch has a closed circuit impedance of 0.01Q. The charging
capacitor within the system denoted within Figure 8-1Figure 8-1 as Ccharging is 250nF. The
inductance in series with that capacitor, L. represents the inductance of the Marx bank
circuit. The total inductance of the system has been evenly distributed across the twelve
stages of the Marx generator e.g a total inductance of the Marx bank equal to 1.32puH
corresponds in the simulation to twelve evenly distributed inductors at each switching
stage with inductance values of 0.11uH. This total circuit inductance has been varied in the
simulations presented within this chapter and thus the inductance values presented within
this chapter are presented as the value at each stage of the Marx bank. Also included
within the model are parasitic capacitances to ground with values of 0.01nF at each stage of
the Marx bank. These parasitic capacitances are typically ~2% of the capacitance of the gap
within the switch and parasitic capacitances of this nature have been shown to give more

accurate results [7], [72].
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Figure 8-2 Single switch circuit model with the parameters of the plasma channel that forms during a
breakdown event modelled after the switch by a lumped element RLC system.
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From Figure 8-2 the constant value, lumped element, plasma parameters, R, L and C, can be
seen. The post-breakdown plasma channel itself is described with basic resistance,
inductance and capacitance (RLC) elements. Once the single gap switch elements had been
put into place within the model, the values of the resistance of the plasma channel and the
total inductance provided by the physical switch must be inserted in order to run the

simulation to achieve as accurate results as possible.

Firstly, when evaluating the inductance of the switch topologies, including the inductance
provided by the plasma channel formed during a breakdown event, some assumptions are
made in order to be able to evaluate the inductance of the switches used within the
experimental work conducted within this thesis. The analytical Equations provided [168],
[169] were used to estimate the self-inductance of the switch in its post-breakdown state in
which switch components such as electrodes and the breakdown plasma channel are

simulated as straight, rod-shaped conductors have been used:

L=2I{In[%lj—0.75} (8.1)

where L is the estimated inductance of the switch in nH, |is the length of a straight rod-
shaped conductor (in cm) with a radius a (in cm). The inductance of the self-breakdown
switch which has been utilised within Chapters 3 and 7 for evaluation of self-breakdown
voltages and estimations of resistance of plasma channel, has been calculated. The
schematic of the switch is shown again within Figure 8-3 in order to further illustrate the
dimensions which have been used within Equation 8.1 in order to calculate the inductance

of the switch.
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Figure 8-3 Topology of the self-breakdown switch used.

By using the dimensions of the switch topology in Figure 8-3 within Equation 8.1, this gives
a total switch inductance value of ~65nH (the value of inductance contributed by a 9mm

inter-electrode gap length with radius of 2mm is ~3nH). These values of inductance are
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then used within the PSpice model as the switch parameter inductance values in order to,
as accurately as possible, under the assumptions made (i.e. not changing over time)

describe the performance of the plasma closing switch.

In addition to the value of inductance required within the computational model of the
plasma closing switch, a value of the resistance of the plasma channel that forms during a
breakdown event is also required. It has been shown from experimental evaluation that the
resistance of the plasma channel that forms within the inter-electrode gap length of a self-
breakdown switch, estimated from Chapter 7, was in the range of 10s of mQ when the
length of the plasma channel is 1mm and decreases towards a few mQ as the inter-
electrode gap length increases towards 4mm (the limit of the experimental work
conducted). Values for the constant plasma resistance of the order of 1ImQ-100mQ have
been deemed reasonable from experimental results and are therefore used within the

development of this computational model of a single switch.

The development of a model of a single switch does give practical information as to the
realistic, expected, output of a larger pulsed power systems where multiple switches are
used since a single switch model within an electric circuit can describe the performance of
only one switch (described by a lumped RLC circuit with constant resistance and inductance
values). Once this single switch model within the electrical circuit was found to run without
error however, it was possible to expand the model to incorporate 12 switches which
would be charged in parallel and then by closing of the switches, would discharge in series —

creating a computational model of a 12 stage Marx generator.

By using a switch inductance value of 65nH, plasma resistance values between 1 mQ and
100 mQ, it is possible with a full 12 stage model to see the effect of changing certain key
characteristics of the plasma channel on the output of a 12-stage Marx bank system.
Factors of operation of the switch such as risetime of the voltage impulse, the peak output
voltage, pulsed power system run-time and dV/dt are of interest and were investigated

with the use of this computational model.
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8.1.2 Computational Results - Constant Resistance Model

Initial simulations using constant value plasma characteristics which were run, modelled a
12-stage Marx bank system with a 60kV charging voltage in order to be able to compare the
output of the developed model to the output of the Marx bank used in erecting AWE’s
Mevex machine [60] which charge the electrodes of their switches to +/- 30kV. Different
values of plasma resistance and overall inductance of the Marx system were modeled in
order to gain a better understanding of the influence of these characteristics on key output

parameters such as peak output voltage, runtime of the system and dV/dt.

Presented within this section are the results of the output of the 12-stage Marx system
across a load as the constant-value parameters of the plasma switches are varied. The
resistance of the plasma was set at ImQ and 100mQ, the overall inductance of the Marx
bank was distributed evenly across the 12 stages. These results are compared and
contrasted to observe the influence on the output of the Marx bank of changing the

characteristics of the plasma switches and the system.
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Figure 8-4 Peak Voltage output of the 12-stage Marx bank as a function of time for 1ImQ and 100mQ plasma
channel resistance respectively.

Initial simulations run within the constant-value characteristic model were for fixed value
values of plasma resistance at 1mQ and 100mQ for values of load resistance from 5Q-120Q,
again from [60] which simulate situations where the system would be underdamped,
critically damped and overdamped as can be seen by the output waveforms within Figure
8-4. The peak output voltage of the 12-stage Marx generator model shown within Figure

8-4 is under modelled conditions for a total Marx inductance equal to 1.32uH.
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It is seen within Figure 8-5 that a total inductance of 1.32uH, a 60kV charging voltage to the
system, the peak voltage output observed is determined by the load resistance only. In
terms of the peak voltage output across any specified load, for the simulations run with a
plasma resistance value of 1mQ were not significantly different from the output results
presented by the simulations run when the plasma resistance was equal to 100mQ.
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Figure 8-5 The peak voltage across the 12-stage marx bank over time for only the 22Q load resistance at the
output of the 12 stage system.

