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ABSTRACT

Gas filled spark switches are used extensively in pulsed power systems for their high rate of
dVv/dt, di/dt, fast closing times with low jitter, and their high voltage and current capability.
Recently there has been a renewed interest in designing spark switches that can operate with
environmentally friendly gases such as air. This thesis presents an investigation into gas
filled plasma closing (spark) switches. Investigating the utilisation of pre-breakdown corona
discharge to increase the performance of spark switches operating in environmentally
friendly gases is a re-occurring novelty throughout this study.

To achieve the aim of this thesis, a number of separate approaches were adopted. In
Chapter 2 a comprehensive literature review of pulsed power and plasma switches is
presented. Breakdown voltage, time delay to breakdown and its jitter are compared as are
different electrode topologies and triggering mechanisms. Chapter 3 describes the
experimental systems that were specially designed and built, including the design of a
computer (LabVIEW) controlled high voltage system and a precision pneumatic control
system. Chapter 4 presents a comprehensive unique investigation into a range of topologies:
plane-plane, sphere-sphere, and cone-plane filled with air, nitrogen, and a 60%/40%
nitrogen/oxygen mixture. Building on Chapter 4, Chapter 5 presents an investigation of the
breakdown voltage of point-plane topologies with varying point radii and for the first time a
new parameter “critical electrode separation”, d, was identified where positive and
negative have equal breakdown voltages. A standalone investigation into the corona
discharge in point-plane topology is analysed in Chapter 6 to explain the effects of corona
discharge on the self-breakdown voltage.

Triggered switches are used extensively in pulsed power systems such as high-voltage pulse
generators. A new approach to triggering a switch is investigated in Chapter 7, where a
triggering impulse is superimposed on to a DC energised spark switch to initiate breakdown,
with breakdown time delays of ~20 ns and jitter of ~1-2 ns. In Chapter 8, a multi-stage
spark switch was designed with point-plane topology from the results in Chapter 5, to
investigate the impact of multi-stages on the breakdown voltage, corona discharge, time
delay, and its jitter. It was established that, with negative energisation, a range of DC
energisation levels could be identified that would allow the switches to operate with jitter of

~1-2 ns in a corona stabilised region with increased breakdown voltage.



The final section of this thesis in Chapter 9 introduces post-breakdown plasma resistance
and inductance consideration. A new method of simulating transient plasma resistance and
inductance of plasma channel using PSpice software is presented. This new approach to
simulating plasma resistance and inductance can lead to the development of much more
accurate plasma resistance models and more accurate modelling of pulsed power systems

with multiple spark switches such as pulse generators.



CONTENTS

1. INTRODUCTION ...ttt ettt bbb bbb s nbe e 11
2. LITERATURE REVIEW ......cooiiiiii ettt s 16
2.1  Pulsed Power: Basic Processes, Pulse Generator Systems and Approaches.......... 16
211 Pulse forming line and Blumlein Impulse Generators .............ccccocevvnennennen. 18
212 Spark SWItch TOPOIOGIES .......ccviiveieiiieieesee e 21
213 Triggering APPIOACNES ........cooiiiiiiiieiieee et 25
214 MUItI-Stage SWITCHES ... s 28

2.2 Dynamic Resistance Of SParks.........cccoviireiiiiiiiinineee 32
2.3 CONCIUSIONS ...ttt ettt 41

3. EXPERIMENTAL SYSTEMS AND PROCEEDURES.........cccoccoviiiiiienieenie e 43
3.1 Pneumatic Control SYSTEM ........ccuiiiiiiiiieieie e 43
3.2  Methodology of Measurement of Self-Breakdown Voltage...........cccccevvvrvevernnnne 45
3.3  Methodology of Observation of Pre-Breakdown Corona Discharge..................... 49
3.4 Novel Approach to Plasma Triggering: Superimposed Trigger.........ccccevvvvevvernenne. 50
3.5 Methodology of Triggering of Multi-Spark Switch.............cccooeviiiiiiiiniiie 52

4. SELF-BREAKDOWN CHARACTERISTICS OF RAMPED VOLTAGE STRESSED

SWITCHES FILLED WITH AIR, NITROGEN AND AIR/NITROGEN MIXTURE.......... 55
4.1  Development of Spark Switch TOPOIOGIES .......coveiieiiiiiieee e 56
4.2 Electrostatic Analysis of Electric Field in Spark Switch Topologies .................... 62
4.3 Open Shutter Images of Spark DISCharges..........cccvoveeriiieiiiiee e 64

4.4  Self-Breakdown Voltages of Environmentally Friendly Gases in Different

LI ] 10 o0 1P 66
441 Self-Breakdown Voltages of AtmOoSPheric Air ... 66

4.4.2 Self-Breakdown Voltages of Nitrogen and 60%/40% Nitrogen/Oxygen
Mixture 71



4.5

(070 0 [ [0 [0 4 LT 78

5. INVESTIGATION OF RAMPED SELF-BREAKDOWN VOLTAGE OF SPARK

SWITCHES WITH POINT-PLANE TOPOLOGY ......ocoiiiiiiiieienieiesiesie e 80
511 POINt EIECIIOTES ... 81
512 SPArk SWILC DESIGN .....coviiiiriieiieie e 82

5.2  Ramped Self-Breakdown Voltage: Results and AnalysiS..........cccouvrvnirenennennes 86
521 Ramped Self-Breakdown Voltage of Point-Plane Spark Switch as a Function
of Gas Pressure in Air, Nitrogen and Nitrogen/Oxygen MiXture .........ccccoccovvrvvrerennenn 86
5.2.2 Ramped Self-Breakdown Voltage as a Function of Electrode Separation..... 92
5.2.3 Ramped Self-Breakdown Voltage as a Function of Point Electrode Tip Radius

5.24

5.25

98
Analysis of Paschen Characteristics of Spark Switches Filled with Air...... 104

(00 0161 [V [0 0T TTRR 105

6. CHARACTERISATION OF CORONA DISCHARGES IN SPARK SWITCHES ... 107

6.1  Corona Discharge Inception VOIAge .........cccecveviiicieiicic e 113
6.2  Voltage-Current Relationship in Point-Plane Topology .........cccccvvvevievieiiecinennnn, 122
6.3  Mobility of Charge Carriers in Corona DisCharges .........ccccccvveveiiiiicve i, 126
6.4  Electric Field in the Switch Influenced by Space Charge.......c..cccooeveviiiivciienenn, 128
B.5  CONCIUSIONS.......oiiiiiiiieti ittt 130
7.  SUPERIMPOSED TRIGGERING OF SPARK SWITCH FILLED WITH AIR......... 132
7.1 Superimposed Triggering: Time Delay to Breakdown ............ccccccveviinininiennne. 135
7.2 Superimposed Triggering: SWitCh JItter .........cccooviiiiiniiiece 138
7.3 Pre-Breakdown lonisation Effect on Time Delay to Breakdown ........................ 139
7.4  Pre-Breakdown lonisation Effect on Switch Miss-Fire Rate (Probability).......... 142
7.5  Statistical and Formative Times of Analysis Superimposed Triggered Switch: Laue
AANBIYSIES .ttt bbb 144
7.6 CONCIUSIONS ...ttt 148

Vi



8. MULTI-STAGE SPARK SWITCHES........ccooiiiiiiii s 150

8.1  Multi-Stage Spark SWitch TOPOIOGY.......ccoeoveiiiiiiiieie e 150
8.2  Self-Breakdown Voltage of Multi-Stage Switch Filled with Air..............cc..c..... 154
8.3  Corona Inception Voltage of Multi-Stage Switch Filled with Air.........c..ccccc..... 160

8.4  Pre-Breakdown Corona Discharge Voltage-Current Relationship for Multi-Stage

SWILCH FIHEA WITN AT ..o 161
8.5  Time Delay to Breakdown in Multi-Stage Switch Filled with Air...................... 163
8.6 CONCIUSIONS ...ttt bbb 171
9. ANALYTICAL MODELLING OF SPARK RESISTANCE .....c.cccoviviiiiiiiniieiee, 173
9.1  Dynamic Inductance and Resistance of Spark SWitCh..........c..cceovviviiiiiiiciiennn, 184
0.2 CONCIUSIONS......citiiiiciietee ettt 189
10. GENERAL CONCLUSIONS ...ttt 191
11. FUTURE WORK ...ttt st 197
12. REFERENGCES ...t 199
13. LIST OF PUBLICATIONS ...ttt 215
13.1  Journal PUBHICALIONS ......c.coviiiiiicsi e 215
13.2  Presentations at International Conferences and Workshops ............cccccceevevieineane. 215
14. APPENDIX 1: LAUE GRAPHS ..ot 217
14.1 Laue Graphs for Discharges Without Coronating Electrodes.............cc.ccocevvennee. 217
14.2  Laue Graphs for Discharges With Coronating Electrodes............cc.ccocvvvnirennnne. 224
15. APPENDIX 2: LABVIEW CODE ......ooiiiiiiiiiieiee e 231
15.1  Main Body OF COUE......coiiiiiiiieiieiie e 231
15.2  OsCillosCOpe Trigger COUR........oiiiiiiiieieec s 232
16. APPENDIX 3: CORONA DISCHARGE V-1 CURVES ........coooviiviiiicieee e 233

16.1 Corona Discharge V-1 Curves for Gramophone Needle Point Electrode in Air .. 233
16.2  Corona Discharge V-l Curves for 0.067 mm Radius Point Electrode in Air ....... 235

16.3 Corona Discharge V-l Curves for 0.8 mm Radius Point Electrode in Air ........... 237

vii



17 APPENDIX 4. .o s 239

Discharges and Electrical Breakdown Of GASES ..........cccviririnieiienieieieeseseseseeeeens 239
Townsend EIectron AVAIANCNE ............cooiiiiiicc s 240
17.1.1  Paschen’s Law......ccccc ittt 243
17.1.1  Anode Directed Streamer DiSCharge..........ccooovererereieiieieniisenese e 245
17.1.2  Discharges in Highly Divergent Electric Fields............cccocooiininiincnenns 247
17.1.3  Cathode Directed Streamers DiSCNarge ...........ccoceververveinieniinieneseseseseeas 253
17.1.4  Breakdown in Non-Uniform Electrode TOPOIOGIeS.........cccoovvvririienieinenns 254

viii



Ve, Vs
Rew

List of Symbols

Voltage (V)

DC voltage supply

Charging resistor

Breakdown voltage (V)

Corona inception voltage (V)

Load Voltage (kV)

Current (A)

Resistance (€2)

Dynamic resistance (L), Electrode radius (mm)
Impedance (Q2)

Switch

Capacitance (F), fitting coefficient and constant
Capacitance per meter (F/m)

Inductance (H)

Inductance per meter (H/m)

Relative permeability

Relative permittivity

Permittivity of free space , 8.854x10™ (F/m)
Field enhancement factor

Electric field (\V/m)

Peak electric field (V/m)

Electrode spacing (m)

Distance (m)

Normalised distance, velocity (m/s)

Point electrode radius (m)

Jitter (s), and conductivity (1/(©2-m)) or (S/m)
Jitter (s) with coronating electrodes

Pressure (Pa)

Townsends 1% ionization coefficient
Effective ionization coefficient

Attachment coefficient

Particle density



AB

-

cC O T N >

dcrit
Vcrit

Vo

N
No
t

tSt

Constants

Townsends 2™ ionization coefficient
Mobility (m?/(Vs))

Electron avalanche length (m)

Resistivity (€2.m)

Length of plasma channel (m)
Cross-sectional area of plasma channel (m?)
Gas constant

Time (S)

Constant

Arc channel energy (J/m)

Initial gas density (kg/m®)

Critical electrode separation (mm)

Critical breakdown voltage (V)

fitting coefficient (kV/MPa)

fitting coefficient (kV)

DC energisation level with respect to self-breakdown voltage (%)
Total number of breakdowns

Number of breakdowns longer than a given time
Formative time (ns)

Statistical time (ns)

Constant



1. INTRODUCTION

Within the power and pulsed power industries, there is a demand for high voltage (HV)
systems with a reduced footprint and, as such, it is important to design and characterise
compact gas-filled switches. In recent years, there has been a renewed interest in spark gas-
filled closing switches (sometimes referred to as a plasma closing switch) with a focus on the
development of new systems that are not filled with SFs as the insulating gas since it was
identified as a greenhouse gas, and is now banned in most applications [Reg 2006]. Spark
switches have many advantages which make them perfect for the pulse power industry: they
can operate at high voltages, high currents and high rates of change of voltage and current,
while achieving fast closing times (10’s of ns) with low jitter (1-10 ns) [Woodworth 2010].
The low resistance and inductance of spark plasma of these switches also means they can be
used in pulsed power systems that require very high voltage and fast rising current output.
Systems such as the most powerful pulsed X-ray generator (Z-R machine) and Linear
Transformer Drivers at Sandia National Laboratory in USA use thousands of plasma closing
switches capable of outputting mega-volts and mega-amps [Li 2015b][Lehr 2002]
[Woodworth 2009a,b 2010, 2011]. Spark switches can have solid, liquid or gas insulation
between electrodes [Hogg 2011, 2012a,b] [Mesyats 2005].

A gas filled spark switch at its simplest is two electrodes, separated by a gaseous dielectric.
When a sufficiently high voltage is applied to the HV electrode of the switch, electrical
breakdown develops in the gas resulting in establishment of a highly conductive plasma
channel between the electrodes. Thus, the switch which was open before breakdown
becomes closed as the spark channel connects both electrodes and current passes through the

switch.

The present work looks at novel approaches to the design and operation of spark switches
filled with environmentally friendly gases operating in single shot regime. In order to
improve operational characteristics of the switches developed and characterised in the
present work, switch topologies were equipped with coronating electrodes in order to create

pre-breakdown corona discharge in the switch. Corona discharge is known to improve the
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stability of high-frequency repetitive operation of SFg filled switches [Beveridge 2008].
While corona is known to improve the performance of high-repetition spark switches, it has
not been thoroughly investigated in the single shot regime. This research is focused only on
single shot regime and investigates the use of corona and coronating electrodes to improve

breakdown performance.

To minimise the use of SF¢ in pulsed power systems, it is important to develop switches
which are filled with alternative gases such as air, nitrogen, oxygen and their mixtures. This
research is focused on investigation of operational characteristics of compact spark switches
filled with air, nitrogen and a nitrogen/oxygen mixture. In particular, attention was paid to
how corona discharges in different switch topologies can improve the performance and
operational characteristics of ramped voltage and impulse triggered spark switches (single

stage and multi-stage/multi-gap topologies).

In Chapter 2, the literature section of this work introduces and discusses the principles of
pulsed power, explaining the concepts of energy storage, and spark switch designs and their
topologies. The different methods of triggering of spark switches are discussed along with
typical topologies, and their merits are analysed. The concept of multi-stage (multi-gap)
spark switches is important in the pulsed power industry, and much recent literature in high
performance plasma closing switches is based around multi-stage switches for use in Linear
Transformer Drivers (LTD) [Woodworth 2009a,b 2010, 2011]. The design of multi-stage
switches is discussed, including the Rimfire switch developed in 1980’s and more recent
multi-stage switches used in LTDs [Bluhm 2006]. The performance of compact switches
designed in the course of this project is important for comparison with the LTD and other
switches described in the literature. The triggering of plasma closing switches requires high-
voltage, fast rising impulses which are created using coaxial cable pulse generators, in this
research a Blumlein generator is used for triggering of spark switches and the theory of this

transmission-line based system is discussed in the literature review.

Modelling and simulation of transient plasma processes in spark switches has been of
interest to the pulsed power community as these models help to predict operational
characteristics of the switches such as transient plasma resistance and inductance, energy
dissipation in the switch, switch closure time and others. These parameters are important for
design of plasma closing switches and optimisation of their performance. For example,
resistance and inductance of plasma (spark) discharge define the current through the switch,

the current rise time and the energy dissipated in the switch. Simulating transient plasma
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resistance requires a self-consistent model with multiple factors which are required as initial
conditions. The transient models for simulating of plasma resistance are discussed in the
literature review, including assumptions and initial conditions, and comparison between

different models and approaches are made.

Chapter 3 discusses the experimental designs created and developed throughout the course of
this project. Specifically designed computer programs were developed, interfacing with high
voltage and measurement equipment, to control and measure breakdown voltage, corona
discharge inception voltage, pre-breakdown voltage-current relationships, and time delay to

breakdown measurements.

The original results obtained during the course of this research project and presented in this
thesis in Chapter 4 to Chapter 9: experimental investigation of ramped self-breakdown
voltage of spark switches; experimental investigation of corona discharge characteristics in
different gases (air, nitrogen, and oxygen/nitrogen mixture); design, development and
investigation of operational characteristics of high-performance triggered spark switches
(single stage and multi-stage design); simulation of post-breakdown transient plasma

resistance and inductance in plasma closing switches.

Ramped and DC energised self-breakdown switches are used extensively in pulsed power
systems including pulse generators (Marx generators and Blumlein topologies, single state
generators, LTD’s, and others) [Woodworth 2010] [Mesyats 2005]. It is vitally important
to have accurate and consistent information on breakdown voltage and its spread in gases
and switch topologies which are used in the pulsed power systems. Chapter 4 presents the
results of systematic investigation into ramped and DC self-breakdown characteristics of 3
different switch topologies filled with compressed air, nitrogen and a 60%/40%
nitrogen/oxygen mixture; gas pressure was varied from 0.1-0.35 MPa. The sphere-sphere,
cone-plane and plane-plane topologies were used in this study with and without coronating
electrodes energised by positive and negative ramped voltage. In Chapter 5, the point-plane
topology creates a highly non-uniform field which was investigated extensively at a range of
point radii, and electrode separation. A computer controlled high-voltage test bed was used
to control the voltage across the electrodes at a steady rate to ensure consistency between
tests. A new relationship between breakdown voltage for positive and negative energisation
was derived from the obtained experimental results and can be of use to develop optimal
topologies of spark switches or can help in coordination of gaseous insulation for compact

high-voltage systems.
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Corona discharge and its effects on operational performance of spark switches is a theme and
novelty of this research and, as such, it is necessary to investigate corona discharge in its
own right. In Chapter 6, corona discharge is investigated using a computer controlled HV
test system specifically developed and used to compare tests with consistency. The point-
plane topology, creating the optimal conditions for corona [Loeb 1939], was used and the
inception voltage, voltage-current relationship were measured in air. From V-I curves, it was
possible to determine the mobility of charge carriers which can be used to estimate space
charge effects. The space charge limited electric field in the switch with point-plane
topology was investigated using the obtained mobility of charge carriers, showing significant
field changes for negative energisation as compared with the electrostatic (Laplacian)
electric field. Positive energisation resulted in less pronounced space charge effects.

In Chapter 7, a new method of triggering switches is proposed and investigated. In this
method, a triggering pulse superimposed on a DC stress is used to energise the main switch
electrode. Thus, in this approach, there is no need for an additional trigger electrode as the
main HV electrode is used for both purposes, switch triggering and for passing the current
through the switch in its closed state. It was found that using compressed air, the jitter of
such a switch which is operated in the superimposed DC + trigger impulse mode could be as
low as ~1 ns. Using a sphere-sphere topology with and without coronating electrodes, the
time delay to breakdown and jitter were measured in bottled air using the super-imposed

triggering method. The results were analysed using Laue statistical analysis method.

Multi-stage spark switches have been the focus of much of the latest investigation in the field
of spark switches for their use in LTDs [Woodworth 2009a,b 2010, 2011]. During the course
of this research project, compact single and multi-stage switches with highly non-uniform
field topologies energised to 10’s kV were designed and their operational characteristics
investigated. The breakdown voltage, time delay to breakdown, jitter and voltage-current
relationship of two and three point-plane stage switches were obtained using positive and
negative ramped energisation. The multi-stage switch which is described in Chapter 8 was
designed and developed based on the characteristics of the corona discharges and DC

breakdown voltages obtained early in the project and presented in Chapters 5 and 6.

A new approach to simulation of transient spark resistance and inductance using PSpice
software is introduced (Chapter 9). This approach is based on the transient plasma resistance
models available in literature, these models are discussed and analysed in Section 2.2. The
transient resistance models were used to simulate the plasma resistance in the plasma closing

switch. A new advance model which includes dynamic plasma resistance and dynamic
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inductance of the spark plasma in the switch was developed using PSpice software and the
results obtained using this original model compared with the experimental data available in
literature. The PSpice approach allowed both dynamic resistance and inductance to be
simulated simultaneously. It is shown that the resistance of the plasma obtained from
hydrodynamic models is closer to the measured values when both transient inductance and
resistance of plasma channel are included in the analysis. The PSpice approach allows

simulation of complex circuits with plasma switches to be conducted.

The novel approaches to the design of spark gaps switches introducing corona discharge and
coronating electrodes revealed that compact plasma closing switches with advanced
operational characteristics can be designed, built and used in pulsed power systems, which
opens a new and exciting perspective in further development of pulsed power systems with
minimal footprint. Also, it shows that environmentally friendly gases can be successfully
used in plasma closing switches developed in the present work, thus eliminating necessity to
employ gaseous SFe. A new relationship, the critical gap, for non-uniform topologies has
been established and investigated in the present work. This distance is important for
development of switches and compact systems which have similar breakdown voltages for
positive and negative energisation. It was shown, that using the new method of triggering of
plasma closing switches proposed in the present work, it was possible to achieve excellent
switch performance comparable to the performance of plasma closing switches used in
LTDs. A novel approach to modelling of transient plasmas resistance and inductance using
PSpice software which has been developed in this work simplifies and improves the

simulation of transient plasma resistance and inductance in complex gas switch circuits.
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2. LITERATURE REVIEW

This chapter presents a review of the relevant literature focusing on the basic concepts of
pulsed power, gas discharge, breakdown mechanisms in spark switches, switch topologies
and their operational characteristics, and the application of plasma closing switches in the
pulsed power industry. First, a brief discussion of pulsed power is provided including the
principle of operation of a pulse forming line and Blumlein impulse generator. Within the
pulsed power section, a comprehensive discussion of spark switches includes the basic
switching topologies and a review of (plasma closing) spark switches focusing on topology
and triggering mechanisms. Spark switches operate by the development of a highly
conductive spark discharge (plasma channel) between two electrodes. The theory of gas
discharges is discussed with focus on difference between uniform and non-uniform electrode
topologies. Lastly, this chapter discusses post breakdown transient plasma resistance.
Dynamic plasma resistance models available in literature are discussed and reviewed,

operating parameters of the plasma closing switches are also analysed.

2.1 PuULSED POWER: BASIC PROCESSES, PULSE

GENERATOR SYSTEMS AND APPROACHES

Pulsed power technology refers to the accumulation, compression and release of energy.
Low energy collected over a relatively long period of time is compressed and then released
quickly (ps-ps). In doing so, the instantaneous power can be extremely high (GW) from a

relatively low average power (<kW) source.

Energy compression is achieved by storing the energy in either a capacitive element or
inductive element. In the pulsed power systems used in this project, a capacitive energy
storage was used in order to produce an impulsive output voltage. While the energy density
achievable from inductive storage (50 J/cm®) can be larger than capacitive storage (up to
3 J/cm®) [MacDonald 2009], the self-discharge time of the inductive storage elements can be
very short and would need to be charged and discharged rapidly [Kind 2001]. The use of

inductive energy storage requires plasma opening switches which are not subject of the
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current work. The key components of a pulsed power system based on capacitive energy

storage are shown in Figure 2.1.

SW
RcH
S -

Vpoc — C — [| Load

Figure 2.1 Capacitive storage pulse former. Vpc - DC charging voltage supply, Rcy - charging resistor,

C - capacitor storage element, SW- spark switch.
The capacitor, C, is charged by a DC voltage supply, Vpc, through a charging resistor, Rey,
before switch, SW, is closed. The switch is operated by either a self-breakdown (self-close)
or triggered breakdown regime, and the capacitor discharges through the load providing an
impulse voltage across the load and impulsive current through the load. Figure 2.1 shows a
DC voltage supply creating a voltage impulse of the same polarity as the supply DC charging
voltage using a capacitor, C, and a spark switch, SW. Using the same principle as Figure 2.1,
an impulse of opposite polarity can be formed. Swapping the capacitor and switch also
creates a voltage impulse, shown in Figure 2.2. When the switch closes, the capacitor is
connected to ground, so a voltage impulse of the opposite polarity is produced across the
load.

RcH

—— WA

O

Vboc —— Load

SW

Figure 2.2 Inverting capacitive storage pulse forming circuit. Vpc - DC charging voltage supply, Rcy- charging

resistor, C - capacitor storage element, SW - spark switch.
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During operation of the pulsed power system, reverse voltage can cause damage in the
storage capacitors and/or in the DC power supplies if there is not proper protection.
Therefore, capacitors should be selected in such a way that they will be able to withstand the
maximum reverse voltage which would potentially appear across their terminals during
operation of the pulsed power system. Also, transient voltages during operation of the pulsed
power system may harm the DC power supply, the use of inverting topology helps to
decouple the DC power supply from the fast transient pulsed power part of the circuit
(switch, energy storage, transmission cables and the load) during switch operation.

The circuits discussed in Figure 2.1 and Figure 2.2 form impulses from DC supplies by using
capacitive storage elements where peak output voltage of the impulse is equal to the
charging voltage from the power supply. To multiply the voltage from the power supply,
multiple capacitors can be charged in parallel and discharged in series. Within the pulsed-
power industry, there is a requirement for DC and impulse energised self-closing and
triggered switches that operate consistently at high voltage.

Section 2.1.1 discusses the operation of a Blumlein impulse generator, an impulse generator
in which co-axial cables are used to store energy and to form a HV impulse with a specific

duration.

2.1.1 Pulse forming line and Blumlein Impulse Generators

Common coaxial cable based HV generators include simple pulse forming topologies and
Blumlein generators. In order to create impulses with very fast rise and fall times (as short as
10’s of pico-seconds) and well-defined shape and duration, coaxial transmission line
topology is often used. The length of coaxial cables, which behave like transmission lines,
defines the duration of the output voltage impulses, stacked transmission lines also allow

multiplication of voltage to be achieved.

A direct polarity pulse forming line is shown in Figure 2.3 with a matched load impedance,
Z,. This simple coaxial pulse forming line is charged to voltage Vs by the high-voltage DC
generator via a charging resistor, Rg,. The charged line is then connected to the load via a
closing switch, SW. and if the load impedance matches the cable impedance, a single
rectangular voltage impulse with magnitude equal to half of the supply voltage, V. = 0.5 Vs,

is across the load.
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Figure 2.3 Pulse forming line circuit.

For maximum power transfer, the impedance of the load and cables should be the same. The

voltage across the load of a pulse forming line, V., Figure 2.3, can be calculated by:

Zy (2.1)
Zot+Z;

VL :VS

where Vs is the voltage from the DC source, Z, is the impedance of the load and Z, is the

characteristic impedance of the coaxial cables.

In 1941, Alan Blumlein patented a pulse forming network that outputted an impulse with
magnitude equal to the supply voltage [Blumlein 1941]. The Blumlein generator places the

load in the middle of the transmission line/between two transmission cables.

Figure 2.4 shows a Blumlein generator configuration with the load placed between two
transmission lines. If the load impedance is twice the characteristic impedance of the coaxial
cables, Z,, the Blumlein generators outputs a voltage impulse, V., equal to the supply DC
voltage, V| = V.

The performance of Blumlein generator and pulse forming lines depends heavily on

matching the impedance of the coaxial cables and the load.

From Equation (2.1), it can been seen that the maximum output of a pulse forming line with
matched impedance is exactly half of the supply voltage, Vs. When the load impedance Z,
and coaxial characteristic impedance, Z,, are not matched, the peak voltage across the load

can be higher than the supply voltage, V..
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Figure 2.4 Blumlein generator circuit.

Voltage impulses propagate along a transmission line from one end to the other and, at the
terminus, the impulse can either reflect back, transmit out of the line, or a combination of
both. If the load at the terminus is matched to the characteristic impedance of the
transmission line there are no reflections. If there is a mismatch, some or all of the impulse is
reflected back. The reflected voltage superimposes onto the original impulse amplifying the
voltage. The voltage can keep bouncing along the transmission line superimposing up to
voltages close to the supply voltage. The reflections create an impulse that is not square and

will have oscillations.

To achieve voltage multiplication, several Blumleins can be stacked to create double, triple
Blumleins which output voltage equal to the number of stages times the supply

voltage [Somerville 1990].

The output of the coaxial transmission lines is strongly dependent on matching the
impedance of the load and the cables. In pulse power applications with short, fast pulses the

characteristic impedance can be calculated using:

Zy = jé: (2.2)

where L’ and C’ are the cable inductance (H/m) and capacitance (F/m) per unit length
respectively. Transmission line characteristic impedance is commonly either 50 Q or 75 Q,
URM®67 coaxial cable used in many pulsed power generators has a capacitance,
C’=100 pF/m and inductance L’=250nH/m which results in a 50 Q characteristic
impedance [Wilson 2011].

The duration of the voltage impulse is dependent on the coaxial cable properties and the

length of the cable. The velocity of impulse propagation can be calculated by:
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where ¢ is the speed of light in vacuum (~2.98 x 108 m/s), u, is the relative permeability
and &, is the relative permittivity of the coaxial cable insulation. In the case of URM67, the
polyethylene dielectric insulator has a relative permeability of, u,.~1 and a relative
permittivity of, e,.~2.2, and using Equation (2.2), the propagation velocity can be calculated
as ~2 x 108 m/s [Wilson 2011].

With the velocity of propagation and knowing the length of the transmission line, the
duration of the impulse can be calculated. For a single pulse forming line using URM 67
each meter of cable adds ~5ns to the period of the impulse. A Blumlein has two way
transmission, as such, each meter of URM67 add ~10ns to the impulse period
[Wilson 2011].

Coaxial cable generators like Blumlein generators can provide very fast, ps, rising and
falling rectangular voltage impulses across the matched load which can be advantageous in
the pulsed power industry and, as such, they are used extensively. However, there are many
limitations to using coaxial cable including, but not limited to, the maximum charging
voltage. URMG67 was rated at 40 kV above which breakdown and partial discharges could
occur in the insulation. In addition, the maximum energy-storage of coaxial cables is very
small, 8 J for 100 m reel of URM67 [Wilson 2011].

In this research, the Blumlein pulsed generator is used for creating triggering voltage

impulses and with a mismatched load, sufficient voltage multiplication can be achieved.

The next section of the pulsed power part of the literature review discuses spark switches,
starting with the basics of spark switch topologies and then triggering mechanisms. Lastly,

multi-spark switches are discussed with reference to current switches presented in literature.

2.1.2 Spark Switch Topologies

Plasma closing switches commonly operate with quasi-uniform electric field or highly non-
uniform electric fields. Uniform electric field topologies create predictable switches where
the breakdown voltage level can be predicted or set using Paschen's law. Paschen's law
describes the breakdown voltage as a function of electrode gap and gas pressure for uniform-
field electrode topologies. Non-uniform topologies are used in switches to utilise pre-spark-

breakdown activity such as corona discharge to stabilise the switch performance. Pre-spark
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corona discharge increases the performance of repetitive closing switches, where corona

discharge can reduce the pre-fire rate [Beveridge 2008].

Topologies used in the pulsed-power and high voltage industries include: plane-plane,
sphere-sphere and point-plane (cone-plane), shown in Figure 2.5. The plane-plane topology
creates a uniform electric field with slight enhancements at the electrode corners. For
practical applications, it is often assumed uniform between the electrodes. A small radius
was added to the parallel-plane electrodes to reduce the fringing effects. To remove fringing
effects completely, a specialist electrode profile such as a Rogowski profile is
required [Rogowski 1923].

Sphere-sphere topology is commonly used and much research has been done on the
breakdown voltage. There are small localised high-field regions at the tip of the spheres but
it is not usually strong enough to cause significant localised corona discharge. Point-plane
topologies create highly non-uniform electric fields, with very high fields at the tip of the
point electrode. The radius of the point electrode defines the field enhancement; a smaller
radius tip results in higher fields. The field rapidly reduces with distance from the tip of the
point to an average field, sometimes many orders of magnitude lower than the field at the tip.

Figure 2.5 shows typical (a) plane-plane, (b) sphere-sphere and (c) point-plane topologies.

d &
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(a) Plane-plane (b) Sphere-sphere (c) Cone-plane

Figure 2.5 Typical spark switch electrode topologies.

Localised high electric field regions are often compared against a uniform topology as a
method of standardising the discussion of non-uniform fields. The ratio of peak field to the

uniform topology is the field enhancement factor, n:



Peak field (2.4)

= Uniform field

where the uniform field is calculated by Equation (2.5). The uniform field in the plane

parallel topology (assuming no fringing effects) can be calculated by:

(2.5)

al <

where E is the electric field strength, V is the voltage, and d is the inter-electrode separation.
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Figure 2.6 Electric field distributions of typical spark switch topologies. Simulated using Comsol Multiphysics
electrostatic software with a 10 mm gap between electrodes and a 1 V energisation .Electric field is given
in kV/cm.
Figure 2.6 shows the difference between plane parallel, sphere-sphere and point-plane
topologies field distributions. Plane parallel topology, Figure 2.6(a), produces a uniform
electric field between the electrodes (excluding enhancement fringing effects at the edges),
the two other topologies generate non-uniform electric field with different degree of non-

uniformity.
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Equation (2.5) calculates the electric field assuming an ideal case of complete uniformity. It
is often used as a bench mark for comparison, as in the case of Equation (2.4) for the

uniform field.

When it is desired to have highly non-uniform field, the point-plane topology can provide the
strongest local enhancement. The field in the point-plane topology is not symmetrical along
the vertical inter-electrode axis, an analytical expression for the field along this vertical axis
is given by Coelho and Debeau assuming the point electrode to be two confocal
hyperboloids [Coelho and Debeau 1971]:

J[pZ(z — 0)E?] (2.6)
EW) = pa—v—p
where:
_ r
P=3%a
_ X
V=

and r is the radius of the tip of the point electrode, d is the inter-electrode gap, X is the
point along the inter-electrode gap, v is the normalised point along the inter-electrode
gap and E, is the peak electric field. E, can be calculated similarly [Coelho and
Debeau 1971] by:

2V 2.7
5 — @)

aln (%)

where V is the voltage applied to the point electrode, and a is the electrode radius.

Equation (2.7) gives the peak field at the tip of a sharp point electrode. Coelho and Debeau
made the assumption that the point can be modelled by two confocal hyperboloids, but it is

reasonable to use for most sharp point electrodes in point-plane topologies.

The topologies discussed are general forms that are common in the pulsed power systems for
switching and other applications. Most self-closing switches are very similar or slight

variations on these general topologies. Triggered switches will have more complex
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variations to allow for a trigger electrode or triggering ionisation sources. The triggering

mechanisms of spark switches are discussed in the next section.

2.1.3 Triggering Approaches

Spark switches are used in the high-voltage, pulsed-power industry because they are capable
of operating with: high voltage (100’s V-100’s kV), high current (kA), high dVv/dt and dl/dt
can provide fast closing times (10’s of ns) with low jitter (few ns). They consist of 2 or more
electrodes separated by an insulator, when a spark forms between the two electrodes through
the insulator, the switch closes. This chapter will discuss the different methods of triggering
the closure of spark switches and the switches currently used in the pulsed-power industry.
Plasma closing switches can be sub-divided by means of their triggering mechanism. There
are different methods by which a plasma closing switch can be triggered, some common
methods are discussed: self-closing, trigatrons, and field-distortion triggering. This section

discusses each of these triggering mechanisms and their advantages and disadvantages.

Self-breakdown closing switches are one of the most basic plasma closing switches, the
simplest topology includes just 2 electrodes separated by a gas or liquid[Mesyats 2005].
Switch closure occurs when the applied field exceeds the critical value resulting in dielectric
breakdown between the switch electrodes. Self-closing switches are popular in pulsed power
systems as they are robust, reliable and cost-effective. Topologies of such switches can be
optimised to minimise switch inductance. To operate the self-breakdown switch, voltage
should be raised above the breakdown level or the breakdown threshold voltage can be
reduced. There are two ways a breakdown voltage level could be reduced in a basic self-
breakdown switch: reduction of electrode gap or reduction of the gas pressure in the switch.
To reduce the electrode gap would require moving electrodes [Zou 2015] which makes
switches more complex and less reliable. Therefore, once set, the electrode gap is normally
fixed and the threshold breakdown level is controlled by changing the gas pressure
(pneumatically operated switch). Self-closing switches are used extensively in the pulsed-
power industry in high voltage generators such as the Marx generators
[Marx 1923][Marx 1928].

Trigatron is a type of plasma closing switches which is equipped with a trigger electrode
and is triggered via an electrical signal applied to this electrode. A trigger (pin) electrode can
be inserted into one of the main electrodes. With 2 main electrodes energised to below the

breakdown voltage level, a trigger pulse is applied to the trigger electrode which creates a
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small spark between the trigger pin and main electrode. This trigger discharge results in the

development of the breakdown in the main gap between the HV and ground electrodes.

HV electrode
Trigger electrode

Ground
electrode

Trigger pin

connection Full spark

breakdown

@) (b) (©

Figure 2.7 Trigatron switch operation. (a) no trigger pulse, (b) initiating spark, (c) full spark breakdown between
main electrodes.

Trigatrons are popular switches because they are reliable and relatively simple switches that

can be conveniently triggered by an electrical signal. The principle of operations of trigatron

switches is depicted in Figure 2.7.

Field distortion triggering is commonly used when high-performance and consistency is
required. In the simplest form, field distortion triggering has a trigger electrode located
between the main electrodes. Usually positioned on the equipotential surfaces to have
minimal impact on the field distortion before triggering, the trigger electrode is ‘floating’
and the main electrodes are pre-energised below the self-breakdown voltage level. Figure 2.8
shows an example of a field distortion switch with a trigger electrode placed between the

main electrodes.

The electrodes are arranged such that DC pre-energisation does not cause electric breakdown
between the main electrodes and trigger electrode when there is no trigger pulse. Also, the

trigger pulse isn’t sufficient to cause breakdown without DC pre-energisation.

26



HV Mid-plane
electrode triggering
electrode

Mid-plane
triggering
electrode

Ground
electrode

Figure 2.8 Field distortion triggered switch.

When a triggering pulse is applied (usually of opposite polarity to applied voltage), the local
field between the trigger electrode and one of the main electrodes is very large, initiating a
discharge. The discharge then expands to breakdown the gap between the main electrodes.

Figure 2.9 shows the progression of the field distortion triggering switch.

Floating mid- Energised mid-
plane trigger plane trigger
electrode electrode

HV
electrode —>
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lines e ===
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Figure 2.9 Progression of the field distortion triggered switch. (a) DC energised with no trigger voltage,

Ground
electrode —=>

@ (d)

(b) trigger voltage applied with enhanced field between trigger and main electrode, (c) discharge initiated in
high field region, (d) complete breakdown between main electrodes.
Field distortion triggered switches can operate at wide range of voltages (~10-100s kV) with
low jitter (~2 ns) and good reliability [Mercer 1976]. They are used in many large pulsed
power systems that operate with very high voltage and could, in theoretically proposed
generators, require up to 100,000 switches to operate at the same time [Woodworth 2009b]
[Stygar 2007]. Field distortion triggering performance is dependent on the level of DC pre-
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energisation, rate of rise and magnitude of applied trigger pulse. Higher over-voltage tends to

reduce closing time and jitter.

Other triggering mechanisms used in plasma closing switches include UV ionisations,
electrons beam, and laser triggering. These triggering mechanisms use a source of external
radiation to inject seed electrons to cause ionisations and initiate a discharge. These methods
can be highly controllable with fast (~10ns), consistent closing times
(jitter ~1 ns) [Mesyats 2005]. These external triggering methods are out with the scope of
this research.

Many high-energy systems requiring very high hold-off voltages such as those used in linear
transformer drivers use switches with multiple gaps, stacking three or more electrodes to
increase the breakdown strength and improve switching performance. Multi-gap switches are
discussed in Section 2.1.4.

2.1.4 Multi-Stage Switches

Multi-stage spark switches have two or more spark gap that must breakdown to close the
switch. By increasing the number of stages (spark gaps) the breakdown strength of the
switch can be increased while keeping reasonably low pressure in the switch. The switch
remains compact and its performance satisfies the operational requirements. Multi-stage
switches are normally used in high-energy, high-voltage pulsed power systems such as
Sandia’s Z accelerator or linear transformer drivers. Multi-stage switches are not new,
Gardner and Vorob’ev suggested multi gap switches in 1953 and 1959 respectively
[Gardner 1953] [Vorob’ev 1959]. The early development of multi-stage switches
demonstrated that there was the possibility to achieve fast closing switches, ~10 ns, with
nano-second jitter [Mesyats 1960, 1974]. In recent years, there has been renewed interest in
multi-stage switches with publications comparing switches from Sandia National
Laboratories, Kintech Ltd (USA), and the Institute of High Current Electronics (IHCE),
Tomsk, Russia [Kim 2006, 2009] [Woodworth 2009a,b, 2011, 2012].

Multi-stage switches distribute the charge across all of the stages with reduced electric field
across each gap in the switch, resulting in increased overall breakdown strength. The voltage
is graded across the stages of the switch, achieved by either fixed resistors between the
stages or by sharp point protrusions on the electrodes creating corona discharge
[Mesyats 2005] [Given 2011]. The early development of multi-stage switches were used in

megavolt systems such as the 6 MV PBFA 1l and Hermes |11 at Sandia National Laboratories

28



in  America,  which used  the Rimfire  switch [Humphreys  1985]
[Turman 1983][LeChien 2010]. The Rimfire switch and variations of it were used in many
megavolt systems claiming that it could promote multichannel breakdown, therefore
reducing the switch inductance [Kemp 2005][Kemp 2006]. The 6 MV Rimfire switch has 26
8.4 mm cascading spark gaps and a UV laser (KrF, 25 mJ) triggered first gap, Figure 2.10,
[Bluhm 2006]. The Rimfire switch electrodes are toroidal rings, which are stacked, separated
by small plastic insulators was also created for 4 MV operation with just 15 stages
[Bluhm 2006].
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Figure 2.10 Toroidal electrodes used in Rimfire switch.

The Rimfire switch was later adjusted to replace the laser triggering in the HYBRID switch
that used another multi-electrode triggering switch to trigger [Volkov 1999]. The HYBRID
switch is used in the APPRM system in Sandia National Laboratories [Mesyats 2005]. The
laser triggered 6 MV Rimfire switch has a delay of ~20 ns and jitter of less than 0.4 ns
[Bluhm 2006].

The Rimfire switch and its variations were filled with SFs at 0.6 MPa and were then
immersed in transformer oil. SFs was used due to its high breakdown strength, but it has
since been identified as a greenhouse gas hence renewed interest to find environmentally

friendly alternatives. The most recent literature focusing on replacing SFg in megavolt
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systems focuses on newer switch designs, including multi-electrode designs. With the
advancements in linear transformer drivers (LTD), the demands of their switches require
hold-off voltage of 100-200 kV.

The 4 main switches topologies used in mega-voltage pulsed power are considered in recent
literature [Woodworth 2009a,b, 2010, 2011]. These switches include the SNL switch from
Sandia National Laboratories (USA) and L3 Communications Pulse Sciences Division
(USA), the LLC switch developed by Ktech Ltd and Sandia (USA) and the IHCE switch
developed by the Institute of High Current Electronics in Tomsk, Russia. While the
presented research is not focused on developing a switch topology to compete with the
systems mentioned above, it is useful for comparison because LTD switches require the best
performance, fast closing times, low jitter and low inductance. Table 2.1 shows a comparison
of the air insulated LTD switches, focusing on operating results, inductance and jitter.

Table 2.1: LTD plasma closing switch performance comparison [Woodworth 2009a,b 2010, 2011].

Voltage No. of gaps Inductance (nH) Pressure | Jitter (ns)
(KV) (MPa)

L3 120 2at6.4 mm 93 0.69-1 0.47-1.2
IHCE 100 6 at 6 mm 115-120 0.27-0.43 0.98-1.8
LLC 200 2at5mm 69 1.6-1.9 1-2.4
SNL 200 2at12 mm 66 0.9 5.7

The best triggering mechanism for high performance switches is debatable and the LTD
switches employ varying methods. All of the LTD switches require a triggering impulse to a
middle electrode, the triggering voltages depending on the size of the switch and the number

of gaps.

The L3 switch developed by Communications Pulse Sciences Division in the USA has just
two gaps. The L3 switch has a central pre-illumination gap which a short air arc fills with
UV radiation. The switch consists of two flattened, hemispherical electrodes 6.4 mm from a

mid-plane trigger electrode. A small hole in the centre of the mid-plane electrode allows for
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UV radiation coupling between the gaps [Woodworth 2009b]. Figure 2.11 shows an
axisymmetric representation of the switch topology with two main electrodes and a mid-
plane electrode with a hole in the middle.

Trigger
electrode

Main Main

electrode electrode

Axis of
— s SYMmMetry

Figure 2.11 Axisymmetric representation of the topology in the L3 switch made by Communications Pulse
Sciences Divisions (USA).
Literature publications on the spark switches do not provide detailed description of all the
switch topologies. For the L3 switch, Woodworth et al. provided a crude drawing and brief

explanation of the topology [Woodworth 2010].

The IHCE switch is different to the others considered in this review because it has more than
two gaps and a very different topology design. The main switching electrodes are toroidal
shaped with a 6 mm gap between the toroids with a total of 6 gaps. The centre of the toroid is
a plane parallel to all toroids with a sharp point corona pin which acts to distribute the charge
between the stages of the switch. Figure 2.12 shows an axisymmetric representation of a
section of the IHCE toroidal electrode topology.

The IHCE switch has a similar toroidal design to that used in the early multi-stage switches
such as the Rimfire switch [Mesyats 2005][Kim 2009]. The toroidal design provides a
similar field enhancement to a sphere-sphere topology and, being a toroid, it has a larger
surface area to reduce electrode erosion which results in a longer life time of the switch. The
parallel planes in the middle of the toroid and the corona point electrodes act as a point-plane
topology creating intensive electric fields which causes corona discharge between stages that

grades the voltage across the switch stages [Mesyats 2005].

The LLC switch from Kintech Itd (USA) has a more simple design with two main identical
hemispherical topped copper-tungsten electrodes at each end of the switch. The two stages

are made up with 4 trigger pins that are located in the middle of the switch. The trigger pins
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are 3 mm diameter hemispherical tipped rods and the gap between the main electrodes and

the trigger electrodes is 5mm [Woodworth 2009b].
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Figure 2.12 Axisymmetric representation of the topology in the IHCE switch (Russia).