For a 22Q load resistance (the typical load resistance of a diode in a flash radiography

experiment) at the output of the 12-stage Marx generator, the waveforms within Figure 8-6
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provide a means of observing the influence of the overall, total Marx generator inductance
on the peak output voltage of the system. It can be seen that for total inductance values of
1.02uH, 1.32puH and 1.56puH that there is very little change in the peak voltage achieved or
the time taken to achieve this peak voltage. For a total inductance value equal to 3.72uH
which has been deemed as the ‘worst tolerable’ inductance value for any potential Mevex
replacement design [60]) the peak output voltage achieved is ~20% lower than the peak
voltage achieved for the inductances within the ‘expected inductance’ range. It has also
been observed that for the inductance values equal to 3.72uH, the time taken to reach
peak voltage is ~48% longer than the time taken to reach the equivalent peak output

voltage when the inductance values are equal to 1.02pH.

In addition to the impact on both the peak output voltage and the time taken to reach the
peak output voltage by the inductance of the Marx system, it was again noted that for
simulations run where the resistance of the plasma channel is equal to 1ImQ or 100mQ,

there was negligible difference in the output waveforms obtained.
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Figure 8-6 Peak voltage across the resistive load, charged with 60kV DC as a function of the inductance of the
Marx bank itself.

235



The peak voltage output of the 12-stage Marx for different load resistances has been
presented as a function of increasing inductance values (per stage) in Figure 8-6 across all
values of load resistance of interest and for both 1mQ and 100mQ plasma resistance
values. It is observed within Figure 8-6 that as the inductance of each stage of the Marx
increases the peak output voltage decreases as is expected and observed from previous
simulations shown in Figure 8-5. It is shown here that the difference in the peak output
voltage when the plasma resistance is equal to 1mQ and when it is equal to 100mQ is

typically very small ~¥3-7% and decreases as inductance increases.

Within these results, a second order polynomial Equation:
Vpk =AL®+BL+C (8.2)

has been applied to fit the obtained data where A, B and C are coefficients extracted from
the fitting procedure, L is inductance at each stage (in pH) and V is given in Volts. The
extracted coefficients from the data obtained from the simulations are presented within

Error! Reference source not found..
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Table 8-1 Coefficients from the second order polynomial fitting applied to the peak voltage output data as a
function of the inductance at each stage of the 12-stage Marx bank system

A B C R?
R =50/ Ry = 1mQ 3x10° -44x10° 291x10° 0.99
R.=50/ Ry = 100mQ 2.7x10° -40x10° 313x10° 0.99
R.=10Q/ Ry = ImQ 3.5x10° -52x103 451x10° 0.99
R.=10Q /Ry = 100mQ 2.8x10° -45x10° 420x10° 0.99
R.= 200/ Ry = 1mQ 2.4x10° -43x10° 570x10° 0.99
R.=20Q / Ry = 100mQ 2.7x10° -44x10° 552x10° 0.99
R.=220/ Ry = 1mQ 2.4%10° -43x103 585x10° 0.99
R.=22Q /Ry = 100mQ 2.4x10° -41x10° 564x10° 0.99
R =500/ Ry = 1mQ 1.9x10° -33x10° 687x10° 0.99
R.=50Q / Ry = 100mQ 1.7x10° -30x10° 669x10° 0.99
R.=120Q /Ry = ImQ 3.1x10° -47x10° 832x10° 0.99
R, =120Q / Ry = 100mQ 2.7x10° -43x10° 814x10° 0.99

The coefficients A, B and C of the fitting Equation (Equation 8.2) that are presented within

Table 8-1 were obtained by fitting a second order polynomial fit to the obtained data in

Figure 8-6 within OriginPro 2015 computational software package. Each of the values A, B

and C are constant, dimensionless values while the final column of Table 8-1 provides the R?

values associated with the fitting lines applied to the data. The R? values are the coefficients

of determination and a measure of the closeness of fit to actual data. R* values of 0.99

allow for a level of in the accuracy of the applied fit to the obtained results from PSpice.
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Figure 8-7 Runtime of the 12-stage Marx bank system versus the inductance at each of the 12 stages of the
Marx bank system. The runtime of the simulation being defined as the time to reach 80% of the peak output
voltage from the time that the final switch in the 12-stage Marx system closes as defined by the user input.

The runtime of the system is defined within this investigation as the time from the closure
of the final switch to the time when the voltage has reached 80% of the peak magnitude. A
delay of 0.01ps between the closure of the first switch and the closure of each subsequent
switch has been built into the model as this is a more realistic representation of functional
systems which experience delay between the closure of each switch [23]. Switches do not
all switch at the same time. As a result, the runtime of the Marx has also been investigated
within this project as a function of the inductance (at each stage of the Marx) and is

presented within Figure 8-8.

The runtime of the pulsed power system increases with inductance of the system and is
observed within Figure 8-8, is shorter for higher values of load resistance, R;. It was again
observed that the difference in the runtime between simulations run for a plasma

resistance R,=1mQ and a plasma resistance of Rp;=100mQ was small, typically <1%.
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Another quantity of interest is dV/dt, that is the change in voltage from 0 to 80% of the

peak voltage over the time taken to reach that voltage as a function of the inductance of

the Marx.
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Figure 8-8 dV/dt versus inductance of the Marx system (per stage) at each of the load resistances of interest
within this investigation. For each load resistance, at each of the inductance values run within the simulation,
the plasma resistance has been simulated at both 1mQ (solid colour shapes) and 100mQ (empty shapes).

The dV/dt quantity was evaluated as the voltage change from 0V to 80% of the peak
voltage over the runtime of the system. It can be seen from Figure 8-9Figure 8-8 that as the
inductance of each stage of the Marx increases (and thus the total inductance of the Marx
system increases), dV/dt decreases which suggests that the change in voltage will be
smaller over time for higher inductances within the system. Systems with high inductance
will have smaller changes in voltage over the same timeframe, a result which is already

observed from Figure 8-6Figure 8-5.
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8.1.3 Conclusions

The development of a computational model within PSpice software of a plasma closing
switch which uses constant values for characteristics of the plasma closing switch
parameters such as the plasma resistance and inductance has been described. The plasma
closing switch model has been utilised within a 12-stage Marx bank model, which includes
all the values of Marx bank inductances, charging capacitances, stray capacitances and

charging resistors that would be associated with physical experimental systems.