This section was focused on pulsed power, introducing the basics of pulsed power theory and
discussing spark switches. The triggering of spark switches was discussed and different

approaches compared as well as a comparison of multi-gap switches currently in use.

The last section of this literature review concerns the post-breakdown plasma parameters:
plasma resistance, and inductance. Post breakdown plasma resistance and inductance are, in
some cases, the most important factor when fast-rising high current pulses are required and,

therefore, it is the next step for the progression of this work.

2.2 DYNAMIC RESISTANCE OF SPARKS

In this section, the models of dynamic plasma resistance formed by a high voltage discharge
in a gaseous dielectric are discussed. A good understanding of the resistance of sparks is
necessary for optimisation of energy dissipation in the spark channel in spark switches.

Plasma resistance has been investigated by many researchers with the aim of identifying
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accurate models of the time varying dynamic resistance of plasma in gases
[Li 2014][Oreshkin and Lavrinovich 2014][Engel 1989] [Istenic 2005] [Greason 1997] and
liquids [Kudelcik 2010] [Timoshkin 2006]. To date, there are no definitive theoretical
models that can predict dynamic resistance with sufficient accuracy. There are different
approaches competing to provide the most accurate representation of experimentally

measured resistance.

All the proposed models in literature directly relate the current in the plasma channel to its
resistance. This is a reasonable assumption since the conductivity of a gas is dependent on
the mobility of the charged particles. As electrons become more mobile, their velocities
increase and as such the current increases. However, in the simplest form, Ohm’s law
includes constant resistance, V=IR. Therefore, in order to model the transient process
accurately, it is necessary to develop a self-consistent model with non-constant resistance:
V(t) = I(t)R(t,1). Therefore, this approach will allow simulation of transient parameters in the

switch such as transient current, transient resistance and power.

Plasma resistance is not only dependent on current because the plasma channel is not a fixed
size, temperature or pressure. Therefore, the models for dynamic plasma resistance have
further assumptions and/or coefficients to increase their accuracy. The models discussed here
and in literature follow two main approaches: resistance, r, is proportional to the inverse

integral of current, i:

1 (2.8)
% T e

and resistance is proportional to the inverse exponential of current, i, to the power n:

1 (2.9
Tpl [0 l_n
both of which only account for plasma resistance from open circuit resistance to minimum

resistance as the current reaches its maximum.

A radius of plasma channel does not remain at a fixed size as the energy in it is increased.
Plasma channels will initially have a very small cross-section which will expand rapidly as
the energy in the plasma increases. This has a direct impact on the resistance of the plasma
channel, if plasma were assumed to be a conductive wire, its resistance would be expressed

as:
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where:

- pisthe resistivity [Q.m],
- Listhe length of conductor (plasma channel) [m],

- and 4 is the cross-sectional area of the conductor (plasma channel) [m?].

In the same manner, the available area for charged particles to flow in plasma has a direct
impact on the resistance and it is an important factor to consider when simulating plasma
resistance. Plasma channel radius can be reasonably evaluated using a hydrodynamic model
proposed by Braginskii. This approach has been used in several studies and has been
compared with experimental data on plasma resistance by Maas to show reasonably accurate
results [Braginskii 1958] [Maas 1985]. Therefore, for the purposes of this investigation
Braginkii’s model was used for plasma channel simulations. Braginiskii’s plasma arc radius

equation is expressed as [Braginskii 1958]:

n2polo
where:

- a(t) is the radius of the plasma channel [m],
- iisthe current [A],

- po is the initial gas density [kg/m?],

- { isaconstant which depends on the gas,

- o is the conductivity [1/Q.m],

- andtistime [s].

In the present work, 7 plasma resistance models proposed by Braginiskii, Toepler, Rompe
and Weizel, Barannik et al, Popovic et al, Demenik et al and Kushner et al will be analysed
and used for obtaining of the transient plasma channel resistance. The plasma resistance
models which are available in the literature will be discussed in terms of the basic theory and
assumptions made in each of these model, [Braginskii 1958] [Toepler 1906] [Rompe 1944]
[Barannik 1975] [Popovic 1974] [Demenik 1968] [Kushner 1985]. Most of these models are
based on the main physical mechanisms (energy balance equation, principles of

thermodynamics). However all of them require phenomenological constant(s) in order to fit
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analytical data to specific experimental conditions (type of gas, pressure, etc). In the models
discussed below, this empirical constant, C, accounts for different spark parameters. The
constant C does not have an impact on the functional behaviour of the transient plasma
resistance R(t) and, in many cases the authors did not even suggest values for the constants.
Rompe and Weizel attempted to analytically calculate C [Rompe 1944]. However, in most
models, this constant is usually empirically found using experimental data and some values
for these simulations have been suggested for initial pressure of P, = 0.86x10° Pa by Engel
et al [Engel 1989]. In the present research project, the constants in the resistance models are
manipulated to normalise the modelled data for one pressure. When comparing simulated
plasma results with the experimental results available in the literature, it may be necessary to
adjust the constants to align the resistance curves which may have been taken under different
experimental conditions. Each of the models created by the researchers mentioned above will
be discussed briefly, their expression for plasma resistance, and some of the assumptions and
parameters will be provided.

Toepler first proposed an equation for plasma resistance as proportional to the inverse
integral of current in 1906 [Toepler 1906]. This equation was derived empirically from

experimental data:

cl (2.12)
[idt

r() =

where:

- r(t) is the dynamic plasma resistance [Q2],
- C is the constant for proportionality which characterises the gas,
- listhe arc length [m],

- andi is the current [A].

The empirical data on which this model is based gives a discharge length between,
I =9-10 mm and was conducted in air with an initial pressure of, P, = 10° Pa. The author
provided no recommendations for constant C, however, to present data at a normalised
pressure of P, = 0.86x10° Pa, Engel et al reports a constant of C = 4.5x10% [Engel 1989].

Research into plasma resistance by Popovic et al presented another empirical relationship to
describe plasma resistance via an inverse integral [Popovic 1974]. The relationship between

resistance and current is expressed as:
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Cl (2.13)

'O = T

where the symbols have the same meaning as those in Equation (2.12) and n is a constant.
This relationship was based on a different experiment to Toepler in which different gases
were used (air, oxygen, argon and xenon) and the initial pressure is given by
P, <0.5x10° Pa. The arc length, [ was set at 20 mm and a unipolar pulse was used to get the
plasma resistance. The author suggests a coefficient for the proportionality of n = 0.33 and
Engel et al have suggested C = 30 and n = 0.33 [Engel 1989].

There are three other models considered here that have an inverse proportionality with the
integral of current. Models proposed by: Braginskii, Rompe and Weizel and Barranik et al
all derive the plasma resistance equations from the energy balance equation and result in an
inverse integral proportionality with current. The energy balance equation is derived from
hydrodynamic equations and can be expressed as [Engel 1989]:

v 1 i2 (2.14)

_ _ 21 =
dt + pdt [ra’] oma?

where:

- U is the arc channel energy per unit length [J/m],
- pisthe shock front pressure [Pa],

- ais the channel radius [m],

- and o is the conductivity [1/(Q-m)].

In 1944 Rompe and Weizel proposed an equation for plasma resistance derived from the

energy balance equation (Equation (2.14)) which expressed resistance as an inverse integral

e (2.15)
r®= T

where the symbols have the same meaning as those in Equation (2.12). Rompe and Weizel

of current [Rompe 1944]:

derived this equation to work with an initial pressure, P, = 1.6x10° Pa and valid for arc
lengths, 1<35mm. This was based around a unipolar pulse of 50ns and has been
experimentally confirmed by Mesyats [Mesyats 1971][Engel 1989]. The limitation of this

model is the lack of arc radius consideration or thermal losses. The authors did not suggest
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any values for the proportionality constant, C. However, Mesyats confirmed the results and
published C = 11.5 and Engel suggested C = 9.7 for air [Mesyats 1971] [Engel 1989].

Barannik et al published a new model for plasma resistance with an inverse integral
proportionality with current which includes arc radius effects [Barannik 1975]. This equation
was also derived from the energy balance equation (Equation (2.14)) and can be expressed

as:

Cl p01/3 (2.16)
r(t) =—F—
[i3dt
where the symbols have the same meaning as those used in Equation (2.12) and p, is the
initial gas density. Barranik’s equation was developed to suit experimental testing using a
unipolar pulse of 100 ns and current below, i <10 kA . The equation was given for arc length
of, 1<400 mm in air, sulphur hexafluoride and nitrogen with initial pressure,
Po < 12x10° Pa. This model assumes no thermal losses, electron temperature is constant and
conductivity is constant. The author suggested a proportionality constant, C = 1.7x107 for an
initial pressure Po= 10" Pa and Engel et al suggested C = 1.7x107 Pa for initial pressure,
Po = 0.86x10° Pa [Engel 1989].

Braginskii who developed the hydrodynamic expression for arc channel radius that is

primarily used here, gives an expression for plasma resistance as [Braginskii 1958]:

O = (2.17)

~ oma(t)?
where:

- Listhe arc length [m],
- o is the conductivity of the channel [(Q-m)™],

- and a(t) is the plasma arc radius [m].

Braginskii, in the same paper, presents a reduced expression for the channel that is expressed

as:

r2(t) = CBRA61/3 j i*/3de (2.18)

where:

Cgrac 1S @ constant that depends on initial pressure, conductivity and gas type,
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- and i is the current [A].

The constant Cgra( 1S @ function of initial gas density, conductivity and gas type which they
expressed as [Martin 1993]:

4 (2.19)

C =—
BRAG 72pel0

where:

- po is the initial density [kg/m®],
- o is the conductivity (which is constant) [(Q-m)™],

- and ¢ is a constant for the gas type.

The Braginskii constant is designed to make allowances for different gases, pressures and
conductivities. Martin provides values for p, and ¢ for different gases and gives = 4.5 for
all gases which was published by Braginskii for hydrogen. For use in air, Martin suggests
values for initial density and conductivity, py=1.293x10-3g/cm® at 14.7 psia and
0 =200 uS-cm Martin gives Cgrac =0.091, Rosenthal et al give a conductivity of
160 (Q-cm)™ [Martin 1993] [Rosenthal 2003].

So far, the models considered have all assumed plasma resistance to have a proportionality
inverse to the integral of the current. However, some investigations have identified a close
approximation with experimental data using inverse exponential expressions. This
investigation considers models with this characteristic by Demanik et al and Kushner et al
[Demanik 1968] [Kushner 1985]. These can provide close approximations for plasma up to
peak current and for a short time after, which is not possible in the inverse integral

expressions used by Braginskii, Toepler, Barranik, Popovic and Rompe and Wiezel.

Demenik et al published a model in 1968 with an inverse exponential current proportionality

which also accounts for plasma arc radius expressed as [Demenik 1968]:

_ Cl (2.20)
- a(t)lo/lli(t)6/11

r(t)

where:

- a(t) is the dynamic arc radius [m],
- i(t) is the dynamic current [A],
- listhe length of the arc [m],

- and C is a constant.
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Demenik et al’s equation is given for xenon at an initial pressure of Py = 0.5x10° Pa and an

arc length of d=6-300mm for a unipolar pulse 1.5m long. This equation assumed

conductivity to be proportional to electron temperature: o « Te3/ 2 and electron temperature
— i4/11 S . .
is given by: T, = —7a7- It assumes “weak” ionisation and Demenik et al provide no values

for constant C. However, Engel et al. suggests, C=0.3 for an initial pressure
P, = 0.86x10° Pa [Engel 1989]. The equation is valid for current densities ranging from
j =0.3x10* - 15%x10* kA/cn.

The final model considered in this research was proposed by Kushner et al in 1985, and it
has the plasma resistance proportional to the inverse exponent of current [Kushner 1985]:

O [£]1/5 (2.21)

A2i6
where the coefficients are the same as those in Equation (2.20) and which is based on a
unipolar pulse of 100 ns in hydrogen, nitrogen, sulphur hexafluoride, methane and xenon
with an initial pressure P, =0.5x10° Pa. Experimentally, this expression was proved
reasonable for a gap length | = 12 mm with current density 2x10* MA/cm?. The author did
not give any values for the proportionality constant C, however, Engel et al. reported
C = 24.7 for initial gas pressure P, = 0.86x10° Pa in air [Engel 1989].

All of the plasma models that have been discussed here can be grouped into two main

theoretical approaches:

e solving the energy balance equation,

. d . .
e oOrassumingr o — (like a wire conductor).

It was shown that Kemenik et al, Kushner et al and Rompe and Weizel models can
reasonably simulate plasma resistance in the early stages of breakdown (up to the peak
current). Engel suggests these models to be more accurate due to the fact they all assume

“Spritzer conductivity” where the conductivity is proportional to the electron temperature,

Te3/2 and, as such, there is a high degree of ionisation [Engel 1989]. At times after the peak
current this may no longer be true and the inverse integral equations do not represent plasma
resistance as well as the inverse exponential functions. Engel also says that the empirical
formulae proposed by Toepler and Popovic et al may not be as accurate as Rompe and

Weizel due to less complete models with fewer considerations of gas constants. In Chapter 9,
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each of the equations discussed in this section are used in the model which was created using

PSpice software in order to obtain transient plasma resistance function for different gases.

All of the models discussed have analytical basis for most of their coefficients. However,
Braginskii’s model can be derived using hydrodynamics and includes coefficients for
different gases, arc lengths, conductivity, and initial pressure. While other models have been
developed around multiple gases, arc lengths, etc; Braginskiis model gives the most robust

range of configuration with fewest assumptions.

These transient plasma resistance values are compared with the experimental data available

in the literature.
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2.3 CONCLUSIONS

This chapter discussed the principles of pulsed power, fundamental aspects of the
development of discharges in gases and the main topologies and parameters of the plasma
closing switches. The main pulsed power systems and topologies were discussed with
reference to spark switches and the high voltage pulsed power techniques. A review of spark
switch triggering techniques and topologies was conducted. Recently designed and
developed spark switches were discussed with reference to their operating parameters and

performance of interest to the pulsed power industry.

The main aspects of breakdown mechanisms in uniform and non-uniform electric fields were
discussed including: Townsend discharge, Paschen’s law, corona and streamer discharges,
attention was paid to breakdown behaviour in non-uniform electric fields in the case of
positively and negatively stressed electrodes. Special consideration was given to corona
discharge theory which occurs in non-uniform electric fields because it is a reoccurring

theme investigated in this thesis.

Finally, the main dynamic plasma resistance models proposed in literature were discussed.
Plasma resistance is particularly important in the pulsed power industry which requires fast
rising high current output, and so much work is focused on modelling dynamic plasma
resistance. This thesis presents a new approach to simulating dynamic time varying plasma
resistance using PSpice simulation software which would allow dynamic plasma resistance
to be included in complex circuit models. Therefore, a review of literature models was

conducted and the limitations and advantages were discussed.

In the following chapters, this thesis discusses the experimental techniques used to
investigate spark switches. Initially, the ramped self-breakdown voltage and its standard
deviation were investigated by considering different commonly used topologies, plane-plane,
sphere-sphere and cone-plane. A sharp point-plane topology was then investigated in detail.
Corona discharge is discussed throughout this thesis with reference to its impact on
switching performance and so it is investigated in its own chapter. Building on from the
results obtained, the time delay to breakdown and jitter are investigated and a new method
for triggering is presented. From initial work on different topologies, the point-plane
geometry was chosen to investigate the multi-stage regimes by stacking 2 and 3 spark gaps.
A new approach to modelling of post-breakdown transient spark resistance using PSpice

simulation software is developed. Models for plasma resistance form literature are simulated
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using the PSpice approach and compared with experimental data taken from literature. An
advanced model was created to include both transient dynamic resistance and inductance

analysis of performance of pulsed power systems.
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3. EXPERIMENTAL SYSTEMS
AND PROCEEDURES

This research project focuses on development of compact self-breakdown and triggered
spark switches with and without corona discharge, investigating the operational
characteristics and parameters. Several different experimental systems and switch topologies
were developed for the purposes of this research project, each of these systems and
experimental procedures are discussed in this chapter. The design and development of the
experimental set-ups with improved control and measurement characteristics is one of the
major outcomes of this thesis. Initially, a precision pneumatic control system was designed
and developed to ensure high degree of control of gas pressure in the test switches. An HV
test bed was designed. In order to provide an accurate control of the DC charging voltage
(magnitude and rate of rise), a custom written LabVIEW code was used. This HV computer-
controlled system was used to study breakdown voltage of spark switches with different
topologies. Building on from the DC breakdown experimental facilities, an adaptation to this
test bed was made which included a corona viewing shunt resistor for measuring corona
voltage. A new experimental HV test bed for investigation of operational characteristics of
triggering spark switches was also developed. In this system, superimposed impulse
triggering of two electrode switches was implemented. The last experimental system
discussed in this chapter was developed to study operational parameters of triggered multi-
stage switches. Each of these experimental HV test beds are discussed in the following

sections.

3.1 PNEUMATIC CONTROL SYSTEM

The experimental work carried out in the course of this research focused on investigation of
operational characteristics of gas filled spark switches filled with different gases where the
pressure in the switches ranged from atmospheric pressure (0.1 MPa) up to 0.4 MPa. Special

care was taken to ensure the accurate values of the gas pressure inside the switches and
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consistency in the gas handling procedure. A specially designed precision pneumatic gas

control board was designed to control the gas in the experimental test beds, Figure 3.1.

Bottled gas (air,

Precision digital
pressure regulator
(Alicat PCD)

nitrogen,
nitrogen/oxygen
mixture)
2
(O
/

To the

fe_e

Exhaust

spark
switch

Rotary vacuum

pump

Figure 3.1 Pneumatic pressure control system.

0
&

Ball
valves

Manifold

6 mm
plastic

A digital pressure regulator (Alicat PCD) was used to control the gas pressure in the switch.

Using the precision pressure regulator, the switches were pressurised with: bottled air,

nitrogen, and a 60%/40% nitrogen/oxygen mixture up to 0.4 MPa. The accuracy of the gas

pressure measurements was +0.00175 MPa. This pneumatic control system was used in all of

the experimental set ups in this research project. In further description of the experimental

procedures (in the schematics given for each experiment), the gas handling system is

indicated as a box without details, all specific details are given in Figure 3.1.

Section 3.2 to Section 3.5 discuss the electrical test bed systems used throughout this

research project. The next section discusses the development of the first test system to

measure self-breakdown voltage.

44



3.2 METHODOLOGY OF MEASUREMENT OF

SELF-BREAKDOWN VOLTAGE

Measuring the self-breakdown voltage of spark switches that include pre-breakdown corona
discharge requires an experimental system which consistently provides repeatable
conditions. Pre-breakdown corona discharge can create volumetric negative space charges in
electronegative gases that increase the breakdown voltage significantly. Negative self-
breakdown voltage of a point-plane electrode topology is 20-30% higher than positive
because of space charge screening effects. Therefore, when comparing the self-breakdown
voltage of topologies with pre-breakdown corona discharges, it is important that the
experimental conditions such as gas pressure, rate of voltage rise are repeatable. Throughout
the progress of the research, the experimental system was continually developed. Figure 3.2
shows the test system used in Chapter 4 to measure breakdown voltage, with a computer
controlled high-voltage DC power supply.
Glassman high

voltage DC power
supply, 60 kV

il E E
l Current Voltage

1 MQ
resistor stack

— To the gas
Spark == control system
switch

=
Computer
(LabVIEW)

Figure 3.2 DC breakdown voltage initial experimental test system.
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A Glassman high voltage DC power supply (EH series, 0-60 kV) was used to stress the spark
switches via a charging resistor (1 MQ). The voltage out of the HV DC power supply was
controlled by a LabVIEW program that interfaces with the power supply using a National
Instruments DAQmax SCB-68. The DC and ramped voltage across the switch was measured
using a TESTEC TT-HVP40 high-voltage probe (1000:1, 40 kV, 300 Hz) and an ISO-TECH
IDMO1E digital multi-meter. The breakdown voltage was recorded as the highest voltage
before voltage collapse due to gas breakdown in the switch.

The laboratory environment was divided into two sections: the control, low-voltage section
of the lab was used for control equipment and the DC power supply; another section was a
high voltage section in which test beds and HV probes were placed during high-voltage

experiments. The experimental control room is shown in Figure 3.3 and the high-voltage test
room is shown in Figure 3.4.

Electronic pressure
regulator

=

Nitrogen gas
bottle

HV DC power supply

Figure 3.3 Experimental control room.
The LabVIEW code was written to control the voltage across the switch with a stepwise

increase of voltage ramping up from 0 V till breakdown occurs. A 0-10 V signal from the

digital acquisition board, DAQmax, proportionally outputted a 0-60 kV from the HVDC
power supply.
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HV probe

Charging resistor Switch

Figure 3.4 Experimental high-voltage room.

The initial rate of rise used in the tests presented in Chapter 4 increased at a rate of 667 V/s.
This rate of rise was chosen such that experimental conditions would remain constant so that
data could be compared reliably while ensuring a significant amount of data could be
collected in a timely manner. However, this rate of rise is, in the context of pulse power and
gas discharge, very slow and can be considered DC for the purpose of measuring breakdown
voltage and corona inception voltage. This rate of rise was changed in later experiments and
is explained in the relevant chapters. The reference voltage out of the Glassman HVDC
supply was monitored by the LabVIEW program which identifies breakdown which then

reduces the voltage to 0.

Continuous development of the experimental system improved upon the original system in
Figure 3.2. When measuring the breakdown voltage of the point-plane topology, the DAQ
interface between the computer with LabVIEW program and HVDC was changed because
the National Instruments signal conditioning box SCB-68 stopped working due to
electromagnetic interference issues. To overcome this problem, a new National Instruments

digital acquisition card, DAQ (USB6008), was used with an amplifier circuit to increase
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output from max 5V to 15V, Figure 3.5. Additional steps to mitigate EMC interference

included the use of ferrite chokes to reduce transient signals.

saananmnnnn’

(@) Closed box (b) Open box

Figure 3.5 DAQ and amplifier box for communication with HYDC power supply. (a) closed box, (b) open box
with DAQ), batteries, amplifier and inductive loops for EMI mitigation.
Further development of the self-breakdown measurement test system included adding probes
capable of measuring higher voltages and improvement on the LabVIEW system.
Breakdown voltage was measured using a Northstar PVM-5 high voltage probe (1000:1
division ratio, 80 MHz bandwidth, <0.1% DC accuracy) and a 2024 Tektronix digitising
oscilloscope (200 MHz, 2 GS/s). The LabVIEW program was stopped using a signal from
the oscilloscope when the voltage dropped below the trigger level which was checked every
150 ms and the voltage supply was reduced to zero. The experimental schematic of the

finalised DC self-breakdown voltage tests is given in Figure 3.6.

The oscilloscope was set up with a short time scale and small voltage scale to have high
resolution at breakdown. After the oscilloscope triggered on the collapse of voltage, the

digital cursor was used to measure the highest voltage before breakdown.
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Figure 3.6 Self-breakdown voltage measurement final experimental design.

This voltage was recorded as the breakdown voltage. There were no transients on the voltage
signal at the moment of breakdown. The full listing of the LabVIEW code used for this
experiment is provided in Appendix 2. The experimental test system in Figure 3.6 was used
for measurement of breakdown voltage. In Chapter 5 and Chapter 8, a stepwise increase of

voltage was amplified to a rate of 340 /150 ms.

The next section, Section 3.3, explains the test system developed to observe the pre-

breakdown corona discharge activity.

3.3 METHODOLOGY OF OBSERVATION OF PRE-

BREAKDOWN CORONA DISCHARGE

To measure corona discharge currents and V-1 curves, a designated experimental test bed
was developed, Figure 3.7. A 100 kQ shunt resistor was introduced between the switch and
ground of the experimental test system discussed in Figure 3.6. The voltage, V(t), across the
shunt resistor was measured using the HV probe Tektronix P6015A (1:1000 division ratio,
75 MHz), then the corona current, I(t) was calculated using the Ohm’s law, V(t) = I(D)R.
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Figure 3.7 Corona discharge current viewing experimental design.

The corona discharge measurement system was used in Chapters 5, Chapter 6 and Chapter 8

to identify corona inception voltage and measure V-l curves.

3.4 NOVEL APPROACH TO PLASMA

TRIGGERING: SUPERIMPOSED TRIGGER

In this present research project, a superimposed triggering of plasma switches is proposed
and investigated. A triggering impulse superimposed on a DC stress forces a 2 electrode
switch to break. In order to investigate the operational parameters of switches triggered
using this superimposed approach, a special test bed was developed. In this test bed, fast rise
times of sub-50 ns triggering impulses were generated using the Blumlein pulsed power
system, these impulses were superimposed on DC stress applied to the switch, the
magnitude of the HV impulses was up to 95% self-breakdown voltage in a sphere-sphere
switch in pressurised air (0.1-0.4 MPa). Figure 3.8 provide the schematic diagram of the

superimposed triggering test bed.
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DC power supply, 60 kV DC power supply, 100 kV
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Figure 3.8 Experimental set up for triggering a 2 electrode switch, using a trigger impulse superimposed on a
pre-energisation with DC voltage.

The Blumlein was charged to 35 kV to achieve a high output voltage without risking damage
to the Blumlein cables. The Blumlein generator outputed approximately a 50 kV voltage
pulse rising at about 1 kV/ns to the switch. The Blumlein full pulse waveform (duration
284 ns) oscillates as shown in Figure 3.9 due to the impedance mismatch in the test system.
A Glassman HVDC power supply (0-60 kV) pre-energises the switch via a 1 MQ charging
resistor. A decoupling capacitor (2.2 pF) prevents DC pre-energisation impacting on the
Blumlein generator and a HV diode protects the DC supply from high voltage impulses from
the Blumlein generator. The voltage across the switch was measured using a Northstar PVM-
5 high voltage probe (1000:1) and a 3054B Tektronix oscilloscope (500 MHz, 5 GS/s).

A clear acrylic cylinder switch housing a sphere-sphere topology, 19 mm internal in
diameter with a 2 mm gap was pressurised to 0.1-0.4 MPa with bottled air (12.5% rh) using a
precision Alicat PCD digital pressure regulator. Soft-tone gramophone needles (with a radius
of 0.036 mm were used) as pre-breakdown ionisation electrodes at HV potential and were
positioned 7.5 mm from the centre and 1 mm back from the tip of the high-voltage sphere

electrode. No breakdowns occurred from the gramophone needles.
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Figure 3.9 Trigger pulse output of the Blumlein generator.

DC pre-energisation of 0 kV to self-breakdown voltage was increased in 2 kV increments. 30
triggered breakdowns were observed, measuring the time delay to breakdown from the start

of the impulse until the collapse of voltage.

3.5 METHODOLOGY OF TRIGGERING OF

MULTI-SPARK SWITCH

Within the framework of this project, multi-stage switches were designed and their
operational characteristics were investigated. Initially, for the self-breakdown and corona
discharge current in the multi-stage switches studied, the experimental systems in
Sections 3.1 and 3.2 were used. For triggered operation of these switches, it was required
that a triggering impulse be applied to one of the electrodes of the switch. Therefore, a new

experimental test bed was designed that would pre-energise the multi-stage switches with
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DC voltage and could supply a consistent triggering impulse on demand. The schematic

diagram of this test bed used in multi-stage switch experiments is shown in Figure 3.10.

Glassman high voltage DC Glassman high voltage DC power
power supply, 60 kV supply, 100 kv
ﬂmoEE 1l ER=<I=H |
Oscnloscope
1 MQ
resistor
stack
North Star DECOUp"ng Blumlein 1 MQ
PVM-5 probe I ] capacitor Generator resistor
" stack
Gas | :
inlet I
]
— 7
(w0 (5
Multi-

spark

Switch J
switch

v

Figure 3.10 Triggered multi-gap switch experimental design.

The Blumlein generator, the same as used in Section 3.3, outputs a 50 kV voltage pulse
rising at 1 kV/ns to one of the electrodes on the multi-gap switch over volting the top stage
of the switch. The trigger pulse waveform is the same as shown in Figure 3.9. The HV
impulse has a duration of 284 ns which oscillates as shown in Figure 3.9 due to the mismatch
in impedances in the test circuit. A Glassman HVDC power supply (0-60 kV) pre-energises
the switch via a 1 MQ charging resistor. A decoupling capacitor (2.2 pF) prevents DC pre-

energisation impacting on the Blumlein.

The voltage across the switch was monitored using a Northstar PVM-5 high-voltage probe
(1000:1) and a Tektronix TDS 3000 series oscilloscope (500 MHz, 5 GS/s). Breakdown was
identified as the moment at which the DC energisation level reduced to 0V. A Pearson
current monitor (model 6585, 250 MHz) was also used to measure the current on the ground

connection as a further indication of a breakdown event.

This section has discussed the different experimental test bed topologies used for
investigation of operational characteristics of plasma closing switches such as self-

breakdown voltage, corona initiation voltage, voltage-current relationship and time delay to
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breakdown. The following chapters present the results of these comprehensive studies,
starting with an investigation into the electrode geometry of the DC self-breakdown spark
switches (Chapter 4).
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4. SELF-BREAKDOWN
CHARACTERISTICS OF RAMPED
VOLTAGE STRESSED SWITCHES

FILLED WITH AIR, NITROGEN
AND AIR/NITROGEN MIXTURE

The ability of spark switches to withhold high voltages and be operated with accuracy and
consistency means they are used in a range of practical applications from over-voltage
protection to pulse power generators. This chapter investigates the breakdown voltage and its
standard deviation of spark switches with varying topologies including topologies with
corona ionisation electrodes. The switches are filled with gas in the pressure range 0.1-
0.35 MPa. The role of corona discharge in triggered spark switches is to improve the
performance of spark switches. In the present work, for the first time, an in depth
investigation comparing breakdown voltage and its stability with and without corona
discharge electrodes using topologies with a significant range of electric field enhancements
has been conducted in air, nitrogen and a nitrogen/oxygen mixture. In this chapter, the effect
of pre-breakdown corona discharge is investigated to observe its effect on the breakdown
voltage and its standard deviation in commonly used spark switch topologies filled with
environmentally friendly gases. Previously, corona discharge has been used to improve the
performance of spark switch such as reducing the pre-fire in repetitive spark switches
allowing for higher frequencies to be reliably achieved [Beveridge 2008]. This chapter
investigates the corona discharge effects on the ramped breakdown voltage and its standard

deviation.

Corona discharge and coronating electrodes are known to improve the operation of repetitive
breakdown and multi-stage switches [Beveridge 2008]. However, little work has been

published on the effect of corona discharge on the ramped breakdown voltage and its
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standard deviation in spark switches. This chapter investigates the breakdown characteristics
of three main switch topologies: sphere-sphere, plane-plane, and cone-plane with and
without coronating electrodes places in the vicinity of the main electrodes. Results from this

investigation were presented and published in the proceedings of the XIX International

Conference on Gas Discharges and Their Applications in 2012 [Hogg 2012c].

4.1 DEVELOPMENT OF SPARK SWITCH

TOPOLOGIES

Initially, three electrode topologies, varying from uniform to highly non-uniform electric
fields, were selected for investigation of the DC self-breakdown voltages. Plasma closing
switches with plane-plane, sphere-sphere, and cone-plane electrode topologies were designed
and developed; these electrode configurations provided varying levels of electric field
enhancement. The aim of this investigation was to establish which electrode topology
provides the most stable operation characteristics (minimum spread in the self-breakdown
voltages) and the highest breakdown voltage when stressed with positive and negative
ramped voltage. This investigation required a switch that can take inter-changeable brass

electrodes and can be pressurised up to 0.4 MPa.

Figure 4.1 shows the switch body designed to house inter-changeable electrodes set with a
5 mm inter-electrode gap. 3 brass electrode topologies were selected for this investigation
(plane-plane, sphere-sphere, cone-plane), each of the topologies were created with equal
lengths and widths such that when fitted in the switch, the inter-electrode gap is the same
(5 mm), Figure 4.1. Brass electrodes were used because brass has a high resistance to erosion

and it can be easily machined.
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Figure 4.1 Inter-changeable brass electrode switch (a) plane-plane, (b) sphere-sphere, and (c) cone-plane.
1- HV connection, 2 - Clear acrylic top, 3 - HV electrode, 4 — Clear acrylic switch body, 5 — Ground electrode,
6 — ground connection. Dimensions in mm.
Figure 4.1 shows the plane-plane, sphere-sphere, and cone-plane topology designs with key
dimensions highlighted and a photograph of the actual topology in the switch. Figure 4.2
shows the tip of cone electrode photographed under a microscope along with a 000" of an

inch spacer.

The machining technique used to make the cone electrode resulted in a tip with a flat top and
small imperfection. The cone has a larger radius of 0.28 mm and the smaller bump has a
radius of 0.1 mm. Each of the topologies in Figure 4.1 were also tested with coronating

electrodes, Figure 4.3.

Figure 4.3 shows the topologies: plane-plane, sphere-sphere, and cone-plane with coronating
electrodes, highlighting the important dimensions. The coronating electrodes are used to
generate corona discharge prior to breakdown without causing breakdown from the sharp
points. The points of the coronating electrodes were photographed under a microscope along

with a 1000™ of an inch spacer so that the tip radius could be measured.
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Figure 4.3 Inter-changeable electrode switch with coronating electrodes.1 — HV connection, 2 — Clear acrylic

switch top, 3 — HV electrode, 4 — coronating electrodes, 5 — Clear acrylic switch body, 6 — Ground electrode, 7 —

Ground connection. Dimensions in mm.
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Figure 4.4 Coronating electrodes — Soft-tone gramophone needles photographed under microscope.

The coronating electrodes are soft-tone gramophone needles which provided sharp,
consistent and smoothly rounded tips, Figure 4.4. The two gramophone needles were
positioned on either side of the high voltage main electrode. Electrostatic field in each of the
topologies was modelled using Comsol Multiphysics software package, the results of this

modelling are presented in Section 4.2.
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4.2 ELECTROSTATIC ANALYSIS OF ELECTRIC

FIELD IN SPARK SWITCH TOPOLOGIES

Electrostatic simulation was used to model the switch topologies used in the present research
project: plane-plane, sphere-sphere and cone-plane with and without the coronating
electrodes. This electrostatic field modelling is required for determining if there were
significant fringing effects on the plane electrodes and for determination of the electric field
enhancement with the sphere-sphere and cone-plane electrodes, Figure 4.5, Figure 4.6, and
Figure 4.7. Based on the result of the electrostatic modelling, the switch topologies were
designed in such way as to avoid unwanted spark discharges from the sharper electrodes.
Such unwanted spark discharges potentially can be generated from the sharp coronating
electrodes which are at the same potential as the main electrode.
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Figure 4.5 Electrostatic simulation: (a) plane-plane, (b) plane-plane with coronating electrodes, and (c) zoomed

on point of coronating electrode. 1 V energisation. Electric field is given in kV/cm.
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Figure 4.6 Electrostatic simulation: (a) sphere-sphere, (b) sphere-sphere with coronating electrodes, and (c)
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zoomed on point of coronating electrode. 1 V energisation. Electric field is given in kV/cm.
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Figure 4.7 Electrostatic simulation: (a) cone-plane, (b) cone-plane with coronating electrodes, and (c) zoomed

on point of coronating electrode. 1 V energisation. Electric field is given in kV/cm.

By re-modelling the topologies with the inclusion of the coronating electrodes, it was

confirmed that the presence of the sharp electrodes at their location, 17 mm from the central
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line, did not have significant impact on the electric field distribution between the primary
electrodes. The electrostatic simulations alone are unable to confirm if a spark breakdown
would occur between the main electrodes or between the coronating electrodes. However,
any conclusions drawn from this investigation could be confirmed to be as a result of space
charge effects and not due to Laplacian electric field changes between the primary

electrodes.

With non-uniform fields, there is no accurate method of predicting breakdown voltage using
electrostatic analysis yet. Therefore, to ensure that spark breakdown occurred between the
main electrodes and not originating from the coronating electrodes, open shutter
photography was used. The next section discusses the use of open shutter photography for
confirmation of spark location.

4.3 OPEN SHUTTER IMAGES OF SPARK

DISCHARGES

Adding sharp coronating electrodes (gramophone needles) to the switch topology, energised
at the same polarity as a main HV energised electrode could cause unwanted breakdown
between the pins and the ground electrode. Therefore, in order to select desirable location of
needle electrodes, it was necessary to take photographs of the discharges to confirm the
breakdown occurs only between the main electrodes of the switch. In the initial design stage,
coronating electrodes were tried at different locations and spark breakdown was identified as
originating from the sharp corona electrodes, Figure 4.8.

Figure 4.8 Unwanted spark breakdown form coronating electrodes in early prototype switch. Positive

energisation, 0.1 MPa.
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Through an iterative approach, the location of the coronating electrodes was found whereby
corona discharge activity could be initiated and spark breakdowns did not originate from
these corona electrodes. Figure 4.9 shows 30 second exposure open shutter photographs of
sphere-sphere and plane-plane topologies during breakdown. The switch body was filled

with air at atmospheric pressure, room temperature and humidity.

(a) sphere-sphere (b) sphere-sphere with
topology coronating electrodes

ga w >~ -

(c) plane-plane (d) plane-plane with
topology coronating electrodes

Figure 4.9 Open shutter photographs of spark discharge. Negative energisation in 0.1 MPa bottled air and main
electrode gap of 5 mm.1 — HV electrode, 2 — Ground electrode, 3 — Spark discharge, 4 — Coronating electrode, 5

— Corona discharge.

Open shutter photographs shown in Figure 4.9 confirm that there are not spark breakdowns

between the corona electrodes and the opposite ground electrode.

Final dimensions are as shown in Section 4.1. Once the topologies were finalised, the

investigation into the breakdown performance of selected switch design was conducted. The
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next section discusses the results of an investigation into breakdown voltage with each of the
topologies described: plane-plane, sphere-sphere, and cone-plane with and without the

coronating electrodes.

44  SELF-BREAKDOWN VOLTAGES OF
ENVIRONMENTALLY FRIENDLY GASES IN

DIFFERENT TOPOLOGIES

This section aims to investigate the breakdown voltage of different electrode topologies in
environmentally friendly gases. Spark switches are used in a range of applications from
pulsed power generators to over voltage protection where it is vital to reliably know the
breakdown voltage of the switches. If breakdown voltage is not known and reliably
consistent, unwanted firing of high voltage pulse generators could occur or sensitive
equipment may not be protected by overvoltage protection. Breakdown voltage is arguably
the most important factor which characterises operational performance of spark switches. In
the first instance, the switches were filled with atmospheric bottled air (12% relative
humidity); breakdown tests were conducted at room temperature. Then, pure nitrogen
(99.9% N, , BOC Ltd) and a 60%/40% nitrogen/oxygen mixture (mixed by BOC Ltd) were
used as gases for filling plasma closing switches and their breakdown performance is also
discussed in the present chapter. In the following sections, the results are fitted with
empirical fittings for easy comparison. These fittings are only valid for the experimental

conditions used in this research.

4.4.1 Self-Breakdown Voltages of Atmospheric Air

The aim of this section is to compare breakdown performance of three of the common
topologies that are used in the power and pulsed power industry in order to identify which
topology provides the best results for high performance switches. Breakdown voltages in
each of the topologies were considered separately at first and then compared against each
other. DC breakdown voltage was measured using the procedure and experimental test bed
discussed in Section 3.2. The switch was filled with a fresh portion of gas and 30
breakdowns events were observed after which the gas in the switch was changed, the average

breakdown voltage and standard deviation were calculated to ensure accurate results. Each
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point in Figure 4.10 shows the average breakdown voltage, error bars show standard
deviation, the breakdown tests were conducted in the plane-plane topology. Also, an
empirical fitting procedure was used to fit the experimental points with linear functions using
OriginPro 9.0 software package. The empirical equations, with corresponding coefficients,
describe these linear fit lines with breakdown voltage, Vy,(KV) as a function of pressure,
p (MPa):

Vie=Ap + B (4.1)

where A (kV/MPa) and B (kV) are fitting coefficients and are given in these figures for each
combination of polarity of the applied voltage and the presence and absence of the corona

electrodes. Figure 4.10 presents the breakdown voltage data for the plane-plane electrode

topology.
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Figure 4.10 Breakdown voltage of plane-plane topology in compressed bottled air. A5 mm gap was used.

The plane-plane topology without corona electrodes is symmetrical in terms of electrostatic
field distribution. So when the polarity of HV stress is changed, it is expected that the results
will be similar for positive and negative energisation. Figure 4.10 shows the breakdown

voltage of the plane-plane topology in compressed air as a function of applied pressure. The
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breakdown voltage increases linearly with pressure, and the lines of best fit show the
empirical fit lines to be similar with both polarities having a gradient of ~125 kV/MPa and
extrapolated intersection points at ~3.6 kV and ~2.8 kV. The negative breakdown voltage
with coronating electrodes in 0.2 MPa pressure appeared lower than the trend line from

lower pressures. This is likely due to the stochastic nature of gas discharge breakdowns.

Much work has been conducted on plane-plane topologies and published as Paschen curves
and a well-established relationship is known for air [Meek 1953]. With a 5 mm gap and
pressure of 0.1 - 0.2 MPa, the data collected in this section sits on the right hand side of the
Paschen curve where the breakdown voltage is ~300 kV/cm/MPa. The slight difference in
breakdown voltage between Figure 4.10 and Paschen’s curve results reported by Meek 1953
is likely due to fringing effects where localised electric field is increased around the edges of
the planes, as discussed in Section 4.2. The standard deviation of breakdown voltage for all
pressures and voltage polarities is below 0.7 kV and the best value of the standard deviation
occurred with negative energisation at 0.05 kV at 0.1 MPa, though there is no trend to reduce

given increase or decrease in pressure.

With the addition of coronating sharp electrodes, there is a reduction in the breakdown
voltage. In the case of negative energisation, the breakdown voltage reduces more as
pressure is increased and is only significant at 0.2 MPa where the voltage has dropped by
~3 kV. Positive energisation produced a more significant drop in the breakdown voltage at
lower pressures of 1-2kV but does not reduce this voltage further as the pressure is
increased. The breakdown voltage standard deviation was slightly increased with the

inclusion of coronating electrodes from 0.7 kV to 1 kV.

Breakdown voltage in the sphere-sphere topology is also similar for both positive and
negative energisation which is expected because this topology is symmetrical. The localised
regions of increased electric field mean sphere-sphere breakdown voltage are not technically
suited to the Paschen curve; however, the breakdown voltage is often compared on a Paschen
curve. Figure 4.11 shows the breakdown voltage for the sphere-sphere topology, and it can

be seen that the breakdown voltage are similar to Figure 4.10.
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Figure 4.11 Breakdown voltage of sphere-sphere topology in compressed bottled air. A5 mm gap was used.

The breakdown voltage increases linearly with pressure at a similar rate to the plane-plane
topology, ~(119-125) kV/MPa compared to ~125kV/MPa for plane-plane. Coronating
electrodes, the breakdown voltage did not significantly reduce as in the case of plane-plane
topology. The standard deviation of breakdown voltage was not reduced except at 0.1 MPa
where the standard deviation went from 0.25 kV to 0.08 kV.

The functional behaviour of the breakdown voltage in the cone-plane topology is
significantly different from the plane-plane and sphere-sphere topologies because there is a
significant localised field enhancement (n = 15.7 using Equation (2.4)) at the tip of the cone
and it is not symmetrical. The breakdown voltage for positive and negative energisation are
not the same which is due to differing mechanism and space charge effects discussed in
Section 2.2.3. Volumetric negative space charge created in front of the cone tip screens the
electric field resulting in higher breakdown voltages. This effect is more prominent in the
case of negative energisation for electronegative gases, and it can be seen in Figure 4.12
where negative breakdown voltage is ~15 kV higher than positive breakdown voltage at
0.2 MPa.
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Figure 4.12 Breakdown voltage of cone-plane topology in compressed bottled air. A 5 mm gap was used.

The breakdown voltage for both positive and negative energisation increase linearly as
pressure is increased and they both breakdown at ~6 kV at 0.1 MPa. However, the rate at
which they increase is different. Breakdown voltage for negative energisation increases
quickly with pressure with a rate of ~201 kV/MPa, where positive energisation only
increases with a rate of ~35 kV/MPa. The significant difference between the highly non-
uniform fields in the cone-plane and uniform fields mean it is not expected that the
breakdown voltage will be similar in these topologies. Although, it is established that in
electronegative gas in highly non-uniform fields, negative breakdown voltages are generally
higher than positive, in the present study (Figure 4.12) it was shown that there can be similar
breakdown voltages in specific switch topologies. At 0.15 MPa, breakdown voltage

deviations from the trend lines is due to the stochastic nature of gas discharge.

In this section, the different topologies have been considered for bottled air. The next
Section 4.4.2 considers breakdown voltages in the same topologies in a 60%/40%

nitrogen/oxygen mixture and in pure nitrogen.
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4.4.2 Self-Breakdown Voltages of Nitrogen and 60%/40%
Nitrogen/Oxygen Mixture

Breakdown events in nitrogen and a 60%/40% nitrogen/oxygen mixture were investigated
using the same topologies and conditions as those in air, Section 4.4.1, Figure 4.10 to
Figure 4.12. These two gases were chosen to show the importance of gas electronegativity
on the breakdown voltage and its standard deviation. Nitrogen is an electropositive gas and
oxygen is an electronegative gas Therefore, comparison of the breakdown voltage behaviour
in atmospheric air (~20% oxygen) and in a nitrogen/oxygen mixture with 40% oxygen helps
to establish what gas would have the best breakdown performance and could be used in high
performance spark switches. The breakdown voltages of each gas are compared with the
breakdown voltages obtained for air. In the first case, the breakdown performance of
switches with and without corona electrodes filled with the 60%/40% nitrogen/oxygen
mixture was investigated and the results are presented in, Figure 4.13 and Figure 4.14.
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Figure 4.13 Breakdown voltage of plane-plane topology in compressed nitrogen/oxygen mixture (60%/40%). A

5 mm gap was used.
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Figure 4.14 Breakdown voltage of sphere-sphere topology in compressed nitrogen/oxygen mixture (60%/40%). A
5 mm gap was used.
With ~20% more oxygen than in air, the nitrogen/oxygen mixture has higher proportion of
electronegative gas. Therefore, the three gases investigated: nitrogen, air, and the
nitrogen/oxygen mixture provide a range of concentrations of the same electronegative
element, oxygen. The plane-plane and sphere-sphere topologies, Figure 4.13 and
Figure 4.14, show similar functional behaviour of the breakdown voltage with gas pressure
to the behaviour Vy.(p) obtained in air. However, cone-plane showed more significant
differences. With little electric field enhancement, breakdown voltages in plane-plane and
sphere-sphere topologies are not greatly impacted by increasing the proportion of
electronegative component in the gaseous media compared with breakdown voltage in the
cone-plane topology. The breakdown voltage for plane-plane and sphere-sphere topologies
are similar for the oxygen/nitrogen gas mixture and air: ~15 kV for plane-plane topology and
~16 kV for sphere-sphere topology at 0.1 MPa. The breakdown voltage increases linearly as
the pressure is increased, and it is only slightly different from the functional behaviour of
breakdown voltage in air: breakdown voltage in air increases with a rate of ~120 kV/MPa

compared to ~125 kV/MPa in the case of the plane-plane topology. The only notable
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difference for breakdown voltage characteristics in the plane-plane and sphere-sphere
topologies is the reduction of the standard deviation of the breakdown voltage as pressure is
increased. The standard deviation of the breakdown voltage at 0.1 MPa reduces from
0.45 kV to 0.09 kV as the pressure was increased from 0.1 MPa to 0.2 MPa. With the sphere-
sphere topology, the standard deviation of the breakdown voltage reduces from 0.57 kV to

0.2 kV when the pressure was increased from 0.1 MPa to 0.2 MPa.