The peak output voltage for a 22Q load resistance shows similar peak voltages and duration
of oscillation with the computational and experimental results over long periods of time
(us) presented within [60]. It also showed good agreement with the simulations where the
inductance of the Marx bank was varied over an ‘expected’ to ‘worst tolerable’ range. From
this range of inductances of the 12-stage Marx bank (1.02uH, 1.32pH, 1.56uH, 3.72uH and
7.44pH) it was possible to observe the effect of inductance on the characteristics of the
Marx bank such as the peak output voltage, the runtime (defined as the time from the
closure of the final switch in the system to the time where 80% of the peak voltage

magnitude is reached) and dV/dt across the resistive load of the system.

The peak output voltage across the load was found to decrease as the inductance of the
Marx bank increased and from the computational data obtained, a fitting has been
suggested to allow for future calculations of peak voltage of systems where inductance
values and load resistance values are known and also may fall within the range tested
within these simulations. The runtime of the system was found to increase as the
inductance increased which leads to the observation that dV/dt, that is rate of change of

voltage over time, decreases as inductance of the Marx increases.

The developed computational model that replicates the operation of a plasma closing
switch over time that uses constant values for characteristics such as the resistance and
inductance within the switch, this can be used to describe transient processes over long
periods of time which are used within applications such as arc switching and within the
power industry. However, for many applications within pulsed power, the first quarter of
the current oscillation is the key area of interest, as this is the time interval in which the

resistance changes (by orders of magnitude) from its maximum value to some very small
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value. In order to more accurately model this first quarter of the current oscillation, a

model which considers dynamic parameters of the plasma channel must be developed.

8.2 Dynamic Resistance Model

In the previous section, a constant resistance approach was taken in order to develop a
computational model of a plasma closing switch which could then be incorporated within a
larger pulsed power system. In order to more accurately describe the performance of a
gas-filled plasma closing switch, the temporal characteristics of the switch need to be taken
into account, such as the time-dependent resistance of the plasma channel that forms
during a breakdown event, as this will more accurately describe the characteristics of the
current oscillations during the first quarter oscillation. Many different approaches have
been taken throughout the years in estimating the resistance contributed by the plasma
channel that forms during a breakdown event [73]-[75], [77]-[82], [170], [171]. All the
models outlined relate the resistance of the plasma channel to the current flow either by
relating the resistance to the inverse integral of the current or by relating the resistance of
the plasma to the inverse exponential of the current. Both of these approximations focus
on the first quarter of the current oscillation post-breakdown event when the resistance
changes (by orders of magnitude) from an open circuit to the minimum value as the current
reaches its peak magnitude. As the current flowing through the plasma channel will
depend upon the radius of the plasma channel, which changes with time. The
hydrodynamic model proposed by Braginskii [82] for the arc radius has been shown to
match reasonably well with experimental investigations [83] and as such, the following
‘Braginskii’ Equation has been used for approximating the radius of the plasma channel

over time:

brag

az(t)—(” pgj jédt—cy yj.lydt [um] (8.2)

where a(t) is the radius of the plasma channel, i is the current flowing through the channel,

tis the time, {is a constant associated with the gas, o is the conductivity of the gas, Cyqq is a
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phenomenological constant which is characteristic for each specific gas [82] and p, is the
gas density. By making use of this expression for the radius of the plasma channel, the time-
dependent resistance of the plasma channel that forms during a breakdown event can be

given by Equation 8.3, known as the Braginskii Equation.

Rplasma: 1 y 2 (8.3)
CoragC 372'-[ | 3dt

Where | is the length of the plasma channel (m), o is the conductivity of the plasma
channel ((Q.m)™) and / is the current flowing through the plasma channel. The Braginskii
Equation for estimating the resistance of the plasma channel within the switch during a
breakdown event has been chosen as the most suitable description above those equations
for the resistance Equations (2-12 — 2-20) is that in many of the alternative equations,
constants of proportionality are present. The constants of proportionality in these
equations have been obtained either theoretically or by fitting constants to data under

prescribed and constrained experimental conditions.

This time dependent resistance (Equation 8.3) is utilised within the transient, time
dependent model of the spark gap switch. By taking into account the time dependent
resistance, this is designed to provide a more accurate description of the actual resistance
within the plasma channel that forms during a breakdown event which will change value
over time instead of taking a constant value at the point of breakdown. Therefore, the next
step in developing the computational model was to replace the single constant value
resistor with a system where the resistance of the plasma channel is described by Equation

8.3.
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Figure 8-9 shows the expanded model of the plasma closing switch which now has the time-dependent
resistance as described by Equation 8.3.

The circuit diagram within Figure 8-10 shows the method of modelling Equation 8.3 within
the PSpice software package. Each of the elements which make up the dynamic resistance
model are shown within Figure 8-11 and described individually as to their purpose within

this model.

Integrator
g @H‘ E : n"? constant
SN, TEIN-PMT)

voltage current controlled  power integrator multiplier  Constant

controlled voltage source
current source

(a) (b) () (d) (e) (f)

Figure 8-10(a)-(f) circuit components from the PSpice library that are utilised in order to model the time
dependent resistance of the plasma channel which forms during a breakdown event within the switch.

The components Figure 8-10(a)-(f) are circuit components from the PSpice library which are
used in building a computational model of a plasma closing switch which incorporates
dynamic characteristics into the development of the model. Figure 8-10(a) is a voltage
dependent current source which takes a voltage input and outputs a current equal to it
with some proportionality determined by the expression ‘value’. Figure 8-10(b) shows a
current controlled voltage source which is placed in-line with the plasma channel

components. This current controlled voltage source takes current and represents it as a
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voltage signal with no negative impact on current waveform. The circuit shown within
Figure 8-11 is a self-consistent model in which the dynamic plasma resistance is dependent
upon the current and the current in turn is dependent upon the plasma resistance. Figure
8-10(c) is a power function and raises the input to a specified power, Figure 8-10(d) is an
integrator function, Figure 8-10(e) a mathematical multiplier which multiplies the two

inputs together and Figure 8-10(f) is a user-defined constant value.

Each of these components are brought together in order to model the dynamic resistance

as described by Equation (8.3).
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Figure 8-11 shows the schematic of a single switch model which incorporates the dynamic plasma parameters
of the resistance into the model.

As with the constant resistance model within Section 8.1, a single switch does not give

much useful information pertaining to the operation of larger pulsed power systems where
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multiple switches are utilised in practice. In order to be able to accurately replicate systems

which use multiple switches, a model containing multiple switches should be developed.

As previously discussed within Section 8.1 where a 12 switch system which replicates a 12-
stage Marx bank generator was developed, so too in the dynamic resistance model is a
system developed which contains 12 stages each containing the components shown within
Figure 8-10 in place to model the resistance of the plasma channel. The full 12-stage

dynamic Marx bank model which has been developed is shown within Figure 8-13.
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Figure 8--12 A block diagram of a 12-stage Marx bank model which has been developed that contains the
components within each switch stage to more accurately describe the dynamic properties of the switch.
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Within this model of the 12-stage Marx generator, the same charging voltage (60kV) is
applied through a 1kQ charging resistor in the circuit. The parameters that are altered
within this simulation are the load resistance (the same values of load resistance as used
within Section 8.1 of 50, 10Q, 200, 22Q, 50Q and 120Q were simulated) and the

conductivity of the plasma (which has previously been calculated within Chapter 6).

Key output characteristics, such as the peak output voltage, the runtime of the system and
dV/dt, are again of interest with this dynamic characteristic model and are monitored and

compared as parameters are altered within the computational model.

8.2.1 Computational Results - Dynamic Resistance

As has already been calculated within Chapter 6 of this thesis from an evaluation of the
optical emissions within the switches, a value of the conductivity of the plasma ~10° (Q.m)™
was estimated by making use of the Boltzmann approach. It has been observed from
literature that for plasma temperatures ~5000K, it is possible to measure a conductivity of
plasma as low as ~10% (Q.m)™ [172] or as temperature of plasma increases, the conductivity
of the plasma can also increase towards ~10* (Q.m)" and beyond. Within the simulations
conducted within this investigation, plasma conductivities of 10, 10° and 10* (Q.m)™ are
used to determine the sensitivity of the output characteristics such as the peak voltage
output, the runtime of the system and dV/dt across the resistive load on the conductivity of

the plasma.

With a DC charging voltage of 60kV applied and plasma conductivities within the range
10%-10* (Q.m)™. The first of the output characteristics of interest with this dynamic

characteristic model is that of the peak output voltage across the resistive load.
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Figure 8--13 Peak voltage output of the 12 stage marx bank which incorporated the dynamic resistance model
over time for different output load resistances. Each of the three graphs shows different conditions where the
value of conductivity of plasma was altered between ~10” - 10* 1/Q.m

It can be seen from Figure 8-14 that for each of the values of plasma conductivity, the peak
output voltage will vary depending upon the load resistance at the output of the Marx
generator as was observed within Section 8.1 in the constant value model. Within the
results shown, regardless of the conductivity of the plasma it is evident that the higher the
load resistance, the more oscillations there will be on the voltage waveform. For a direct
view of the effect that a difference in the plasma conductivity will have on the peak output
voltage, the waveforms for the 22Q load resistance were directly compared and are shown

within Figure 8-15.
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Figure 8-14 Peak voltage versus time for a 22Q load resistance at each of the 3 different plasma conductivity
values covering the range of reasonable plasma conductivities seen to correspond to plasma temperatures
5500K-6500K and above from literature.

Figure 8-15 showspeak voltage output over time of the 12-stage Marx generator model and
the influence of the conductivity of the plasma in the switch on the peak voltage output. It
can be seen that for higher conductivity of plasma in the switch, the peak output value will
also be higher. The peak voltage output of the Marx generator is ~16% higher when the
conductivity of the plasma is 10> (Q.m)" than when the conductivity is 10%(Q.m)" and a

further 7% higher when the conductivity increases to 10* (Q.m)™.

Another observation from within Figure 8-14 is that as the conductivity of the plasma
increases, further oscillations in the voltage waveform become more prominent. While this
dynamic model was created due to an interest by the industrial partners of this project in,
primarily, the behaviour over the first quarter of any voltage or current oscillations, any
oscillations that appear at later time-points may be of importance in other applications

where the whole waveform is considered.

One other consideration within the model is the effect on results of any stray capacitances

to ground. Stray capacitances have been included within the model, however the value of
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these stray capacitances are not well known and have also been estimated from literature
values [72]. As such, the 22Q load resistance with conductivity values of 10%, 10* and 10*
(Q.m)™" were re-run with values of each of the stray capacitances to ground of 1nF, 0.1nF

and 0.01nF.
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Figure 8-15(a)-(c) the effect of varying the parasitic capacitance to ground on the peak output voltage
waveforms for plasma conductivities of (a)102,(b) 10° and (c) 10* 1/Q.m respectively.

In terms of the effect on peak output voltage, the sensitivity of the 12-stage Marx model
that incorporates dynamic characteristics on the value of the parasitic capacitances to
ground is seen to be small. For all values of plasma conductivity, when the parasitic
capacitances within the model had values of 0.1nF or 0.01nF, there was virtually no
difference at all in the peak output voltage and the waveforms were almost identical in
terms of temporal conditions too. For plasma conductivity of 10° (Q.m)™, the peak output

voltage with 1nF stray capacitance to ground peak output voltage was seen to be ~3%
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lower than the peak output voltage observed for the 0.1nF and the 0.01nF stray
capacitances and for conductivity of 10%(Q.m)", the 1nF stray capacitance voltage
waveform showed an increase in peak voltage of ~2.5% compared to the peak voltage
output when simulated with stray capacitances with values of 0.1nF or 0.01nF. The 1nF
stray capacitance values for all plasma conductivity values showed oscillations on the
voltage waveform beyond the first voltage peak and these oscillations become more
prominent as the conductivity of plasma increases. In addition to this, for 1nF values of
stray capacitance, it can be seen within Figure 8-15(a)-(c) that it takes a longer amount of

time to reach the peak voltage than if the stray capacitances were 0.1nF or 0.01nF.

After these observations, it was decided to fix the value of the stray capacitances within the
rest of the simulations in this investigation at 1nF as this allows for some degree of
flexibility and ‘worst tolerable’ values to be obtained. The conductivity of the plasma
channel measured within experimental conditions in Chapter 6 provided a value of
10°(Q.m)™* which when considering Figure 8-16(b) showed no change in peak voltage when
changing the stray capacitance value over two orders of magnitude. The time taken to
reach peak voltage is observed to take longer when the stray capacitance is 1nF than when
the stray capacitance is 0.1nF or 0.01nF, however any times taken to determine the
runtime of the system can then be considered to be over-estimations or ‘longest expected

time’ to reach the peak voltage.