The inclusion of coronating electrodes has, as in the case of air, little impact on the
breakdown voltage magnitude or its standard deviation. In the sphere-sphere topology, there
is a consistent reduction in breakdown voltage value of, ~0.5 kV, with the addition of
coronating electrodes with both positive and negative energisation and across the pressure

range.

Higher concentration of electronegative component of the gas has a large impact on space
charge development in non-uniform topologies where the breakdown voltage is significantly
impacted by space charge effects. Higher attachment coefficients in electronegative gases
result in more negative ions and more prominent space charge for negative energisation. The
cone-plane topology in the 60%/40% nitrogen/oxygen mixture, Figure 4.15, has had the
most impact of the increase in concentration of the electronegative component (oxygen) over

air.

At 0.1 MPa, the breakdown voltage has increased from ~6 kV (Figure 4.12) for both positive
and negative energisation to ~9.4 kV and ~10 kV respectively. The breakdown voltage in the
oxygen/nitrogen mixture increases linearly but at a much lower rate than in air, at just
66.5 kV/MPa compared to ~201 kV/MPa in air. At 0.2 MPa, the breakdown voltage has
reduced by ~32% from 24.8 kV in air to 16.8 kV in the oxygen/nitrogen mixture for negative
energisation. Breakdown voltages in the case of positive energisation are less affected by the
space charge effects, but by the inclusion of coronating electrodes, they also increase at a
reduced rate of ~30 kV/MPa compared to air in which Vy, increases with pressure at a rate
of ~35 kV/MPa. Breakdown voltage in the case of negative energisation is much more
affected by the increase in concentration of the electronegative component of the gas. The
increase in the concentration of the electronegative component in the gas has also impacted

on the standard deviation of breakdown voltages.
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Figure 4.15 Breakdown voltage of cone-plane topology in compressed nitrogen/oxygen mixture (60%/40%). A
5 mm gap was used.
At 0.2 MPa, the standard deviation of breakdown voltage in air was 0.12 kV for negative
energisation; whereas, in the gas mixture it has increased to 0.66 kV. Moreover, unlike
breakdown voltage behaviour in plane-plane and sphere-sphere, the breakdown voltage in
the cone-plane topology filled with oxygen/nitrogen mixture does not show a strong
tendency to reduction of breakdown voltage and its standard deviation as the pressure is

increased.

The 60%/40% nitrogen/oxygen mixture has shown the effects of increasing the concentration
of the electronegative component of the gas on the breakdown voltage. It is expected that
breakdown voltages in topologies filled with nitrogen will be significantly different from the
breakdown voltages in air and the nitrogen/oxygen mixture when a highly non-uniform field

is produced by cone-plane electrodes or by the inclusion of coronating electrodes.

Breakdown voltages in the plane-plane and sphere-sphere topologies were obtained together
because they are significantly different from the breakdown voltages in cone-plane electrode
configuration. Figure 4.16 and Figure 4.17 show the breakdown voltages for plane-plane and

sphere-sphere topologies respectively.
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Figure 4.16 Breakdown voltage of plane-plane topology in compressed nitrogen. A 5 mm gap was used.

Considering the plane-plane and sphere-sphere topologies without the coronating electrodes,
the breakdown voltages as a function of gas pressure behave as expected. The breakdown
voltages for positive and negative energisation are similar which is expected given that they
both were measured in symmetrical electrode topologies. The breakdown voltage increases
linearly as the pressure increases as in the case of air and the oxygen/nitrogen mixture and at
similar rates. Breakdown voltages in the plane-plane topology in nitrogen increases at the
rate of ~125 kV/MPa; whereas breakdown voltages in air and the nitrogen/oxygen mixture
increased at the rate of ~120 kV/MPa. The breakdown voltage of the plane-plane and sphere-
sphere topologies at 0.1 MPa is 16 kV in pure nitrogen and 15 kV in air and the standard
deviation in breakdown voltage is 0.1 kV and 1 kV respectively. When the coronating
electrodes are introduced the breakdown voltage becomes more unstable. The breakdown
voltage did not show a clear linear increase as the pressure is increased and the standard
deviations increased in most cases. In the plane-plane topology, the inclusion of coronating
electrodes has more than doubled the standard deviation of the breakdown voltage, 0.8 kV,

as compared with 0.3 kV for the topology without corona electrodes.
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Figure 4.17 Breakdown voltage of sphere-sphere topology in compressed nitrogen. A 5 mm gap was used.

The breakdown voltage has reduced significantly in all cases for pressures above 0.1 MPa.
The reduction in breakdown voltage is not consistent or linearly dependent on pressure
ranging from ~30% to almost no difference. It is clear that in pure nitrogen, the inclusion of
coronating electrodes in the vicinity of the plane-plane and sphere-sphere gap does not

improve switch performance.

Next the cone-plane topology was considered which results in highly non-uniform field
distribution in the switch and, therefore, the breakdown voltages in this topology were
significantly impacted by reducing the concentration of the electronegative component

(oxygen) of the fill gas.

The cone-plane topology has the largest field enhancement between the main electrodes and,
as such, is strongly influenced by space charge. In nitrogen, as it is an electropositive gas,
there is very little to no negative space charge and so the breakdown voltage is significantly
different to the electronegative air and mixture gases. Figure 4.18 shows the breakdown

voltage for the cone-plane topology in pure nitrogen.
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Figure 4.18 Breakdown voltage of cone-plane topology in compressed nitrogen. A5 mm gap was used.

Where there are no coronating electrodes included, the breakdown voltage does not increase
linearly as the pressure is increased in the case of negative energisation. In Figure 4.18,
straight lines have been fitted in the same way as all the other graphs discussed in this
section but, for the negative voltage, it is clear that a linear line cannot be reasonably fitted to
the data. At 0.1 MPa, the breakdown voltages of ~(8-10) kV are similar to breakdown
voltage in air (which is considered as an electronegative gas) and breakdown voltages in
nitrogen/oxygen mixture. However, as the pressure is increased to 0.15 MPa, the breakdown
voltage decreases by ~37% lower than the breakdown voltage in the electronegative gases
for negative energisation. Then, as the pressure is increased to 0.2 MPa, the breakdown
voltage increases again back to ~(16-17) kV, similar to the breakdown voltage behaviour in
the electronegative gases. Positive breakdown voltage is more stable and consistent using air
and the (N,/O,) mixture. The breakdown voltage does not increase linearly, remaining at
~8 kV when the pressure is increased from 0.1 MPa to 0.15 MPa, where in air the
breakdown voltage increases from 9.5 kV to 10.3kV. So, the differences are not as

significant as they were at negative energisation where there was a 37% drop in the
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breakdown voltage in the same pressure range. At 0.2 MPa the breakdown voltage is
11.3 kV which is similar to the breakdown voltage in air, 12.2 kV.

Therefore, it may be concluded that introduction of coronating electrodes to the cone-plane
topology in pure nitrogen reduces the breakdown voltage for most gas pressures. Only for
0.2 MPa with negative energisation and 0.15 MPa with positive energisation does the
breakdown voltage increase. There is no strong trend for the impact of the breakdown
voltage as in the case without coronating electrodes. In the case of positive energisation, the
breakdown voltage standard deviation reduced at 0.2 MPa by ~48% from 0.9 kV at 0.1 MPa
to 0.47 kV at 0.2 MPa.

45 CONCLUSIONS

This experimental investigation into the functional behaviour of breakdown voltage in
different topologies for use in high performance spark switches produced some significant
findings. Using air as the fill gas, breakdown voltages in plane-plane, sphere-sphere and
cone-plane topologies were compared, focusing on the magnitude of breakdown voltage and
its standard deviation as a function of pressure. An investigation into the influence of
increasing and decreasing the electronegativity of the gas on the behaviour of the breakdown
voltage was completed using the same topologies. Nitrogen was used as an electropositive
gas and a 60%/40% nitrogen/oxygen mixture was used as a higher concentration
electronegative component gas (as compared with air). It was found that using coronating
electrodes in the vicinity of the plane-plane, sphere-sphere and cone-plane topologies does
not consistently reduce the standard deviation of breakdown voltage. No consistent trend
could be determined to predict which configuration would benefit from coronating electrodes

in air, nitrogen or the mixture.

Using atmospheric air as a benchmark, the breakdown voltages for nitrogen and the
oxygen/nitrogen mixture were investigated. It was found that there was no significant
difference between breakdown voltages in air and in gas mixture with 20% more oxygen in
the plane-plane and sphere-sphere topologies. The negative energisation of the cone-plane
topology resulted in higher initial breakdown voltages as compared with other investigated
topologies. However, the breakdown voltage in the cone-plane topology had a significantly
reduced rate of increase with pressure leading to overall lower breakdown voltages at
0.2 MPa as compared with other topologies. Breakdown voltages in nitrogen were also

similar for plane-plane and sphere-sphere topologies. However, with non-uniform electric
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field such as topologies with coronating electrodes or cone-plane topology, the breakdown
voltage in nitrogen became difficult to predict for negative energisation and the breakdown

voltage standard deviation increased.

It was found that in air, the breakdown voltages of each of the topologies increased linearly
as the pressure was increased. Breakdown in the plane-plane and sphere-sphere topologies
were not strongly dependent on the polarity of applied voltage which was expected because
the electrode geometries are symmetrical. The cone-plane topology with highly non-uniform
electric field produced very different breakdown voltages for positive and negative
energisation. This is due to space charge screening effects increasing the breakdown strength
significantly for negative energisation. However, because the breakdown voltages increased
at different rates as the pressure is increased the breakdown voltage around 0.1 MPa was

similar.

The intersection point between positive and negative breakdown voltage is an interesting
phenomena which could be very useful to the design of compact pulsed power systems and
spark switches. Using the electronegative gases, air and the oxygen/nitrogen mixture, it was
found that the stability of the breakdown voltage in the cone-plane topology was improved
as the pressure was increased. The next section of this thesis will provide results of
investigation of self-breakdown voltages in point-plane topologies with varying point

electrodes.
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5. INVESTIGATION OF RAMPED

SELF-BREAKDOWN VOLTAGE
OF SPARK SWITCHES WITH
POINT-PLANE TOPOLOGY

In Chapter 4, an investigation into ramped self-breakdown voltages in different electrode
topologies was conducted using plane-plane, sphere-sphere and cone-plane electrode
geometries filled with air, pure nitrogen and a 60%/40% nitrogen/oxygen mixture. This
chapter continues investigating breakdown voltage focusing on the point-plane topology
only. It was found (in Chapter 4) that the breakdown voltage for positive and negative
energisation is different at higher gas pressures with the cone-plane topology but positive
and negative breakdown voltage values converge with a decrease in gas pressure to be
similar. This chapter investigates the convergence point between positive and negative
breakdown voltages in point-plane topologies filled with different point electrodes and gases.
These results obtained in this research will aid in the development of compact high-
performance spark switches and pulsed power systems where there is a need for systems

with small footprint.

Using the results obtained in this research project, and presented in this thesis, it is possible
to design a switch with a point-plane topology that will provide equal breakdown voltages
for positive and negative energisations. Such switch topology has been developed in the
present chapter and was used in the design of the triggered switches and multi-gap switches
investigated in other sections of this thesis. Breakdown voltage in electronegative gas is
usually expected to be higher with negative energisation than for positive energisation in
non-uniform topologies because of negative volumetric space charge effect, i.e. screening of
the electric field in the vicinity of the high voltage point electrode, as discussed in
Section 2.2.3.
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The aims and tasks of this part of the research project are to investigate the functional
behaviour of the breakdown voltage in a point-plane topology for both positive and negative
applied voltages. Changing the inter-electrode gap and using bottled air at a range of
pressures from 0.1 MPa to 0.35 MPa as a filling gas, the breakdown voltages were obtained
as a function of pressure and distance in a range of inter-electrode gaps from sub-mm to
~6 mm. Plotting the breakdown voltages for positive and negative energisation, the ranges of
parameters (pressure, p, distance, d, and their combination, pd) where positive energisation
breakdown voltage is higher than negative energisation have been identified. Also, the pd
ranges where positive and negative energisation have similar breakdown voltages have been
established and the range of pd where negative energisation resulted in a higher breakdown
voltage as compared with positive energisation has been established. The pd value at which
the positive and negative breakdown voltages become equal is identified for bottled air at a
range of pressures from 0.1 MPa gauge and 0.35 MPa gauge.

This investigation identifies the cross-over point of the positive and negative breakdown
voltages as functions of inter-electrode distance which will be called the “critical breakdown
voltage’, Vit and ‘critical gap’, dq. For the first time, the critical voltage and gap was
investigated with varying electrode diameters, insulating gases and voltage polarities. The
following sections describe the design of the spark switches and the topologies and present
the results of investigation into critical breakdown voltage and critical gap in bottled air.
Results from this, investigations were presented and published in the proceedings of 19th
IEEE Pulsed Power Conference in 2013 [Hogg 2013] and in IEEE Transaction on Dielectric
and Electrical Insulation [Hogg 2015].

5.1.1 Point Electrodes

Three HV point electrodes were used in this investigation, with radii: 0.038 mm, 0.067 mm,
and 0.8 mm. The 0.038 mm radius point was a soft-tone gramophone needle and the
0.067 mm and 0.8 mm radius points were sharpened and hemispherical tipped tungsten rods.
The electrodes were examined and photographed under a microscope alongside a 1000™ inch
spacer for comparison. The microscope pictures of the point electrodes showed the profile

and smoothness of the tips as well as allowing the radii to be calculated.

81



@ (b) ©

Figure 5.1 Point electrodes photographed with microscope. (a) gramophone needle, r=0.038 mm. (b) Sharpened
tungsten rod, r=0.067 mm. (c) Hemispherical tipped tungsten rod, r=0.8 mm. Thin line — filler gauge with 1000™"
inch thickness.

The ground electrodes were machined brass rings of 40 mm diameter with rounded edges
that were polished to reduce rough edges that could cause field enhancement. A 40 mm
diameter was chosen because it was planned that the largest gap between the electrodes
would be 10 mm. The radius of the electrode should be twice as large as the gap to ensure all
current radiating from the HV point is collected and, as such, 40 mm was required. This was

important because it then defined the remaining dimensions of the test cell.

The plane electrode was regularly changed throughout the experiments and re-polished to
remove any imperfections formed during breakdown tests. This ensured no significant
effects from micro protrusions and pits caused by repetitive breakdowns upon the ground

electrode.

5.1.2 Spark Switch Design

The point-plane electrode topology described above was housed in a test cell that allowed
the gas to be pressurised. The test cell was cylindrical machined glass nylon wide enough to
house the plane electrode with a gap of 5 mm all around. The schematic can be seen in
Figure 5.2 with all the components labelled and the key dimensions given. The plane
electrode sat on the bottom of the test cell with a threaded connection out of the base via a
clearance hole. This allowed the ground connection to be easily connected and disconnected.
A rubber ‘0’ ring slightly smaller than the plane electrode was compressed between the plane
and base of the test cell forming an air tight seal. Figure 5.2 shows the schematic of the test

cell.
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Figure 5.2 Point-plane test cell schematic. 1 - Precision Digital Depth Gauge, 2 — Acrylic top of switch,
3 - Aluminium shielding block, 4 - Acrylic body of test cell, 5 - Point electrode holder, 6 - Point electrode,

7 - Plane electrode, 8 - Ground connection, 9 - Test cell support legs. Dimensions are in mm.
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The point electrode is held by a brass connector which is held by a glass nylon flange
insulating it from the metal rod. The metal rod is raised and lowered by a digital micrometre
depth gauge to set the gap. The depth gauge is capable of setting inter-electrode gaps
accurately to £0.003 mm and so provides the ability to set sub-mm gaps accurately. The rod
goes through an aluminium block, which shielded the digital components in the depth gauge
from electromagnetic interference. The rod then passes through a glass nylon top before
entering the control and measurement part of the depth gauge. Between the aluminium and
glass nylon top a rubber ‘0’ ring sits around the rod an forms an air tight seal when the top is
secured and ‘o’ ring is compressed. The top is secured by 8 long metallic screws which
screw into pre-tapped holes in the walls of the test cell. Once secured properly, the test cell is
air tight above 0.35 MPa. The depth gauge sits atop the test cell and is fixed by a grub screw.
The point electrode can be raised and lowered once the test cell is closed using the depth
gauge controls. The brass connector holds the point electrode by a grub screw and is
connected to the HV via a small connector and grub screw.

The brass connector is connected to a push fitting socked on the wall of the test cell via a
flexible HV cable. HV from the DC power supply is connected to the other side of the test
cell wall and the point can be energised. The pressure inside the test cell is controlled via a
push fitting connection on the wall of the test cell. Figure 5.3 shows some photos of the

finished test cell.
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Figure 5.3 Photographs of the point-plane switch with micrometre depth gauge. (a) Whole switch. (b) Depth
control and point-electrode holder.
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5.2 RAMPED SELF-BREAKDOWN VVOLTAGE:

RESULTS AND ANALYSIS

The results of the breakdown voltage behaviour in the point-plane topology are considered in
three different sections investigating the breakdown voltage dependence on gas pressure, gas
type, electrode separation and point electrode radius. In Section 5.2.1, the breakdown voltage
as a function of gas pressure has been investigated using three gases: air, pure nitrogen and a
nitrogen/oxygen mixture using a single point-plane electrode topology. Section 5.2.2
compares the breakdown voltage in these gases as a function of electrode separation using
the single point-plane electrode topology. In Section 5.2.3, the breakdown voltage in the
single point-plane electrode topology filled with bottled air has been obtained for different
pressures and point electrode radii. In the following sections, the results are fitted with
empirical fittings for easy comparison. These fittings are only valid for the experimental

conditions used in this research.

5.2.1 Ramped Self-Breakdown Voltage of Point-Plane
Spark Switch as a Function of Gas Pressure in Air,

Nitrogen and Nitrogen/Oxygen Mixture

In this section, a single point-plane electrode topology was used to obtain breakdown voltage
for three gases: bottled atmospheric air, pure nitrogen (BOC Ltd, 99.9% purity) and
60%/40% nitrogen/oxygen mixture (BOC Ltd mix). The sharpened tungsten rod with tip
radius of 0.067 mm was used and breakdowns for positive and negative energisation were
observed. The inter-electrode gap range was dependent on the results, increasing or
decreasing the gap to add information to observe the critical gap and ensure a clear

difference between positive and negative breakdown voltage was achieved.

Bottled atmospheric air (12.5% relative humidity) was used as a bench mark for comparison
of breakdown voltages in nitrogen and the nitrogen/oxygen gas mixture. The relationship
between breakdown voltage and pressure was considered. The switch was filled with a fresh
portion of gas before each test, each point on these graphs represent an average value of 30
breakdown measurements which were conducted without changing the gas in the switch; the
error bars show the standard deviation. Figure 5.4 shows the breakdown voltage with respect

to pressure for 5 inter-electrode separations starting with 0.25 mm up to 6 mm. It can be seen
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that for positive and negative energisation breakdown voltage has a linear dependence on the

pressure of the air.

As before, and in this chapter, an empirical fitting procedure was used to fit the experimental
points with linear empirical functions using OriginPro 9.0 software package. The empirical
equations with corresponding coefficients which describe these linear fit lines with

breakdown voltage, Vy,(KV) as a function of pressure, p (MPa):
Vir=Ap+B (51)

where A (kV/MPa) and B (kV) are fitting coefficients, given in these figures for each
combination of polarity of the applied voltage and the presence and absence of the corona

electrodes.

Breakdown voltage for 0.25 mm, 0.5 mm and 1 mm gaps, Figure 5.4(a,b,c), show positive
breakdown voltage is ~25% larger than negative energisation at 0.35 MPa. When the gap is
increased above 3 mm, Figure 5.4(d,e), the breakdown voltage switches to be larger for
negative energisation than for positive energisation. With a 3 mm gap, the breakdown
voltage for negative energisation has already surpassed positive energisation and is 28%
higher at 0.35 MPa. In Figure 5.4(b), the breakdown voltage in 0.35 MPa was lower than the

trend line due to the stochastic nature of gas discharge.

The rate at which breakdown voltage increases with pressure is higher for positive
energisation compared with negative energisation at 1 mm gap and below. The rate at which
the breakdown voltage increases with pressure is dependent on the electrode spacing, at
0.25 mm positive energisation is 30% higher than negative energisation increasing to 40%
higher with a 1 mm gap. With a 3 mm gap, the negative breakdown voltage increases with
respect to pressure at a higher rate than positive energisation. At 3 mm, negative energisation

is already increasing 37% quicker than positive energisation as pressure is increased.

This shows that there is a critical gap between 1 mm and 3 mm, at which the breakdown
voltages for positive and negative energisation should be similar. This will be discussed
further when the results are considered as a function of electrode separation instead of

pressure.
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Figure 5.4 Breakdown voltage as a function of gas pressure for a point-plane gap filled with bottled air.
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The relationships between breakdown voltage and pressure, for positive and negative
energisation, in the more electronegative 60%/40% nitrogen/oxygen mixture (Figure 5.5) are
similar to air (Figure 5.4). Figure 5.5 presents the breakdown voltage as a function of air

pressure a range of inter-electrode gaps filled with the nitrogen/oxygen mixture.

The breakdown voltage is higher for positive energisation compared to negative energisation
in the 0.5 mm gap, Figure 5.5(a). This is similar to 0.5 mm in air, Figure 5.4(b). However, as
the inter-electrode gap is increased to just 1 mm, Figure 5.5(b), it can be seen that positive
breakdown voltage starts higher at 0.1 MPa but ends up lower as the pressure is increased to
0.35 MPa. This shows that the critical gap where positive and negative energisations have

similar breakdown voltages is lower than for air which is between 1 mm and 3 mm.

The rate at which the breakdown voltage increases with pressure in the gas mixture is not the
same as air. At shorter gaps, below 1 mm, the rate of increase is similar for positive
energisation. As the gap is increased to 6 mm the rate breakdown voltage increases, for
positive energisation, it is 47% lower at 34.2 kV/MPa compared to 64.2 kV/MPa. Whereas,
negative energisation increases at a higher rate, 21% higher than air. This is due to the
increase in the negative space charge because of higher concentration of electronegative
component (oxygen) of the nitrogen/oxygen mixture producing more negative ions. This
leads to the separation between positive and negative energisation breakdown voltages

occurring in shorter gaps and at lower pressures as compared with air.