Once the peak voltage output of the 12-stage Marx generator had been analysed for
different values of plasma conductivity, the runtime of the system was also analysed in a

similar way to that described within Section 8.1.2.
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Figure 8-17 The runtime of the 12-stage dynamic Marx generator model vs conductivity of plasma within the
switch.

The runtime of the system is again defined (the same definition from Section 8.1.2) as the
time difference between the closure of the final switch in the system (user defined within
this computational model at 1.11ps. The first switch closes after a 1us delay and a further
delay time of 0.01us between each switch closing and the closure of the previous switch)

and the time at which the voltage reaches 80% of its peak magnitude.

It can be seen from the results of the runtime of the system plotted as a function of
increasing conductivity as shown within Figure 8-17 that there for each value of plasma
conductivity, there is an increase in the runtime of the system as the load resistance
increases, however this increase in runtime is typically very small. As the conductivity of the
plasma channel increases from 10% (Q.m)" to 10* (Q.m)™ there has been no discernible
change in the runtime of the system due to the change in plasma conductivity. As the
conductivity of the plasma channel increases, the runtime of the system remained constant

at ~720ns -740ns across all values of load resistance of interest within this investigation.

This result shows that the runtime of any model and therefore, in theory, any practical

pulsed power generators developed will not be sensitive to the gas used within the

252



switches of the plasma that forms within the switches. This gives greater flexibility and
means that certainly for runtimes, an estimation of the conductivity within the plasma
would be sufficient rather than requiring precise measurements. With that being said, the
runtime of the system not changing will then have an impact on the rate of rise of voltage

across the load of the system which is another key characteristic in many applications.
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Figure 8-18 dV/dt vs Conductivity of Plasma for each individual load resistance value.

Presented within Error! Reference source not found. is the rate of voltage rise across the
load for different load resistances of the 12-stage Marx system as a function of the plasma
conductivity within the switch. The dV/dt value was calculated for the voltage to change
from OV to 80% of the peak voltage and the time over which this change took place, i.e. the
runtime of the switch. It is seen within Figure 8-18 that when the conductivity changes from
10 (Q.m)? to 10° (Q.m)™ the dV/dt value increases for all values of load resistance beyond
the Marx generator, however for any value of plasma resistance between 1x10* (Q.m)™ and
1x10* (Q.m)™* there does not appear to be any significant difference in dV/dt. This again
suggests that for plasma conductivities that cover a wide range (corresponding to a wide

range of plasma temperatures) there is little sensitivity within the model (or practical
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systems) on the dV/dt to this parameter which allows for greater flexibility in practical

settings. This also does not depend on the gas within the switch.

8.3 Discussion and Conclusions

Within this section, two computational models have been developed and run with

important characteristics observed in both cases.

A constant plasma resistance model which models the breakdown plasma resistance and
inductance parameters has been seen to depict the working characteristics of a 12 stage
Marx generator over us timescales. The peak voltage output of the 12-stage Marx
generator model showed similar voltage magnitude to both the simulations and the

experimental results presented within [60].

The key changes within this model were the values of plasma resistance or the value of the
Marx generator inductance which was evenly distributed across the twelve stages of this
model. It was seen that for plasma resistance values of 1mQ and 100mQ (values of plasma
resistance which had previously been obtained from experimental results in Chapter 7) that
no significant difference was observed on any of the key output characteristics monitored

within this investigation.

The value of the inductance of the Marx generator, however, does play a more significant
role in determining the output characteristics of the Marx generator. The peak voltage
across the load was found to decrease as the inductance of the system increased and a
fitting has been suggested to allow for future prediction of peak voltages which can be
obtained for future models or systems with inductance and resistance values that fall
within the range investigated within this project without the need to re-run or build entire
models. In addition to this it was also found that the runtime of the system will increase as
the inductance of the system increases — this will be of use for applications looking to
minimise inductance knowing that this also minimises runtime but will also allow for
maximum peak voltage. The dV/dt of the Marx generator was found to decrease as the
inductance of the switch increases. As discussed within [6], the recovery rate of switches
can sometimes lead to dV/dt constraints within switches depending upon the application

and so would need to be considered as high dV/dt applications can result in switch closure.
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All of these results for the constant-value resistance and inductance model showed good
agreement with previously investigated works with similar experimental conditions over
long (us) timescales. Many applications are primarily concerned, however, with the
behaviour over the first quarter of the current oscillation and have no real concern for the
behaviour beyond this. For this reason, a more accurate model over this first quarter of the
voltage waveform was required and for this, a model that described the resistance of the

plasma channel with dynamic parameters was developed.

The dynamic resistance model is a self-consistent model that can be altered to include
details of the conductivity of the plasma channel and the associated gas constants obtained
using the Braginskii approach for the specific gas which fills the switch as an insulating
medium. In Chapter 7 of this thesis it has been calculated using the Boltzmann approach
that for plasma temperatures in the range of 5500-6500K, the conductivity of the plasma
within the switch is ~10*(Q.m)™ for the gases of interest within this study [173] although
this can be as low as 10%(Q.m)™ [172] and so changes to the output parameters of the Marx

for conductivity values in the range 10°-10" (Q.m)™ were simulated.

It was found that as the conductivity of the plasma increases, the peak voltage that can be
achieved also increases, however an appearance of oscillations in the voltage waveform at
higher values of conductivity beyond the initial voltage peak may play a factor for any
applications looking for smooth voltage waveforms on longer timescales. The runtime of
the system was investigated again, this time for the dynamic model, and was found to
remain constant regardless of the value of conductivity of the plasma channel. A useful
finding for practical applications as it allows for more freedom in physical experimental
conditions if the runtime of the system does not depend on the conductivity measurement.
It was also seen that the dV/dt of the dynamic model while increasing initially when the
conductivity increases from 10%(Q.m)™ to 103(Q.m)?, beyond this value of conductivity,

there was no evidence of change in dV/dt at higher conductivity values.

One final consideration with this dynamic resistance model was the effect of parasitic
capacitances to ground within the model. It has been shown within some studies that the
value of these capacitances can affect the voltages within the system [72] however values
of stray capacitances across two orders of magnitude were simulated (1nF, 0.1nF and
0.01nF) and little difference was noted in terms of peak voltage waveforms output. The

peak voltage magnitude changed <3% for the 10%(Q.m)™* and 10*(Q.m)™ conductivity plasma
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simulations, however it was noted that the time take to reach the peak output voltage was
slightly longer for the 1nF stray capacitances than for the 0.1nF or 0.01nF capacitances. For
this reason, all simulations in the dynamic simulation model were left with 1nF stray

capacitance values as this allowed for a “longest expected” timeframe value to be obtained.

It is possible therefore from the results of the two models created to suggest options that
may be worth investigating further in terms of real-life practical experiments depending

upon the application and required output of the Marx generator that would be needed.
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Chapter 9. Conclusions and Future Work.

9.1 Conclusions

The main aims of this thesis were to characterise plasma closing switches when filled with
different gases and to use the experimental results to develop a computational model that
would describe the operational working of a plasma closing switch that could be used

within a model of a larger pulsed power system.

The focus of the research came from filling two commonly used plasma closing switch
topologies with environmentally friendly gases and comparing the operational
characteristics to those when the switches were filled with the conventionally used SFe.
Throughout the course of the research project, the operational characteristics of a self-
breakdown topology switch and a field distortion spark gap switch were examined when
filled with air, N,, 60%/40% N,/O,, 90%/10% Ar/O, CO, and SFs up to 0.4MPa. The
experimental novelty of this work lies in the use of the 60%/40% N,/O, gas mixture, and the
90%/10% Ar/0O, gas mixture within the switches. These gas mixtures, in these percentages
have not been considered for plasma closing switches previously as potential alternatives
to SF¢ gas. The other gases used, air, N, and CO, while having been considered as
alternative gases for SF¢ or having been used within mixtures with SF;, have not been
characterised in as much detail for switching purposes. In the present work for the first
time a comprehensive investigation into the operational performance of self-breakdown
and triggered switches filled with these gases has been conducted. Experimental
investigation and statistical analysis of the breakdown data allowed for characterisation of
the breakdown characteristics and operational parameters of the switches filled with these
gases. Based on the comprehensive optical emission spectroscopy study the characteristics
of the plasma channels in these gases have been obtained which allowed for estimation of
the plasma conductivity and resistivity of the plasma channels which is necessary for the
development of the computational model of the Marx generator. No previous
computational model takes into account the transient characteristics of the plasma channel

that forms during breakdown process within plasma closing switches, particularly one
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developed from the results of an experimental investigation into characteristics of plasma

closing switches filled with different gases.

An extensive literature review was conducted into various aspects of pulsed power,
including: the history of pulsed power, some large pulsed power systems and the switches
they use, the basic principles of gas breakdown, approaches to modelling the transient
processes within plasma closing switches are described and a discussion on the most
commonly used gases within plasma closing switches is provided. As SFg is still one of the
most commonly used gases within the switches of pulsed power systems, despite the
environmental concerns associated with its usage, it was discussed that any plasma closing
switch topology should operate on comparable levels when filled with any potential
replacement gas as they do when filled with SF; and so key operational characteristics of
plasma closing switches are discussed within Chapter 2 also as this formed the foundation

from which this research project grew and the direction taken.

An experimental test set-up was designed and constructed to investigate the self-
breakdown voltage and the spread in self-breakdown voltage of different gases; air, N,,
60%/40% N,/0,, 90%/10% Ar/0O, CO, and SF¢ in a sphere-sphere topology switch for gas
pressures 0.1 MPa — 0.4 MPa and for a range of inter-electrode gap distances from 1 mm —
9 mm. It was found that although SFs provided the highest self-breakdown voltage
capabilities, it also showed a large spread in self-breakdown voltage which is not a desirable
property in practical applications as a large spread in self-breakdown voltage means a wider
range of values where breakdown may occur. This then means that a breakdown event
occurring at a specific voltage cannot be relied upon as a wide range of voltages over which
breakdown can occur makes breakdown rather unpredictable. It was also observed that the
self-breakdown voltage values of SF; could be achieved in air, N, and the 60%/40% N,/O,
mixture by increasing the pd value by a not unreasonable amount (an increase in pressure
of 0.1 - 0.3 MPa) and this would also give an added advantage of smaller spread in self-
breakdown voltage for any of these other gases. Another novelty of this research arose
from the comparison of the self-breakdown voltage for all the gases tested within this self-
breakdown switch to the classic Paschen breakdown curves where available. The classic
Paschen curves for air, SFs, N, and Ar have been obtained for ideal, perfectly uniform
electric field conditions. Although it was not expected to be accurate within a sphere-

sphere topology switch which does not have ideal uniform field conditions, it was found
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that the self-breakdown voltages of the gases were close to the classic Paschen breakdown
curves, although an allometric fitting gave a closer fitting. This allows for fitting lines to be
applied to the self-breakdown data of the gases where no previous Paschen breakdown
curves were available, particularly the gas mixtures, and so, equations describing the self-

breakdown voltage as a function of pd of all six gases are suggested.

Following on from the self-breakdown voltage, a field distortion spark gap switch was
designed and constructed and triggered with two different trigger impulses, a ‘slow’ and a
‘fast’ voltage impulse, to investigate the time to breakdown of the switch and the
corresponding jitter of the switch when filled with each of the six gases. Triggered switches
are an important part of pulsed-power systems as they allow for precision over the timing
of the triggering of switches which is not possible with self-breakdown switches. Two inter-
electrode gap distances (2 mm and 4 mm) were stressed with 70% or 80% of the DC self-
breakdown voltage before a -30kV voltage impulse was applied to the mid-plane trigger
electrode. Under the ‘slow’ trigger voltage impulse, the -30kV impulse is applied to the
trigger electrode at a “slow” rate of ~0.45kV/us. It was found that for all gases, the time to
breakdown of the switch, defined as the time between the application of the voltage
impulse until complete voltage collapse across the main inter electrode gap, was on the s
time scale and increased as gas pressure increased. When the 2mm inter-electrode gap
space was set, the time to breakdown was found to increase linearly as the gas pressure
within the switch increased for all gases. However at 4 mm inter-electrode gap spacing, due
to experimental limitations, insufficient data was available to comment on the trend of the
increase. It was also found within this experimental study that stressing the main inter-
electrode gap length with 80% of the DC self-breakdown voltage will result in an increase in
time to breakdown over the gap when stressed with 70% of the DC self-breakdown voltage.
The jitter of the switch, defined as the standard deviation in the time to breakdown was
also found to be of the order of a few ps and increased as gas pressure increased, however
many applications require ns jitter or better and, therefore, the next logical step was to

attempt to reduce the jitter to ns-timescale levels.