The electropositive nitrogen gas has significantly less pronounced volumetric space charge,
and so it was expected that negative breakdown voltage would never be significantly higher
than positive breakdown voltage. Figure 5.6 shows the positive and negative breakdown

voltages as functions of nitrogen pressure.

The first observation to make about breakdown voltage in nitrogen is that with negative
energisation the breakdown voltage does not significantly surpass positive energisation.
Positive breakdown occurred similar to air and the mixture where breakdown voltage
increased linearly with gas pressure at similar rates, ~30 kV/MPa for 4 mm gap and
~10 kV/MPa for 1 mm gap. Negative breakdown voltage, on the other hand, behaves
significantly differently. Initially, the breakdown voltages for negative and positive
energisation are similar, but as the pressure is increased the negative breakdown voltage

drops off.
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Figure 5.5 Breakdown voltage as a function of gas pressure for a point-plane gap.
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Figure 5.6 Breakdown voltage as a function of gas pressure for a point-plane gap.

It was found that, in most cases when the negative breakdown voltage reduces below
breakdown voltage at positive energisation, negative breakdown did not cause sudden
voltage collapse. Using a specialised test cell, discussed in Chapter 6, with a quartz window
it was observed that the breakdown gradually initiated a corona and then to arc transition.
This occurred much slower than a spark breakdown and visually could be seen to have much
less light emission. For this reason, it was not possible to continue with breakdown results in
nitrogen at up to 6 mm.
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The similarity between nitrogen and the electronegative gases at shorter gaps shows that it is
the initiation of corona discharges that can explain the increase in breakdown strength of

negative energisation in electronegative gases.

The conclusions of this investigation into varying gas electronegativity and pressure using
sharp point-plane topology has shown that with electronegative gas, the breakdown voltage
increases linearly as the pressure is increased for both polarities. It also increases linearly for
positive energisation in nitrogen but negative energisation breakdown is not always linearly

dependent on pressure.

It may be concluded that nitrogen is not a suitable gas to use for spark switches with non-
uniform topologies which would be used with negative energisation. The breakdown voltage
is unstable and the development of a spark is not as predictable.

Air and the 60%/40% nitrogen/oxygen mixture have similar breakdown voltages with the
breakdown voltages in more electronegative gas mixture are slightly more effected by space
charge. The positive energisation breakdown voltage is higher at short gaps and, at larger
gaps, it is lower than negative energisation. The transition from breakdown voltage for
positive energisation being higher than negative energisation is discussed in more detail in

the next section where breakdown voltage is considered with respect to electrode separation.

5.2.2 Ramped Self-Breakdown Voltage as a Function of

Electrode Separation

It has been observed that breakdown voltage for positive and negative energisation converge
at a critical gap, d., as pressure and distance change depending on the switching conditions.
In the last section, it was observed that the critical gap is dependent on the gas pressure, gas
type and electrode spacing. This section identifies the critical gap where the convergence
occurs for a range of pressures using the sharpened tungsten rod with tip radius 0.067 mm.
Figure 5.7 shows the breakdown voltage for bottled air as a function of electrode spacing for

individual fixed pressures.

Plotting the breakdown voltage as a function of inter-electrode separation shows the
intersection of positive and negative breakdown voltages. The electrode separation where the

intersection occurs, referred to as the critical gap, dgt, can be calculated.
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Figure 5.7 Breakdown voltage as a function of gap separation for a point-plane topology in air.
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The range of electrode separations was increased or decreased sufficiently to provide critical
gap and show clear positive negative energisation separation. The critical gap was calculated
from trend lines fitted to linear data on the breakdown voltages as a function of electrode
separation. The empirical fittings are only valid for the parameter range they are fitted across
starting with 0.25 mm electrode gap, if the electrode separation was reduced to 0 mm, the

actual breakdown voltage would tend to 0 V.

The critical gap is dependent on the applied pressure, at ~1.4 mm at 0.1 MPa reducing to
~1.2 mm as the pressure is increased to 0.15 MPa. As the pressure keeps being increased, the
critical gap reduces further until at 0.35 MPa the critical gap is ~0.75 mm. Past the critical
gap, the breakdown voltage increases linearly with electrode separation for all air pressures
tested in Figure 5.7. Below the critical gap, breakdown due to negative energisation remains
linear but positive energised breakdown is not always linear. This is more obvious with large
radii point electrodes and will be discussed in the last section of this chapter. Figure 5.8
shows the breakdown voltage as a function of electrode separation for each pressure tested in
60%/40% nitrogen/oxygen mixture.

The breakdown voltage in 60%/40% nitrogen/oxygen mixture as a function of electrode
separation is similar to that in air. The breakdown voltage increases linearly and positive and
negative energised breakdown voltages converge. The critical gap for this gas mixture is
larger than for air, at ~2.5 mm compared to ~1.4 mm at 0.1 MPa. The critical gap reduces as
the pressure is increased and at 0.15 MPa the critical gap for the mixture and air are the
same, ~1.2 mm. The critical gap keep reducing when pressure is increased and is lower than
air, ~0.39 mm compared to ~0.75 mm at 0.35 MPa. The 60%/40% nitrogen/oxygen gas
mixture is more electronegative than air due to ~20% more oxygen. Next the breakdown
performance of nitrogen was investigated as a potential electropositive alternative to gases

which contain the electronegative component, oxygen.

As was discussed (Section 5.2.1), when considering the breakdown voltage as a function of
pressure, the breakdown voltage in nitrogen (Figure 5.9) is not as stable as in air and

nitrogen/oxygen mixture.
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Figure 5.8 Breakdown voltage as a function of gap separation of a point-plane topology in 60%/40%

nitrogen/oxygen mixture.
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Breakdown under positive DC energisation behaves in a similar way to in electronegative
gases (air and nitrogen/oxygen mixture), increasing linearly as the gap is increased. But
under negative polarity, breakdown voltage is much less predictable, increasing linearly and
with similar voltage to positive energisation at first, up to a 2 mm gap, and then reducing
rapidly as the gap is increased. Breakdown transitioned from corona to arc without causing a
spark and rapid reduction of voltage at larger gaps; therefore, it was not possible to collect
breakdown data for 6 mm gaps. Due to the nature of breakdown in nitrogen, it was not
possible to fit the negative breakdown voltages (Figure 5.9) with a linear function. It was
discussed that the critical gap for each gas reduces as the pressure is increased. Figure 5.10
shows the critical gap, derir, as a function of gas pressure for air and the gas mixture.

3 : , l ' |
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Figure 5.10 Critical gap, d.i, as a function of pressure.

In this figure, solid lines are empirical fit lines which have been obtained using OriginPro 9.0
graphing software. These empirical fit equations (which are included in Figure 5.10) allow
prediction of critical length to be made in the gas pressure range from 0.1 MPa to 0.35 MPa.

The critical gap for both air and the mixture reduce as the gas pressure is increased. The
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critical gap for air is 44% smaller at 1.4 mm compared to 2.5 mm at 0.2 MPa and 0.1 MPa
respectively. However, the critical gap for the mixture rapidly reduces and, at 0.15 MPa, the
gaps for air and the mixture are the same, ~1.2 mm. The critical gap for air reduces at a
lower rate of ~0.1 - 0.2 mm per 0.05 MPa compared to the mixture which, after 0.15 MPa
reduces ~0.1 - 0.33 mm per MPa. Ultimately, i.e. at 0.35 MPa, the mixture has ~48% lower
critical gap, but this is only 0.36 mm shorter than air. Therefore, for practical use with this
electrode, they both produce similar results and there is no clear advantage to using the
increased electronegativity of the mixture.

The next section will consider the breakdown voltage and the critical gaps with varying point
electrodes. The aim of the next section is to determine a relationship between the critical gap
and the radius of the point electrode.

5.2.3 Ramped Self-Breakdown Voltage as a Function of
Point Electrode Tip Radius

Based on the results obtained in the previous sections, it was found that nitrogen does not
produce stable results in order to consider this gas for practical applications in spark switches
with point-plane topologies and, since there is no significant different between breakdown
voltages in air and in the 60%/40% nitrogen/oxygen mixture, bottled air will be used to
investigate breakdown voltage as a function of point electrode radius. Three electrodes were
considered, Section 5.1.2, with point radii of: 0.038 mm, 0.068 mm and 0.8 mm. The
0.068 mm radius point electrode has already been presented in Section 5.2.3. In this section,
first the 0.8 mm radius point electrode is presented and discussed, and then the 0.038 mm
electrode will be discussed. These two new electrodes show the effect of a blunter electrode
and a sharper electrode compared to the 0.068 mm that has so far been used. The electrodes
have been described in Section 5.1.1. Figure 5.11 presents the breakdown voltage as a

function of electrode gap for the 0.8 mm radius point electrode.
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As shown in Figure 5.11, the 0.8 mm radius of the tungsten rod doesn’t create an intensive
electric field at its tip compared to the sharper electrodes; the breakdown voltage is higher
and the effects of space charge are reduced. The negative breakdown voltage of the
0.067 mm and the 0.038 mm electrode systems are ~30% lower at 0.1 MPa and ~60% lower
at 0.35 MPa. Negative breakdown voltage increases linearly with increasing electrode
separation with low standard deviations of below 0.03 kV. In contrast, the positive
breakdown voltage increases non-linearly as the breakdown voltage is increased. This is
different to what was observed with the sharper electrodes, Figure 5.7. With the sharper
electrodes, positive breakdown voltage mostly increased linearly with electrode separation.
However, in these graphs the positive-negative energisation breakdown voltage convergence
was short, and the linear sections occurring far above the critical gap. With the 0.8 mm point
electrode, the critical gap is much larger and as such the breakdowns are often occurring
before the intersection point.

Below the critical gap, it can be seen that the breakdown voltage is not linear with pressure;
clearly starting with breakdown voltage close to negative energisation, positive breakdown
voltage increases before reducing back to be similar with negative energisation around the
critical gap. As the gap is increased further the positive and negative breakdown voltage, at
low pressure ~0.1 MPa, remain at similar levels for a small range of pressures before
separating at the critical gap. After the critical gap, it is expected that positive breakdown
voltage will increase linearly as in the case of the 0.067 mm radius point electrode,
Figure 5.7, and the 0.038 mm radius gramophone needle, Figure 5.12. However, it can be
seen in some of the sharper electrodes breakdown results that there is a slight increase in

positive breakdown voltage.

The critical gap of the 0.8 mm electrode is much larger than the sharper electrodes and, as
such, it was required to increase the range of electrode gaps. However, the test cell design
can only increase the gap to 10 mm while remaining within the rule that the diameter of the
plane is 4 times the gap. This helps to reduce the fringing effects of the plane edges. To
achieve separation between positive and negative energisation for 0.8 mm, it was required to

increase the gap beyond the 10 mm limit.

It was not possible to fit the positive breakdown voltage data with a straight line and, so to
find the critical gap, the data had to be manually measured. Figure 5.11 shows the
breakdown voltage for positive and negative energisation in air for a 0.8 mm radius tungsten

rod as a less sharp alternative to the already discussed 0.067 mm radius sharpened tungsten
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rod. Next, breakdown voltages in the case of a sharper 0.038 mm radius soft-tone

gramophone needle were investigated, Figure 5.12.
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Figure 5.12 Breakdown voltage of a point-plane topology as a function of electrode separation for a 0.038 mm
radius point electrode.
It was decided that it would be interesting to consider the effects of a sharper electrode than
already used; the soft-tone gramophone needle was the perfect option. Gramophone needles
have many advantages for use in spark switches because they have a very consistent and
smooth tip with sharp radius of 0.038 mm. The investigation of the gramophone needle was

done at increments of 0.1 MPa as it was decided that the 0.05 MPa increments were
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superfluous to the requirement. It was found that the breakdown voltage could be again
separated into two sections around the critical gap. At the shortest gaps, the breakdown
voltage was higher or similar to the negative breakdown voltage. For electrode separations

greater than the critical gap, positive breakdown voltage was lower than negative.

Both positive and negative breakdown voltage increases linearly with respect to increasing
the electrode separation at gaps larger than the critical gap. Using a line of best fit, the
intersection point between positive and negative energisation was found and the critical gap
calculated. Figure 5.13 shows the critical electrode gaps as a function of the applied pressure
for all three point electrodes in bottled air.
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Figure 5.13 Critical gap as a function of pressure and point radius.

The observed values of the critical gap, d.it, depend on the pressure of the gas in the gap and
the radius of the electrode tip; the critical gaps were plotted as functions of air pressure for
all 3 electrodes (Figure 5.13). Empirical fit lines were obtained using OriginPro 9.0 graphing
software. These empirical fit equations are included in Figure 5.13 and they allow prediction
of critical length to be made in the gas pressure range from 0.1 MPa to 0.35 MPa. As the

pressure is increased, d.i; becomes smaller. The critical gap for the 0.8 mm radius point
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electrode reduces from ~10 mm at atmospheric pressure down to ~8 mm at 0.15 MPa, a 20%
reduction in critical gap with an increase of pressure of 0.05 MPa. However, with further
increase in pressure, up to 0.2 MPa, the reduction in d. is smaller ~2.5%. This trend
continues and d; appears to reach a constant value for higher pressures around 0.35 MPa.
The critical gaps for the gramophone needle and sharp point tungsten electrode (radius
0.068 mm) were similar to each other and significantly smaller than the critical gap for the
0.8 mm radius point electrode. However, the same trend in reduction of the critical gap for
both of these sharp electrodes was observed: for gramophone needles, the gap reduces by
51% from 1.6 mm to 0.78 mm, with an increase from 0.1 MPa to 0.2 MPa. Table 5.1 shows
the critical gaps of 0.1 MPa bottled air with critical gaps extrapolated from literature data.

Table 5.1 Comparison of critical distance results and literature data.

Authors Electrode radius Critical distance
0.036 mm 1.6 mm
0.067 mm 1.4 mm
0.8 mm 10 mm
[Kara 2010] 1 mm 7 mm
[Meek1953] 2mm ~25 mm
[Isa 1991] 2mm ~24.4 mm

The results achieved in this investigation are in line with data available from literature,
Table 5.1. Using data taken from literature, the critical gap has been calculated for
comparison. At atmospheric pressure, the critical electrode gaps were found for point radii of
0.8 mm, 0.067 mm and 0.038 mm to be 10 mm, 1.4 mm and 1.6 mm respectively. It was
calculated that data from Strigel and Uhlmann found critical gap of ~8 mm but there is no
explanation of the exact radius of the points [Strigel 1939][Uhlmann 1929]. Meek and
Craggs present data for a hemispherical tipped rod with radius of 2 mm and the measured
critical electrode gap is ~25 mm [Meek 1953]. Given that, for a 0.8 mm radius point, the
critical gap was 10 mm, a ~25 mm critical gap for a 2 mm gap is consistent with the results
found in this investigation. Isa et. al also published positive and negative breakdown voltage

for a 2 mm radius point electrode where the critical gap has been measured as ~24.4 mm
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[Isa 1991]. A 1 mm radius point was used by Kara et. al which, when re-plotted, gives a
critical gaps of ~7 mm [Kara 2010]. The results obtained in this research confirm the

extrapolated critical gap taken from literature data.

For the range of point electrodes discussed here, it is suggested that there is a critical gap at
which a spark switch could be designed to have equal breakdown voltages for positive and
negative energisation. However, there are limitations to how this could be scaled to larger
radii points. For instance, using data published by Arora and Mosch in which long air gaps
up to 2.5 m were evaluated and the extrapolated critical gap would be -14.3 cm which
suggests that a critical electrode separation cannot be extrapolated to all electrode gaps and
point electrodes, no information on the point radius was given [Arora 2012].

5.2.4 Analysis of Paschen Characteristics of Spark
Switches Filled with Air

It is common, in gas discharge switches, to display the breakdown voltage as a function of
the product of gas pressure and inter-electrode separation, pd. The breakdown voltage of
uniform field topologies can be predicted given the inter-electrode gap and gas pressure

using Paschen’s Law.

While Paschen’s Law cannot be used to determine the breakdown voltage of non-uniform
topologies, it can be used for a comparison. Figure 5.14 shows the breakdown voltage of the

non-uniform point-plane topologies alongside a known Paschen curve from literature.

The breakdown voltages in non-uniform topologies obtained in the present study were also
plotted as Vy(pd) functions for all pressures and electrode radii. Figure 5.14 shows the
obtained breakdown voltages of each of the three electrodes as a function of the product of
pressure and distance (pd) alongside the right branch of conventional Paschen breakdown
curve (at values of pd above the Paschen minimum). Conventional Paschen data for air were
taken from the literature, [Brown 1966] in order to compare the results obtained in the

present paper with already published Vy,(pd) data.
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Figure 5.14 Breakdown voltage with Paschen curve from literature [Brown 1966].Individual breakdown voltages
were plotted.

Figure 5.14 shows that, the data obtained in the present work closely follows the

conventional Paschen’s law, and there is a strong scaling 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.

5.2.5 Conclusions

This chapter presents the results into investigation of the breakdown voltages in the point-
plane topology filled with air, nitrogen and a 60%/40% nitrogen/oxygen mixture using a
single point HV electrode. Breakdown voltages for the three different point electrodes: a
0.036 mm sharpened tungsten rod; a 0.068 mm soft-tone gramophone needle; and a 0.8 mm

hemispherical tipped tungsten rod were then compared. It was found that the breakdown
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voltage for positive and negative energisation converged to be similar in magnitude as
pressure and distance between the electrodes change. The electrode separation, at which the
convergence occurred, the critical electrode gap, was identified. It was found that the critical

gap was directly impacted by the gas type, pressure and point electrode radius.

The different gases were compared using a 0.068 mm radius point electrode; it was found
that air and nitrogen/oxygen mixture provided similar, predictable, relationships with respect
to electrode separation. The critical electrode gap for these two gases was similar, starting
with a larger critical gap, but with higher pressures having a lower critical gap. The critical
gap for air and the mixture at 0.1 MPa is ~1.4 mm and ~2.5 mm respectively. At 0.35 MPa,
the mixture has a lower critical gap of ~0.39 mm compared to ~0.74 mm in air. It was found
that, in nitrogen, the negative breakdown was unstable and was deemed not suitable for use
in non-uniform spark switches. Having compared the 3 insulating gases: air, nitrogen, and
the 60%/40% nitrogen/oxygen mixture it was established that for further experiments,
nitrogen was not a usable gas with non-uniform field topologies and the nitrogen/oxygen
mixture showed no improvement over air. Therefore, air was chosen to the insulating gas for
all further investigations. In this research, normal atmospheric air (12.5%rh), was used
because it is readily available and a cheap alternative to some of the gases currently used in
the pulse power industry. Dry air is often used to improve performance and would give

improved performance with more repeatable results due to the lower moisture content.

Using air as the insulating gas, three point electrodes with different point-radii were tested.
The two sharpest points: 0.067 mm and 0.038 mm have similar critical gaps with the sharper
being just shorter at the higher pressures. The critical gap for the 0.038 mm radius point at
0.1 MPa is ~1.6 mm compared to ~1.42 mm for 0.068 mm radius point. However, at
0.3 MPa the critical gap for the sharper point is ~0.65 mm compared to ~0.95 mm for the
0.067 mm point. The largest point, 0.8 mm radius, had a much larger critical gap of ~10 mm
at 0.1 MPa which reduced to ~7 mm at 0.35 MPa.

For atmospheric pressure air (0.1 MPa), the results have been confirmed with data taken
from literature. Re-plotting data from literature gives critical gap for a range of point

electrode radii, which are congruent with the measured results given here.

This section has looked at the breakdown voltage of point-plane gaps. To understand why
there is a critical gap and why it is different for a range of pressures and point electrodes, it is
necessary to investigate the pre-breakdown discharge activity (corona discharge) in the

plasma closing switches.
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6. CHARACTERISATION OF
CORONA DISCHARGES IN
SPARK SWITCHES

Corona discharge is used in the switch topologies developed in this research project in order
to improve operational characteristics of plasma closing switches. Therefore, it is vital to
understand the development of corona discharges and to characterise their influence on
operation of gas-filled switches, in which this discharge takes place, before complete closure
(breakdown) of the switch. In this sense, corona discharge is a pre-breakdown discharge
occurring in localised intensive fields in the vicinity of sharp electrodes produced, for
example, by point-plane and co-axial topologies [Kuffel 2000]. lonisations and discharge
processes are initiated in the high field regions where the electric field exceeds the critical
ionisation threshold. However, as the electric field reduces rapidly away from the HV sharp
electrode, corona discharge does not develop into sparks because the electric field reduces
below the level capable of sustaining the ionisation in the whole inter-electrode gap
[Kuffel 2000]. Corona discharge can be characterised by a localised ionisation zone which
can be present as a faint to bright glow radiating form a focal, initiation point [Loeb 1939]
and a transport zone, the zone through which ions travel to the opposite electrode. Corona
discharge is of particular interest to the power and pulsed power industry and

environmental/biological applications.

In the power industry, corona discharge is usually avoided because it can have many
negative effects on transmission of power. Power transmission cables have localised
intensive fields which can initiate corona discharge resulting in losses and degradation of

cable insulation and corrosion of electrodes.

Corona discharge is also utilised in the environmental applications such as sterilisation and
water purification [Wang 2012][Li 2013]. By-products of corona discharge such as ozone
and oxygen radicals can kill some bacteria, especially when used in conjunction with

surfaces impregnated with oxidising agents such as titanium dioxide. Corona discharge can

107



also be used in water purification where oxygen radicals and ozone are passed through and

over the water.

Corona discharges are usually avoided in HV systems such as transmission lines, HV
terminals of pulse generators etc.. However, corona discharges are utilised in corona
stabilised spark switches used in high repetition rate pulse power systems. Corona discharges
were used to increase the performance of high repetition rate plasma closing switches: to
delay breakdown allowing voltage to recover which resulted in reduced pre-fire rate
(probability) and ultimately leads to higher repetition rates [Tuema 1999][Beveridge 2008].
It is hypothesised, that the corona discharge could be used to improve the performance of
spark switches, in terms of standard deviation of self-breakdown voltage, time delay to
breakdown and jitter [Frey 2009]. Usually, point electrodes are introduced into switch
topologies in order to promote the development of corona discharge before switch closure.

As shown in Chapter 2 of this thesis, breakdown voltages in the point-plane topology are
significantly impacted by pre-breakdown corona discharge. Therefore, in order to optimise
the operational performance of the switch equipped with the point-plane topology, it is
necessary to investigate corona discharge characteristics in this topology filled with gases
used in the present study. Results from this investigation were published in the IEEE

Transaction on Dielectric and Electrical Insulation [Hogg 2015].

This section reports on the results of investigation of the pre-breakdown corona activity in
the point-plane topologies. Point-plane topologies create very intensive electric fields, ideal
for developing corona discharge [Coelho and Debeau 1971]. Corona discharges in air filled
point-plane gaps, energised by positive and negative voltages, were investigated and their
volt-current characteristic obtained. Corona discharges were investigated at a range of inter-
electrode gaps, using 3 point electrodes and filled with air between 0.1 MPa and 0.35 MPa.
A 100 kQ shunt resistor was placed between the switch and ground connection to measure

corona discharge current. The corona discharge analysis circuit is shown in Section 3.3.