The field distortion spark switch was again utilised, this time triggered with a ‘fast’ ~1kV/ns
-30kV voltage impulse applied to the mid-plane electrode. It was found that the time to
breakdown for each individual gas does not significantly change as gas pressure increased

from 0.1 MPa to 0.4 MPa in either the 2 mm or 4 mm inter-electrode gap space, nor did
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stressing the gap with 70% or 80% of the DC self-breakdown voltage level yield any
discernible trend under these breakdown conditions investigated. The time to breakdown
and the jitter when the ‘fast’ voltage impulse is applied was found to have reduced from pus
to ns timescales, a far more practical and comparable timeframe for each of the gases to
the conventional SFg filled switches currently used. It was found that for the field distortion
switch triggered under both the ‘slow’ and ‘fast’ voltage impulses, no breakdown events

were able to be initiated when the switch was filled with SFs.

Within the design of the self-breakdown switch, a quartz window was installed into the side
of the body to allow for the analysis of optical emissions produced during a breakdown
event. This was conducted in order to extract a value of the temperature of the plasma that
forms during a breakdown event and, by using the Spitzer approximation, it was possible to
evaluate the conductivity of the plasma. The Boltzmann approach to obtaining the
temperature was conducted using the associated assumptions as this is a method which
was found to be an appropriate approximation from literature. Cu | emissions were
identified within the emission spectra between 500 nm and 600 nm and their relative
intensities (alongside spectroscopic constants) plotted as a function of the energy. The
temperature was extracted for each gas at a range of pd values and found to be ~5,500K-
6,500K. By using this range of temperatures within the Spitzer equation for conductivity it
was possible to extract a value of plasma conductivity ~ 10° (Q2.m)™ which was found to be
in line with other literature estimations of plasma conductivity for plasma temperatures of

~5000K-6000K.

As part of characterising the plasma closing switches in order to develop an accurate
computational model, one of the fundamental components that should be known is the
resistance and inductance of the switches. The next step was then to consider the post-
breakdown current waveforms and extract useful information from that in order to
estimate the inductance and resistance values when the switch is filled with different gases.
An RLC circuit with constant values of R, L and C was used and this allowed for the solution

of the Kirchhoff equation to be matched with experimental results.

Post-breakdown current waveforms were obtained for 1 mm — 4 mm inter-electrode gap
spacing of the self-breakdown switch and the relative peaks of the current waveforms used
in order to determine the angular frequency ® and the attenuation constant a.. Once these

had been determined from experimental waveforms, and from values of circuit
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parameters, it was possible to extract values of the inductance and resistance of the circuit.
The total resistance was assumed to be made up from circuit parameters and the plasma
resistance and on the basis of estimated values e.g. the resistance of the circuit elements, it

was possible to obtain values of the plasma resistance at each inter-electrode gap length.

These values of inductance and resistance were then used within the development of the
computational model of a single spark gap switch — initially assuming the resistance doesn’t
change over time — and then expanding one switch up to a 12-stage Marx bank model. It
was shown that the value of the plasma resistance does not have a significant effect on the
peak output voltage across the load, nor does the plasma resistance value have a significant
influence on the runtime of the system. However, as the overall inductance of the 12-stage

Marx generator increases the run-time increased and dV/dt decreased.

When the model was then adapted from a constant-value resistance model to a dynamic
resistance model, the Braginskii equation was used as this was an equation derived
empirically instead of fit to an experimental data set. The conductivity of the plasma
channel as previously obtained from optical emission spectroscopy and literature was used
within this computational model and found that the peak output voltage increased ~16%
when the conductivity increased by an order of magnitude from 10” to 10° (Q@.m)" and a
further 7% when increased from10° to 10* (2.m)™. Values of stray capacitances to ground
which may exist in practical systems, were included within the model and were found to
have very little effect on the peak output voltage, however oscillations within the voltage
waveform beyond the first voltage peak were apparent for stray capacitances of 0.1nF and
smaller. A change in conductivity was found to have no impact on the runtime or dV/dt of
the 12-stage Marx model with dynamic characteristics included. The results of this
investigation show that the conductivity plays little role in the runtime or the dV/dt of the
system. It had previously been shown that the conductivity of each of the gases tested did
not vary greatly and as such, practical Marx systems should not be sensitive in terms of

dV/dt or runtime to gas type or change of gas type.

From all experimental results obtained it would be recommended that if considering
plasma closing switches operating with pd values within the range in this investigation, gas
mixture comprised of 60%/40% N,/O, could be considered to replace SF in current systems
with minimal to no retrofitting, provided that the system could withstand increased gas

pressures or the inter-electrode gap distance could be increased. This is due to the self-
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breakdown results showing it to have the highest voltage hold-off capabilities after SFg with
the smallest spread in self-breakdown voltage and the field distortion results showing it to
have some of the lowest jitter values of the gases test. The extraction of plasma
conductivity value showed that there was no significant change in conductivity between

any of the gases and no significant change in conductivity as pd increased either.

9.2 Future Work

The research conducted within this project considered two plasma closing switch
topologies commonly used in industrial applications and considered some of their key
operational characteristics when filled with different gases in place of the conventionally
used SFs. From the results presented within this thesis there is scope for future work to be
conducted in the move towards using environmentally friendly alternatives to SFg in

switches for pulsed power applications.

The self-breakdown switch used within this investigation made use of only sphere-sphere
topology electrodes in studying the breakdown voltage and spread in breakdown voltage of
the 5 gases tested in comparison to SF;. It was identified that all bar one of the gases had
similar voltage hold-off potentials and, although lower than the voltage hold-off capability
of SF¢ for the same pd values, for a small increase in pd the breakdown voltage was the
same as SFg but with smaller spread of the breakdown voltage. All of the tests conducted
were done for pressures between 0.1MPa and 0.4MPa. This leaves significant room for
investigation of the same gases at pressures below atmospheric pressure or above 0.4MPa

within self-breakdown switches.