To measure DC breakdown voltage and V-1 corona characteristics, high voltage DC stresses
of both polarities were used to energise the point electrode with steadily increasing voltage
until breakdown occurred. Figure 3.7 shows the experimental design where a Glassman
HVDC power supply (EH series 0-60 kV) provided up to 60 kV to the point electrode via a
1 MQ charging resistor. The output voltage of the HVDC supply increased at a stepped rate
of 370 V/150 ms until breakdown occurred. The voltage increase was controlled via a
LabVIEW program interfacing with a National Instruments DAQ (USB6008). Figure 6.1 and
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Figure 6.2 show example waveforms of positive and negative breakdowns, indicating
breakdown and corona inception. The corona inception voltage was measured by plotting the
voltage and current waveforms and visually identifying the initial rise of current due to
corona discharge and measuring the voltage. This was decided to be the best method as the
signal to noise ratio meant an analytical approach wouldn’t give accurate results. This

approach was validated by optical emission measurements using photomultipliers.
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Figure 6.1 Example waveforms of DC self-breakdown voltage and current signals, showing breakdown and

corona initiation. Point radius, - 0.036 mm; gap - 10 mm; 0.3 MPa air.
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Figure 6.2 Example waveforms of positively energised DC self-breakdown voltage and current signals, showing
breakdown and corona initiation of a point-plane topology. Point radius, - 0.036 mm; gap - 10 mm; 0.3 MPa air.
A specially designed corona measurement test cell with inter-changeable point and plane
electrodes with variable gaps was developed to measure corona inception voltage. The test
cell is a hollow cylindrical black PVVC with one open end and a quartz window on the side. A
PVC end piece was secured by 6 bolts. Using specially designed brass blocks, the point and
plane electrodes could be secured to the top and bottom of the test cell and allow connection
to HV and ground. The plane electrode was raised and lowered using spacers to set the inter-

electrode gap.

110



145

21,00

20,50
9
16,50
14,50
0
h

Figure 6.3 Corona observation, point-plane test cell with quartz window and inter-changeable electrodes
1 - Ground connection,2 — Gas inlet, 3 — Gap setting spacer (10 mm gap),4 — Plane electrode, 5 — Point-

electrode, 6 — Quartz window, 7 — Point electrode holder, 8 — HV connection, 9 — Gap setting spacer set.
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Figure 6.4 Corona observation test cell.

The point electrodes each had a specifically designed holder such that when complete they
each were the same length from tip of point to the base of the electrode holder. The electrode
and holder could then be secured to one end of the test cell. The 3 electrodes used were:

1. Soft-tone gramophone needle, radius 0.036 mm;
2. Sharpened tungsten rod, radius 0.068 mm;
3. Hemispherical tipped tungsten rod, radius 0.8 mm.

112



The plane electrode was machined brass with a diameter of 50 mm and flat polished top and
rounded edges. The plane electrode was designed to have a radius twice as large as the

largest gap.

The quartz window in the body of the test cell was used to monitor corona discharges
optically, a fibre optic was attached to the quartz window and a photomultiplier unit
(Hamamatsu H10721 PMT, rise time of 0.5ns) was used to monitor optical signals
generated by corona discharges. Simultaneously, the current and voltage waveforms were
measured and the current waveforms obtained using the current viewing resistor. Optical and
current signals proved to have strong correlation, showing a light intensity increase as corona

current is increased.

In Section 6.1, the corona discharge inception voltage with respect to air pressure and then
by inter-electrode gap will be discussed. Then the voltage-current relationships are analysed
and mobility of charge carriers in corona discharge obtained from V-1 characteristics.

6.1 CORONA DISCHARGE INCEPTION

VOLTAGE

In this section, corona discharge inception voltages were determined in order to correlate
corona-inducted space charge effects with the breakdown voltage. Figure 6.5 shows the
corona discharge inception voltage as a function of gas (air) pressure. Each data point in this
chapter is an average of 10 measurements; the test cell was filled with fresh air before each
series of measurements which were performed without changing the gas in the test system.
The error bars in Figure 6.5 show the standard deviation of corona inception voltages. In the
following sections, the results are fitted with empirical fittings. These fittings are only valid

for the experimental conditions used in this research.

A large amount of work has been completed on corona inception voltage in the literature
[Peek 1915][Loeb 1939]. However, most of the analytical formulas, such as proposed by
Peek [Peek 1915], are not directly applicable to point-plane topologies. It was therefore
important that a standalone study was conducted. The results here do not follow the
simplified models that are used by Peek and as such an empirical fitting procedure was used
to fit the experimental points with linear empirical functions using OriginPro 9.0 software
package (Figure 6.5). The empirical equations with corresponding coefficients describe these

linear fit lines with breakdown voltage, Vy,(kV) as a function of pressure, p (MPa):

113



Vir=Ap+B (61)

where A (kV/MPa) and B (kV) are fitting coefficients, given in these figures for each
combination of polarity of the applied voltage and the presence and absence of the corona

electrodes. These coefficients are given in Figure 6.5.

From the corona inception voltage graphs (Figure 6.5) the following conclusions can be

drawn:

o the relationship of corona to pressure for different point radii,

o the effect of changing the electrode gap on the relationship of corona inception
voltage with pressure,

e the difference between positive and negative energisation on the corona inception
voltage,

o if corona is present before breakdown depending on electrode gap and pressure.

As can be seen in Figure 6.5, the voltage at which corona initiates for both positive and
negative energisation is linearly proportional to the air pressure. The gradient coefficient for
the linearity is dependent on: the radius of the point electrode; the inter-electrode gap; and
the polarity of applied voltage. The rate of rise of the corona discharge inception voltage (the
gradient of the linear empirical fit lines) is lower for the sharper points, ~23 kV/Pa and
~19 kV/Pa for 0.068 mm and 0.036 mm radius respectively in a 10 mm negatively energised
gap. With the larger radius of the HV needle, the rate of rise (the slope of the empirical fit
lines) has ~4-fold increase at ~72 kV/Pa with a 10 mm gap. Therefore, the dependence of
corona inception voltage on pressure is much stronger in the case of larger radius points, and
there is a strong chance of the development of complete spark breakdown in the switch
without appearance of pre-breakdown corona discharge at higher pressures for the inter-

electrode gaps investigated in this thesis.

It is more useful to investigate the dependence of corona inception voltage on the inter-
electrode distance by re-plotting the corona inception voltage as a function of electrode
separation. Figure 6.6 to Figure 6.8 display the corona inception voltage as a function of
inter-electrode spacing and will be discussed collectively. As in Figure 6.5, the analytical
formulae proposed in literature are not directly applicable to point-plane topologies and
results here do not follow the simplified models that are used by Peek and as such an

empirical fitting procedure was used to fit the experimental points.

114



Voltage, V. (kV)

Voltage, V. (kV)

Voltage, V. (kV)

14

13

12

16

14

12

10

35

30

25

20

15

10

*

- Ve 1omm =20.3p+5
[ Vemm =16.5p+4.4
Vesmm =17.7p+3.1

A
- v
L
v
1 1 1 1 1 1
0.10 0.15 0.20 0.25 0.30 0.35

Pressure, p (MPa)
(a) Positive energisation.
Radius -0.036 mm.

| Vem =172p+6.3 V,

2mm

Ve 1omm =22.9p+6.5 Vo =20.7p+3.9
=12.4p3.3

0.10 0.15 0.20 0.25 0.30 0.35
Pressure, p (MPa)
(c) Positive energisation.
Radius — 0.068 mm.
F Veumm =11.3p+7
Ve 12mm = 19.9p +5.6

F Ve som =63.7p+6.5

0.10 0.15 0.20 0.25
Pressure, p (MPa)
(e) Positive energisation.
Radius — 0.8 mm.
I4mm ® 12mm @

Figure 6.5 Corona inception voltage in point-plane topologies as a function of air pressure.
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Each graph displays the data for pressure range 0.1-0.35 MPa and has been fitted with

empirical allometric lines of best fit because it provided a simplistic, reasonable fit to the

majority of the data (which was conducted using OriginPro 9.0 software package):
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V. = Ad® (6.2)

where A and B are coefficients of fitting, V¢ (kV) is the corona inception voltage, and d
(mm) is the inter-electrode gap. Table 6.1 - Table 6.3 display the coefficients A and B for
0.036 mm, 0.068 mm and 0.8 mm radius points respectively.
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Figure 6.6 Corona inception voltage in a point-plane topology as a function of electrode separation. Point

electrode - 0.036 mm soft-tone gramophone needle.

Table 6.1 Allometric fitting coefficients for corona inception voltage with a 0.036 mm radius point,
Figure 6.6.

Pressure Negative energisation Positive energisation
MPa A B A B
0.1 1.7 0.63 2.3 0.34
0.15 3 0.42 2.6 0.37
0.2 3.5 0.41 2.8 0.4
0.25 3.9 0.41 3.2 0.38
0.3 4.6 0.37 3.8 0.36
0.35 4.6 0.41 3.8 0.4
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Figure 6.7 Corona inception voltage in a point-plane topology as a function of electrode separation. Point

electrode - 0.068 mm sharpened tungsten rod.

Table 6.2 Allometric fitting coefficients for corona discharge inception voltage for a 0.068 mm radius point,

Figure 6.7.
Pressure Positive energisation Negative energisation
MPa A B A B
0.1 2.7 0.49 1.9 0.52
0.15 34 0.49 3 0.44
0.2 4.1 0.45 3.9 0.37
0.25 4.9 0.39 4.9 0.32
0.3 5.5 0.37 5.2 0.35
0.35 5.7 0.4 5.7 0.34
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Figure 6.8 Corona inception voltage in a point-plane topology as a function of electrode separation. Point
electrode - 0.8 mm sharpened tungsten rod.

Table 6.3 Allometric fitting coefficients for corona discharge inception voltage for a 0.8 mm radius point,
Figure 6.8.

Pressure Positive energisation Negative energisation
MPa A B A B
0.1 2.9 0.6 4.9 0.35
0.15 9.2 0.24 7 0.3
0.2 6.9 0.44 8.1 0.36
0.25 7.6 0.47 10.2 0.33
0.3 8.6 0.48 11.7 0.32
0.35 13.5 0.35 12.7 0.34

The empirical fit applied to the corona inception voltage, Figure 6.6 to Figure 6.8, provided a
reasonable fit. Due to the stochastic nature of gas discharge, there are data points that do not
match up with the best fit empirical line and some data points have large standard deviations.
However, the fitting coefficients give reasonable likeness to the trend of the majority of the

data. Figure 6.6 to Figure 6.8, show that the corona inception voltage can be reasonably
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predicted. In Table 6.1 - Table 6.3, it can be seen there is a trend to the fitting coefficients.
This shows that the corona inception voltage can be predicted as a function of electrode
radius and point radii.

The fitting parameters A and B, of the best fit coefficients that characterise the corona
inception voltage as a function of gas pressure in Figure 6.6 to Figure 6.8, were plotted as a
function of air pressure, Figure 6.9.
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Figure 6.9 Allometric fitting coefficients A and B for corona inception voltage.

The A fitting coefficient, plotted in Figure 6.9, was fitted with an empirical best fit function

(using OriginPro 9.0 software package):

A=mp+c (6.3)

where A is the allometric fitting parameter; m is the gradient of the linear function; p is the
air pressure, and c is the y-axis interception point of the linear function. Table 6.4 shows the

linear fitting parameters for the A coefficient of Equation (6.2).
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Table 6.4 Linear fitting of the allometric coefficient ‘A’ with regards to pressure.

Point radius Gradient, m Y Intercept, ¢
Positive Negative Positive Negative
energisation energisation energisation energisation
0.036 mm 11.3 6.6 1 1.6
0.068 mm 12.6 15.2 1.5 0.68
0.8 mm 19.7 31.5 1.4 2

The effect of increasing the electrode gap on the corona inception voltage depends on the
polarity of energisation. Using an allometric fitting function, it can be seen in Table 6.1 —
Table 6.3, the power fittings, B, are virtually constant as the electrode gap is increased for
each point radius. Figure 6.9 shows a plot of the fitting coefficients as a function of pressure
where it can be seen that the B coefficient is mostly unaffected by pressure. From 0.1 MPa to
0.15 MPa, there is a slight reduction of ~0.2 for the B coefficient for both positive and
negative energisation. Thereafter, the B coefficient remains quasi-constant at ~0.37 for
negative energisation. The B coefficient is slightly higher for positive energisation in most

cases at ~0.45 across all pressures.

The A fitting coefficient increased linearly as the pressure was increased, Figure 6.9. Fitting
the A coefficient with a linear line of best fit, the A coefficient largely defines the magnitude
of the corona inception voltage and it can be seen in Figure 6.9, with the increasing point
radii, the gradient of A coefficient increases proportionally. Table 6.4 gives the linear fitting
coefficients for A and B with respect to pressure where, as the point radius is increased from
0.036 mm to 0.068 mm, the gradient increases from 11.3 to 12.6 which increases further to
19.7 for positive energisation. For negative energisation, the gradient increases similarly
from 6.6 to 15.2 and up to 31.5 as the radius is increased from 0.036 mm to 0.068 mm and
0.8 mm. The higher gradients describe the higher corona discharge inception voltages of the

less sharp electrodes.

An important factor of pre-breakdown corona is the corona inception voltage (voltage at
which it occurs) with respect to the energisation polarity. Corona discharge initiating at
lower voltages results in more corona activity before complete (spark) breakdown in the

switch. By plotting the corona inception voltage for both positive and negative energisation
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together with the spark breakdown voltage, the difference between positive and negative
energisation can be established with reference to breakdown voltage, Figure 6.6 - Figure 6.8.
Negative corona initiates at consistently lower voltages than positive corona in the same
electrode configuration and at the same gas pressure. At shorter gap intervals, 2 mm, positive
corona inception voltage is 18-30% higher than negative corona inception for the point
electrode with 0.068 mm radius. In the case of the 0.8 mm radius point HV electrode,
positive corona inception voltage is ~42% lower than the negative corona inception voltage
at 0.1 MPa, positive inception voltage becomes ~22% lower than the negative inception
voltage at 0.15 MPa. However, at higher pressures, 0.3 - 0.35 MPa, positive corona inception
voltage is ~10-12% higher than the negative corona inception voltage. In most cases,
positive corona discharges initiates at higher voltages than negative corona discharges.

6.1.1.1 Conclusions on investigation of corona inception

voltages

Comparing the positive and negative corona inception voltages is required to explain the
discrepancy between the complete (spark) breakdown voltages in air in the point-plane
topology. However, there is not such a significant difference in positive and negative corona
inception voltages as in the case of the positive and negative spark breakdown voltages. In
the case of shorter gaps, spark breakdown can occur without appearance of corona discharge.
Moreover, in the range of combination of pressure and distances where the breakdown
voltage between positive and negative energisation becomes different (for distances above

the critical gap d.it, Section 5), corona discharge is not always present before breakdown.

The appearance of corona discharge is dependent on the radius of the point electrode, the air
pressure and the electrode separation. Figure 6.5 displays the corona inception voltage as a
function of pressure, distance, and polarity where it can be seen there is no corona at some
low pressure or short gaps. The conditions where corona discharge occurs prior to complete
breakdown depend on applied voltage polarity, gas pressure, and the radius of the point

electrode.

In the present experiments, it was found that at shorter gaps (depending on pressure and
electrode radius), there was no detectable pre-breakdown current that would be indicative of
intensive corona discharge for either positive or negative energisation. For example, in the
case of the 0.036 mm radius HV electrode (Figure 6.6), there was no corona discharge at 0.5

mm inter-electrode spacing for pressures equal to and below 0.2 MPa.
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In the cases where corona discharges appeared prior to complete breakdown, it was observed
that negative energisation would produce detectable corona discharge at smaller gap spacing,
whereas positive energisation lead directly to spark breakdown under similar conditions.
Figure 6.6 shows corona ignition voltages (open symbols) for negative energisation starting
from 1 mm, but positive energisation corona not starting until an inter-electrode spacing of

2 mm.

The probability of corona discharge appearing before complete breakdown in the switch was
dependent on the air pressure in the switch. As pressure is increased, the probability that
corona will precede spark breakdown increases for the sharp point electrodes. For example,
at 0.1 MPa using a 0.036 mm radius HV electrode, no corona was detected for 0.5 mm,
1 mm, or 2 mm electrode gaps. At 0.35 MPa, negative energisation corona discharges
precede complete breakdown in all inter-electrode gaps; corona activity starts at 2 mm for

positive energisation.

The appearance of corona discharge before breakdown is also highly dependent on the radius
of the point electrode. The sharper electrodes produced corona discharges prior to
breakdown under both polarities of energisation for similar gap distances (1 - 4 mm). In the
case of the 0.8 mm radius electrode, corona discharge before breakdown was observed for
smaller gap distances (~5 mm) and for negative energisation as compared with positive
energisation (~10 mm). This can clearly be seen in Figure 6.8, negative energisation corona
discharge is observed before breakdown for gaps greater than 5mm while positive

energisation corona discharge is only observed for a gap of 14 mm.

6.2 VOLTAGE-CURRENT RELATIONSHIP IN

POINT-PLANE TOPOLOGY

The relationship between applied voltage and the current on the plane electrode informs on
the amount of charge being injected into the inter-electrode gap, and as such, the effects of
corona discharge. In a parallel-plane topology, before Townsend discharge is initiated, there
is a small current due to the ionisation naturally occurring in the earth’s atmosphere. The
ions drift to the electrodes creating a small current in order of pA. The current saturates when
the charge being removed equals that created by the atmospheric ionisations. In non-uniform
topologies, the intense local electric field can cause ionisations leading to ignition of corona

discharge and larger current levels. The corona current provides information on the amount
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of charge being injected into a switch at any given applied voltage. Therefore, the space

charge effects can be inferred, which is the main factor affecting the breakdown voltage.

Using the steady rate of rise of voltage and current signal from the current viewing resistor,
the relationship between the applied voltage and corona current were recorded from the
inception voltage until complete breakdown. All of the V-l curves can be found in
Appendix 3. Example V-I relationships for negative and positive energisation are shown in
Figure 6.10 and Figure 6.11 respectively. The V-1 curves were created by taking the current
waveform and plotting is as a function of the voltage waveform such as shown in Figure 6.1
and Figure 6.2. Apparent current on the V-1 curve when there is no voltage (V=0), and

apparent negative current, is a result of noise on the voltage and current waveforms.

Table 6.5 and Table 6.6 show the coefficients for of fitting using Equation (6.4)
[Meng 2008]. The fitting procedure was conducted on the corona current (pre-breakdown
current above 0 A) using OriginPro 9.0 software package:

[=VV =V,)C* (6.4)

where | is the corona current (LA), Vo is a fitting constant (kV), V is the applied voltage (kV),
and C is fitting coefficient (LA/(kV)?).
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Figure 6.10 Positive energised voltage-current relationship for 10 mm gap gramophone needle, radius 0.036 mm,

in air.
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Table 6.5 Fitting for positive energisation corona V-1 curves in Figure 6.10 using Equation (6.4).

Air pressure (MPa) Vo (KV) C* (LA/(KV)?)
0.1 1.7 0.18
0.15 1.3 0.15
0.2 55 0.15
0.25 7.2 0.1
0.3 9 0.1
0.35 10.6 0.09

From the V-1 curves collected in the corona discharge investigation, some key differences
were observed:

1. the pre-breakdown corona current was an order of magnitude higher for negative
than positive energisation,

2. positive energisation corona discharge had a clear initiation, with a rapid rise in
current to a few pA,

3. negative energisation corona current increased very gradually with increasing
voltage.

Much larger corona current resulted from negative energisation which is initiated at lower
voltages and appears in shorter gaps and lower pressures creating a volumetric space charge
that significantly screens the electric field at the point cathode. Figure 6.10 and Figure 6.11
show typical V-I curves for a 10 mm gramophone needle-plane gap in positive and negative

energisation respectively.

Using the V-I curves for the point-plane topology, a greater understanding of the increased
breakdown strength of the topology can be understood given the significantly increased

current of the negative energisation compared to positive energisation.
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Figure 6.11 Negative energised voltage-current relationship for 10 mm gap gramophone needle, radius
0.036 mm, in air.

Table 6.6 Fitting for negative energisation corona V-1 curves in Figure 6.11 using Equation (6.4).

Air pressure (MPa) Vo (kV) C* (WA/(KV)?)
0.1 7.8 0.8
0.15 9.5 0.45
0.2 10.3 0.26
0.25 10.1 1.8
0.3 12.6 0.14
0.35 115 0.1

These V-I curves show much larger charge injected into the point-plane gap which results in
a larger space charge. To further analyse the space charge effects, finding the mobility of the
charge carriers in corona discharge aids the understanding of the amount of space charge. By
fitting the experimental V-1 curves with empirical lines obtained using Equation (6.4), the
charge carrier mobility could be extracted. The next section presents the results of

investigation into the mobility of the charge carriers in corona discharges.
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6.3 MOBILITY OF CHARGE CARRIERS IN

CORONA DISCHARGES

Using the coefficient C* (C when using S.l. units) from Equation (6.4), in Table 6.5 and
Table 6.6 the mobility of electrons, can be approximated by:

_ Cd (6.5)
k= 208,

Where p (m%V-s) is mobility, d (m) is the inter-electrode gap, ¢, is the permittivity of free
space (g, = 8.854x10™"? F/m), and ¢, is the relative permittivity (s, = 1 for air).

Figure 6.12 shows the mobility of charge carriers as a function of air pressure and
energisation polarity. Each point represents a mobility value extracted by fitting empirical
lines (Equation (6.4)) to the experimental V-1 curves. Polynomial fitting was conducted using
OriginPro 9.0 software package in order to find empirical fitting equations for mobility as a
function of gas pressure for different energisation polarities and inter-electrode distances.

These empirical equations are provided in Figure 6.12.

The mobility of charge carriers in corona discharges, in the point-plane topology, is
dependent on the pressure of the air, the electrode separation, and the polarity of energisation
voltage. For both positive and negative energisations, the mobility reduces as the pressure is
increased. This is expected because with increased pressure, the mean free path reduces and
so should the mobility of charge carriers. Negative corona, in a point-plane gap, has higher
mobility electrons than positive energisation. At 0.1 MPa (atmospheric pressure), the
mobility of charge carriers in the case of negative energisation is 48.2 um?V-s, ~5-fold
higher than in the case of positive energisation for 5 mm gap. Mobility of charge carriers for
negative energisation is always higher than mobility of charge carriers in the case of positive
energisation; this difference depends on the inter-electrode spacing. The mobility of charge
carriers in the case of negatively energised point-plane corona decreases as the inter-
electrode gap is increased, from 48.2 um?/ V-s with a 5 mm gap to 22.6 um? V-s with a

10 mm gap, a 2.1-fold reduction in 0.1 MPa air.
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Figure 6.12 Mobility of electrons as a function of air pressure and energisation polarity for gramophone needle,
radius 0.036 mm. Calculated using Equation (6.5).

The mobility of charge carriers in air for positive energisation is not strongly influenced by

electrode gap: mobility of charge carriers in the case of positive energisation is ~1 m*/V:s

with a 5 mm gap and reduces at most to ~0.67 m? V-s with a 10 mm gap. The trend of

mobility reducing with increasing inter-electrode gap is present, but compared to the level of

reduction with negative energisation, it is insignificant.

Using the mobility values found in this section, the electric field accounting for space charge
effects could be estimated using empirical equations. Section 6.4 discusses the space charge

effected electric field, to aid the analysis of breakdown characteristics in the point-plane

topology.
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6.4 ELECTRIC FIELD IN THE SWITCH

INFLUENCED BY SPACE CHARGE

The field distribution between a point-plane topology influenced by space charge can be
approximated using analytically found formulae given by Coelho and Debeau [Coelho and
Debeau 1971]. Coelho and Debeau’s equation for space charge affected field distribution is
given in Appendix 4.