Within the second part of this investigation where a field distortion switch was constructed
and investigations carried out under two different triggering mechanisms, there is also
scope for further work to be conducted, expanding upon the research presented within this
thesis. It was shown that the level of DC stress before the trigger impulse is applied can
have an influence on the time to breakdown so further levels of stress could be considered
to find an optimum level of DC stress voltage prior to application of impulse voltage. It was
also only possible to initiate breakdown in 2mm and 4mm inter-electrode gap spacing

under a small range of gas pressures, again this would allow for further work to be
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conducted at a wider range of inter-electrode gap distances and gas pressures. It was also
noted within the literature review at the start of this thesis that the shape of trigger
electrode can play a role in the time to breakdown and other characteristics of this switch.
Changing the edge profile of the mid-plane trigger electrode would therefore result in
changes to the field profile and thus the ultimate breakdowns occurring between the

electrodes within the switch and this could influence the behaviour within different gases.

Each of these sets of tests were conducted with different gases in a single switch. A future
expansion of this work could also be to build a Marx generator using several switches filled
with these gases and investigate the operation of the Marx generator with multiple
switches filled with any possible alternative gas as it is not likely that it will only ever be one

switch utilised at a time.

Finally, the last section of this thesis developed two different computational models of an
industrial 12-stage Marx generator, one of which included a dynamic model for the
resistance of the plasma within the plasma closing switch. A future development of this
would be to take the computational model and adapt it within the simulation of the full
pulsed power system and assess how the whole system runs, with the Marx generator

model at the voltage erection stage compared to the physical output of the machine itself.
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Appendix 1. Weibull Graphs

1A. Field-Distortion Gap triggered with 0.45kV/ps HV impulse

The remaining Weibull graphs for the field-distortion spark switch stressed with 70% and
80% of the self-breakdown voltage, filled with gas pressures 0.15MPa-0.4MPa, with inter-
electrode gap lengths of 2mm and 4mm and triggered with a voltage impulse applied at a

rate of 0.45kV/us presented within Chapter 4 are presented in Figure 12-1 — Figure 12-8.

The vertical axis represents the unreliability (%) and the horizontal axis is the time to
breakdown (ns). Each of the open circle symbols plotted on the graph represent breakdown
events occurring at a specified time. The green line on each graph is a reference line with
parameters of the shape and scale extracted from the Weibull fit of the plotted open
symbols. The red lines on either side of the green line represent the 95% confidence band,

that is, the band within which 95% of the breakdown events are predicted to occur.
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Figure 12-1 Weibull analysis graphs for a 2mm inter-electrode gap length at 0.2MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/0, (e) CO, with 70% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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Figure 12-2 Weibull analysis graphs for a 2mm inter-electrode gap length at 0.2MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/0, (e) CO, with 80% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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Figure 12-3 Weibull analysis graphs for a 2mm inter-electrode gap length at 0.3MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/O, (e) CO, with 70% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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Figure 12-4 Weibull analysis graphs for a 2mm inter-electrode gap length at 0.3MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/O, (e) CO, with 80% of the self-breakdown voltage applied across the main inter-

electrode gap length as DC stress.
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Figure 12-5 Weibull analysis graphs for a 4mm inter-electrode gap length at 0.1MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/O, (e) CO, with 70% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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Figure 12-6 Weibull analysis graphs for a 4mm inter-electrode gap length at 0.1MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/0, (e) CO, with 80% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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'Weibull Probability Plot of air.
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Figure 12-7 Weibull analysis graphs for a 4mm inter-electrode gap length at 0.2MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/0, (e) CO, with 70% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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Figure 12-8 Weibull analysis graphs for a 4mm inter-electrode gap length at 0.2MPa (a) Air (b) N, (c) 60%/40%
N,/0, (d) 90%/10% Ar/0, (e) CO, with 80% of the self-breakdown voltage applied across the main inter-
electrode gap length as DC stress.
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1B. Field-Distortion Gap triggered with 1 kV/ns triggering

The remaining Weibull graphs for the field-distortion spark switch stressed with 70% and
80% of the self-breakdown voltage, filled with gas pressures 0.15MPa-0.4MPa, with inter-
electrode gap lengths of 2mm and 4mm and triggered with a voltage impulse applied at a
rate of ~1kV/ns presented within Chapter 5 are presented in Figure 12-9 — Figure 12-22.

The vertical axis represents the unreliability (%) and the horizontal axis is the time to
breakdown (ns). Each of the open circle symbols plotted on the graph represent breakdown
events occurring at a specified time. The green line on each graph is a reference line with
parameters of the shape and scale extracted from the Weibull fit of the plotted open
symbols. The red lines on either side of the green line represent the 95% confidence band,
that is, the band within which 95% of the breakdown events are predicted to occur.
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Figure 12-9 Weibull analysis for 70% DC stress applied across 2mm gap at 0.2MPa pressure.
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Figure 12-10 Weibull analysis for 80% DC stress applied across 2mm gap at 0.2MPa pressure.
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Figure 12-11 Weibull analysis for 70% DC stress applied across 2mm gap at 0.3MPa pressure.
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Figure 12-12 Weibull analysis for 80% DC stress applied across 2mm gap at 0.3MPa pressure.
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Figure 12-13 Weibull analysis for 70% DC stress applied across 2mm gap at 0.4MPa pressure.
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Figure 12-14 Weibull analysis for 80% DC stress applied across 2mm gap at 0.4MPa pressure.
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Figure 12-15 Weibull analysis for 70% DC stress applied across 4mm gap at 0.1MPa pressure.
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Figure 12-16 Weibull analysis for 80% DC stress applied across 4mm gap at 0.1MPa pressure.
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Figure 12-17 Weibull analysis for 70% DC stress applied across 4mm gap at 0.2MPa pressure.
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Figure 12-18 Weibull analysis for 80% DC stress applied across 4mm gap at 0.2MPa pressure.
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Figure 12-19 Weibull analysis for 70% DC stress applied across 4mm gap at 0.3MPa pressure.
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Figure 12-20 Weibull analysis for 80% DC stress applied across 4mm gap at 0.3MPa pressure.
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Figure 12-21 Weibull analysis for 70% DC stress applied across 4mm gap at 0.4MPa pressure.
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Figure 12-22 Weibull analysis for 80% DC stress applied across 4mm gap at 0.4MPa pressure.
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