The space charge influenced electric field along the inter-electrode axis for both positive and
negative energisation is given in Figure 6.13, for the gramophone needle, and compared with
the Laplacian (electrostatic, no space charge effects) field; the normalised gap is 0 at the tip

of the electrode and 1 at the plane electrode.
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Figure 6.13 Electric field along point-plane inter-electrode axis accounting for space charge for a 10 mm gap

and gramophone needle point electrode.

The influence of space charge on the positive and negative energisation on the electric field
along the inter-electrode axis is clear in Figure 6.13, where the field remains much larger to

the plane electrode with space charge. In Figure 6.13, the field along the inter-electrode axis
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was calculated using the current taken from the V-I curves at the breakdown voltage of the
positive energisation. It shows that the field in the gap at the same voltage is lower for
negative compared to positive energisation with a minimum of 2.6 MV/m compared to
3.6 MV/m with positive energisation. The average field in the drift region of the gap remains
below the breakdown threshold of air ~30 kV/cm (3 MV/m) when energised with negative

voltage whereas, positive is above 30 kV/cm.
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Figure 6.14 Electric field along point-plane inter-electrode axis accounting for space charge at different stages

of along the V-I curve. 100% - the voltage before breakdown. Dashed line — 30 kV/cm.
Figure 6.14 shows the electric field along the inter-electrode gap influenced by space charge
effects at different levels of corona discharge. 0% means the initiation of corona discharge,
and 100% corresponds to complete spark breakdown in the switch. Figure 6.14 shows the
electric field distribution between the point and plane electrodes at different levels of corona
discharge based on the voltage from 20% of the breakdown voltage, up to 100% of the
breakdown voltage where the pre-breakdown voltage and current are highest. As the voltage
is increased, the electric field minimum is higher until the electric field minimum is above
~30 kVv/cm.

Using the analytically calculated electric field distribution due to space charge (Coelho and
Debeau approach Equation (17.12)), it was possible to analyse the effects of space charge.
This approach can indicate some of the effects of space charge and gives an understanding as

to why breakdown voltage is higher for negative than positive energisation. However, this
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approach cannot predict complete breakdown voltage on its own because it does not account
for localised field enhancements at the tips of discharges such as streamers. It can reasonably
be assumed that when the minimum of the electric field is higher than ~30 kV/cm, it is likely
that breakdown will occur soon as there is sufficient energy to cause ionisation throughout
the inter-electrode gap. When steamers are formed, local field enhancements and photo-
ionisation effects reduce the required field for streamer propagation to 18 kV/cm for negative
streamers and 5 kV/cm for positive streamers [Haddad and Warne 2007]. The results of
this section are focused on the analysis of the field in the main section of the inter-electrode
gap, and this analysis demonstrates that the average field in the gap increases as the corona
discharge intensifies. However, at the same time, this intensive corona discharge results in
significant increase in space charge in the vicinity of the corona electrode, thus the local field
around the HV corona electrode will be screened and reduced. This is the main reason for an
increase in the breakdown voltage in the case of negative polarity as compared with positive
polarity of the applied voltage. The analytical method for analysing the space charge affected
fields used in the present study does not identify the reduction of the electric field at the tip

of the point electrode due to space charge screening processes.

6.5 CONCLUSIONS

Investigation into the positive and negative breakdown voltages in the presence of corona
discharges has been conducted. It has been established that the corona discharge activity
significantly influences the breakdown voltage and it is believed to be due to the
development of volumetric space charge. It has been found that the breakdown voltage is
higher for negative energisation, compared to positive energisation in gaps larger than dgi,
and this difference increases with an increase in the inter-electrode spacing, Figure 5.13. For
distances shorter than d.q, the difference in the behaviour of the positive and negative
breakdown voltages is not well pronounced. With an increase in the gap, the effects
produced by the volumetric negative space charge continue to govern the breakdown voltage
behaviour (almost linear increase in Vy, with an increase in the gap spacing). However, in the
case of positive energisation, the field screening effect produced by a weaker positive space
charge is not so effective (positive energisation corona current for this range of distances and
electrode radii is ~90% lower that the negative energisation one at the same level of the

applied voltage). Thus, the rate of rise of the positive breakdown voltage with inter-electrode
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distance decreases. In the case of 0.8 mm gap, no positive energisation corona current was
observed for gaps shorter than 14 mm which results in deviation of the positive breakdown

voltages from the negative energisation ones at larger inter-electrode gaps (larger critical

gap).
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7. SUPERIMPOSED TRIGGERING
OF SPARK SWITCH FILLED
WITH AIR

In this chapter, a new approach to triggering spark switches which can be used to operate
compact spark switches with high degree of controllability is introduced as discussed in
Chapter 2. Spark switches can be each be categorised by the means they are triggered. There
are many variations of triggered spark switches, and each can fall into one of these general

categories:

1. Self-breakdown switches (no triggering);
2. Pneumatically triggered switches;

3. Field distortion triggered switches;

4, Trigatron switches;

5. Radiation triggered switches.

Spark switch triggering methods are discussed in Section 2.1.3, however, a brief overview of
the merits of each method is given in this chapter. As well as a summary of the triggering
techniques from Section 2.1.3, particular focus is given to the operating parameters: DC
energisation level, time delay to breakdown, and jitter which gives context to the

investigation of the new triggering method.

Self-breakdown switches (no external triggering) are the simplest spark switches with just
two electrodes and long life time [Mesyats 2005]. These switches close when the breakdown
strength of the gap is exceeded by the field created between the electrodes. This can occur
because either the voltage applied to the switch increases beyond the threshold breakdown
voltage, or the breakdown strength of the gap is reduced through reducing the gap length or
gas pressure. In applications such as over-voltage protection of power equipment where
sensitive equipment must be protected from voltages above their operating voltages, self-

closing switches automatically operate if the voltage increases, as in the case of a switching
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fault or lightning impulse. In pulsed power generators, self-breakdown switches are often
triggered by reducing the strength of the switch by reducing the pressure of gas. The
breakdown strength could also be reduced by reducing the inter-electrode gap; however, this
is much less convenient and consistent. Pulsed power generators such as Marx generators
often use self-breakdown switches to fire the generator once it is fully charged by reducing
the gas pressure (pneumatic triggering). Field distortion triggering requires an extra
electrode, these switches are composed of at least three electrodes; two DC energised main
electrodes and a trigger electrode. The main electrodes are usually energised to ~60-90% of
the self-breakdown voltage and the trigger electrode remains at floating potential. A fast rise,
opposite polarity, high voltage trigger impulse is applied to the trigger electrode which is
situated between the main electrodes. The field between the trigger electrode and one of the
main electrodes becomes highly distorted and switch closure is initiated.

Field distortion triggering is widely used in pulsed power technologies because it can have
low miss fire and pre-fire rate with the charging voltage being as low 60% of the self-
breakdown voltage. Much work was done on developing field distortion switches in the 60°s
and 70’s working with a range of operating parameters. Mercer et al., working with high
pressure (1 MPa) SF¢ presented switches with closure time of ~20 ns and jitter of 1 ns and
2 ns [Mercer 1976]. Bernstein and Smith worked with a short gap, 1.8 mm, achieving jitter
of 2-3 ns and Vorob’ev and Mesyats worked with voltages as low as 10-15kV DC and
achieved jitter of 1 ns by adding UV radiation [Bernstein and Smith 1973] [Vorob’ev and
Mesyats 1963][Li 2015a].

Trigatron switches are considered with two mechanisms of triggering which both start by
creating a mini discharge between trigger electrode and main electrode. Trigatrons have two
main DC energised electrodes and a third trigger electrode positioned inside one of the main
electrodes. An insulation sheath keeps the trigger electrode at floating potential until a
triggering impulse is applied. A fast, high voltage impulse is applied to the trigger electrode
creating a mini discharge. The mini discharge can initiate switch closure via UV radiation or
the spark expanding between the main electrodes. Trigatrons are popular in pulsed power
technologies because they are relatively simple compared to field-distortion and radiation
trigger switches and they are very reliable. The time delay to breakdown and jitter decrease
as the DC energisation is increased and as the rise time of triggering impulses decreases
[Mesyats 2005]. With UV radiation alone, jitter of ~10 ns can be achieved [Mesyats 2005].
When the spark is expanded across between the main electrodes jitter can be as low as ~1 ns

[Theophanis 1960]. Lavoie, Markis, Martin, and Couperstein presented trigatrons with short
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time delay to breakdown, 10-20 ns, and jitters of below 3 ns (90% Vgp), 1.5 ns and ~2 ns
[Lavoie 1964] [Markis 1971] [Martin 1973] [Couperstein 1973].

Radiation triggering can be sub-categorised depending on the type of radiation. Intensive UV
pulses, lasers and electron beams are used to trigger spark switches. UV pulses, 1100 A, are
intensively applied to the spark gap to initiate switch closure [Godlove 1961]. A pulse of
~1ns can trigger switch closure if the switch is energised to 90-95% of the self-breakdown
voltage and time delay to breakdown of ~10ns can be achieved with jitter <<10 ns
[Larsson 2014][Stolen 1969] [Godlove 1961]. UV radiation is an effective method of
triggering spark switches. However, for low jitter and short time delays, it is required that the
switch be energised to 95-98% of the self-breakdown voltage [Mesyats 2005].

Laser triggering was first proposed and used by Pendelton and Guenther in 1965 as a means
of triggering spark switches [Pendelton and Guenther 1965]. High power lasers beams
focused on the electrons in the gas can develop electron avalanches through multiple photon
ionisation processes leading to the development of a spark and initiation of switch closure
[Raizer 1991]. Using a ruby laser, 164 GW/cm? Moriarty achieved breakdown times of
~10ns and jitter of ~1 ns when the switch was energised to 94% of the self-breakdown
voltage. Comprehensive reviews of laser triggering switches were conducted by Williams
and Guenther and by Raizer [Williams and Guenther 1990] [Raizer 1974].

Electron-beam triggering is similar to laser and UV triggering where DC energised switches
are triggered by injecting external ionisation in the spark switch [Mesyats 1982]. Electron
beam triggering is useful for triggering high voltage, MV, switches where it can be expected
that time delay will reduce [El’chaninov 1975]. Koval’chuk achieved time delays of ~30 ns
with jitter ~1 ns and Bortnik achieved 15ns delay with jitter 0.8 ns using 85% self-
breakdown voltage energisation [Koval’chuk 1970a, b]. The issue with electron beam
triggering is that it is hard to get short, stable delay times using low current beams
[Mesyats 2005].

This chapter introduces a new approach to triggering plasma closing switches based on
superposition of the DC stress and triggering impulse. Using a simple two electrode switch,
it is possible to pre-energise the switch with DC energisation and to trigger the switch by
applying a superimposed triggering impulse. The triggering impulse raises the voltage to
cause an overvoltage breakdown in the switch. Results from this investigation were
presented and published in the conference proceedings of the XX International Conference

on Gas Discharges and their Applications in 2014 [Hogg 2014a].
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The experimental design of the switch used in the present study is given in Section 3.4. Two
19 mm diameter spheres formed a sphere-sphere topology with a 2 mm gap. The switch
design given in Figure 7.1 was the same as used in Chapter 4 used with additional spacers to

set the gap to 2 mm from 5 mm.
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Figure 7.1 Sphere-sphere topology switches. 1 — HV connection, 2 — Clear acrylic switch top, 3 — HV sphere
electrode, 4 — Clear acrylic switch body, 5 — Ground sphere electrode, 6 — Ground connection. Dimensions
in mm.
Section 7.1 discusses the results of investigation of operational performance of the switch

triggered by superimposed impulse with respect to the time delay to breakdown.

7.1 SUPERIMPOSED TRIGGERING: TIME DELAY

TO BREAKDOWN

The time delay to breakdown was measured from the moment of application of the triggering
impulse to the moment of collapse of voltage. The switch was filled with bottled air. Fast
closing times are critical in the pulsed power industry and, therefore, it is important to
identify operating parameters that can reduce the time delay to breakdown. It was found that
with superimposed triggering, the time delay to breakdown reduced as the DC pre-

energisation level approaches the self-breakdown voltage, Figure 7.2.
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30 breakdown measurements were observed, and each data point in Figure 7.2 is an average
of the 30 shots. The time to breakdown was measured between the application of trigger
voltage above the DC energisation level until the collapse of voltage. The time
measurements were also confirmed by Pearson coil current probe (250 MHz). Arguably, the
most important aspect of switch closure in pulse power applications time is its jitter.
Therefore, to achieve reliable results, the measurement process was kept consistent and using
oscilloscope cursors this method was the most repeatable. The switch was filled with a fresh
portion of gas before each series of 30 measurements; gas remained in the switch without
change during 30 breakdown measurements. The fitting procedure was implemented using
OriginPro 9.0 software. The empirical function which describes fit lines obtained using this
fitting procedure is a linear function of the percentage of the self-breakdown voltage (y
represents time to breakdown and x represents percentage of self-breakdown voltage):

y=Ax+B (7.2)

where A (ns/%) and B (ns) are fitting coefficients. The trend line fittings are only fitted to the
linear section of the data and are only valid for the energisation above 15% of the self-

breakdown voltage.

Shown in Figure 7.2, the time delay to breakdown with 0V DC (impulse stress only)
energisation is an order of magnitude larger than when energised to 90% of the self-
breakdown voltage. Non-breakdown events occurred when the switch failed to close on
application of the triggering impulse. In this case it was assumed that breakdown would
occur if the trigger impulse was lengthened because the voltage is much higher than the
breakdown voltage. Therefore, for analysis in this work, non-breakdown events were given a
time equal to the trigger pulse duration (284 ns) as minimum time assuming breakdown
would have occurred at some point after if the trigger pulse was infinitely longer. Non-
breakdown events increase the perceived breakdown time showing the switch is unstable if
charging voltage is below 10% of self-breakdown DC voltage. In the case when DC pre-
energisation is ~10% of the self-breakdown voltage, the time delay to breakdown is no
longer being influenced by non-breakdown events because breakdown is consistently

occurring within the rise of the triggering impulse.
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Figure 7.2 Time delay to breakdown of a sphere-sphere, superimposed impulse triggered switch as a function of
DC pre-energisation level (x%), Solid line — empirical fitting.
Time delay to breakdown is strongly influenced by the DC pre-energisation voltage applied
to the switch prior to breakdown. Figure 7.2 shows, irrespective of air pressure (in the range
between 0.1 MPa and 0.4 MPa), the time delay to breakdown is only dependent on the DC
pre-energisation voltage level (expressed as a percentage of DC self-breakdown voltage at
corresponding gas pressure). Increasing the DC energisation from 20% to 90% of the self-
breakdown voltage reduced the time delay to breakdown from ~40 ns to ~20 ns for each

pressure.

Short time delay is critical in the pulsed power industry and, therefore, the results shown in
Figure 7.2 are important for design and optimisation of the switches to reduce the time delay.
By increasing DC energisation level from ~10% of self-breakdown voltage (which is
minimum level for stable operation of the switch) to the level close to self-breakdown level
(almost 100% of self-breakdown voltage) has led to a 4-fold decrease in time delay in switch
operation. Time delays achieved using superimposed triggering are comparable with values
in time delay achieved in very high voltage linear transformer driver switches. These

switches operate at +100 kV in which advanced triggering mechanisms (such as laser
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triggering) are used in order to reduce time delay to breakdown, which in turn allow 10’s of

ns time delay to be achieved.

Time delay to breakdown is an important parameter in switch operation and ideally should
be minimised, but critically it is required that this time remains consistent. The degree of
consistency in time to breakdown is obtained by calculating the standard deviation of this
time which is called jitter. Section 7.2 presents the results on jitter of the switch is operated

in DC superimposed triggering mode.

7.2  SUPERIMPOSED TRIGGERING: SWITCH

JITTER

The variation in the time delay to breakdown is expressed as a standard deviation of the
mean delay time. Jitter is a very important parameter for pulsed power applications as it
provides information of the stability of operation of the plasma closing switches. Minimum
values of jitter of the plasma switches allow synchronisation of operation of a multiple

pulsed power system to be achieved in order to deliver significant power into a single load.

Figure 7.3 shows the jitter for all three pressures and all DC energisation levels. Non-
breakdown events are not included in the discussion of jitter and are considered separately in

reliability tests in Section 6.5.

The empirical equations were obtained by using linear fitting procedure in OriginPro 9.0
software package. Equation (7.2) states that the jitter, o (expressed in ns), is linearly
dependent on the self-breakdown voltage percentage, x (%). The fitting coefficients, A and B,
have been obtained using OriginPro 9.0 graphing software package. These linear fit lines are
shown in Figure 7.3 and Figure 7.5 and corresponding coefficients A and B are also given in

these figures:
o=Ax+B (7.2)

where A (ns/%) and B (ns) are fitting coefficients, x% is energisation level percentage of
self-breakdown voltage where 0% has no DC pre-energisation and 100% the switch is

energised to the self-breakdown voltage.
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Figure 7.3 Jitter of the time delay to breakdown of a sphere-sphere, superimposed impulse triggered switch in
compressed bottled air as a function of DC pre-energisation level. Solid line — empirical fitting.
Switch jitter was calculated for each DC pre-energisation level, and it was found that the
jitter reduced as the stress voltage level was increased. For stress voltages in the region
between 20% and 100% of DC self-breakdown voltage level, breakdowns occurred on the
rising slope of the triggering impulse, this is discussed further in Section 6.4. It was found
that, in this region of the pre-breakdown stress, jitter is as low as 1.6 ns and consistently lies
between ~1.6 ns and ~5 ns. Jitter values between ~2ns and ~4 ns are considered good
performance for any plasma closing switch including advanced triggering mechanisms such
as laser and UV triggering, specifically used to reduce jitter, achieving jitter of ~2 ns at

~90% self-breakdown voltage pre-energisation.

7.3 PRE-BREAKDOWN IONISATION EFFECT ON

TIME DELAY TO BREAKDOWN

Coronating electrodes, at potential with HV electrode, causing pre-breakdown ionisations

within the switch were investigated. Soft-tone gramophone needles were used in the vicinity
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of the high voltage electrode, Figure 4.3b. The gramophone needles were located the same as
Figure 4.3b, 5 mm shorter than level with the tip of the spheres and 17 mm from the centre
of the switch. Localised high field in the vicinity of the point electrodes creates ionisations
prior to the formation of a spark between the sphere electrodes. Corona discharge may be
initiated if the applied field exceed the ionisation threshold (the applied voltage exceeds the
corona ignition voltage). Time delay to breakdown and jitter were investigated with pre-
breakdown ionisation electrodes, Figure 7.4 and Figure 7.5 where the sub-script C signifies
results obtained with coronating electrodes. Section 7.3 presents the results of investigation
into the effects of the coronating electrodes on the time delay and jitter.
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Figure 7.4 Time delay to breakdown of a sphere-sphere, superimposed impulse triggered switch in compressed
bottled air as a function of DC energisation level with pre-breakdown ionisation electrodes. The dashed line
represents the best fitting of the data collected in Figure 7.2, the time delay to breakdown without the coronating
electrodes. The term, t.,in the fitting equation represents the time delay to breakdown with the coronating
electrodes.
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It was shown that time delay to breakdown is impacted by the inclusion of pre-breakdown
ionisation electrodes into the switch. The trend line fittings are only fitted to the linear
section of the data and are only valid for the applied range. Time to breakdown in the
topology with the corona electrodes becomes shorter than the delay time in the switch
without corona electrodes for DC energisation levels below 40% of the self-breakdown level.
The delay times become longer for DC energisation levels above 40% of the self-breakdown
level as shown in Figure 7.4. The relationship between the time delays to breakdown is
independent of pressure and can be predicted given the percentage of self-breakdown voltage
the switch is energised to. As the DC pre-energisation is increased above 40% of the self-
breakdown level, the time delay to breakdown does not reduce as much as without corona
discharge electrodes. It is clear that coronating pre-ionisation electrodes in the switch reduce
the impact of increasing the DC energisation level on the time delay to breakdown.

The jitter of the superimposed triggered switch with coronating electrodes is given in
Figure 7.5 where the empirical fitting procedure was implemented in OriginPro 9.0 software
package. Linear functions were used to fit experimental data on jitter as a function of

percentage of the DC self-breakdown voltage.

Superimposed triggered switch performance has been evaluated by measuring the time delay
to breakdown and jitter, and it was found that, with coronating electrodes, lower jitter was
achieved when the switch was energised below ~70% DC energisation. At low levels of DC
energisation (including 0 V, no energisation voltage at all), coronating electrodes improve
the stability of the switching time delay (reduce jitter). With further increase in the DC

energisation level, jitter no longer decreases.

To achieve reliable operation of the switch, the switch should ideally close on the rising edge
of the trigger impulse. Short time delay and low jitter are vital for the uses of spark switches.
However, if they do not consistently close on the rising edge of the trigger pulse, the time

delays can be much longer and jitter significantly increases.
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Figure 7.5 Jitter of the time delay to breakdown of a sphere-sphere, superimposed impulse triggered switch in
compressed bottled air as a function of DC energisation level with coronating electrodes. The dashed line
represents the best fitting of the data collected in Figure 7.3, the jitter without the coronating electrodes. The
term, o,in the fitting equation represents the time delay to breakdown with the coronating electrodes.

The time delay increases significantly because after the peak of the impulse, the voltage
oscillates at voltages lower than the peak voltage for the duration of the impulse, Figure 3.9.

The next section discusses the number of breakdowns occurring on the rise of the impulse.

7.4 PRE-BREAKDOWN IONISATION EFFECT ON

SWITCH MIss-FIRE RATE (PROBABILITY)

The switch operational stability is strongly dependent on the air pressure, Figure 7.5. It was
shown in the present work that pre-breakdown corona discharges (produced by ionisation

electrodes) can reduce jitter at low pressures but increases switch jitter at 0.2 MPa.
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Therefore, the switch is less stable by including pre-breakdown ionisation electrodes. For
highest performance, it was advantageous to achieve breakdown of the switch on the rising
edge of the triggering impulse. Adding pre-breakdown ionisation electrodes reduces the
number of impulses not occurring on the rising slope of the trigger impulse (occurring after

the peak voltage), Figure 7.6.
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Figure 7.6 Percentage reduction of breakdowns not occurring on the rise of the trigger impulse (i.e. before the
peak voltage) as a function of the DC pre-energisation level with reference to self-breakdown voltage of the
switch by the inclusion of pre-breakdown ionisation electrodes. Above 0 line (dashed) shows improvement of

switch performance.
At 0.1-0.3 MPa, the number of breakdowns occurring before the peak of the trigger impulse
increased. With no pre-energisation (0 V), there was an improvement in all pressures with
the largest improvement at 0.3 MPa. As the DC energisation is increased, the influence of
the pre-breakdown ionisation electrodes is reduced. Eventually, the pre-breakdown
ionisation electrodes have no positive impact on the number of breakdowns occurring on the
rising edge of the trigger impulse. The level at which the pre-breakdown ionisation
electrodes have no effect is dependent on the pressure, for 0.1 MPa air: ~60% self-
breakdown voltage; for 0.2 MPa, it is ~40%; for 0.3 MPa is about 30% and for 0.4 MPa only

0V of pre-energisation level showed an improvement.
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Ultimately, it can be concluded that the effect of adding pre-breakdown ionisation electrodes
is useful within a range of lower pressures and pre-energisation levels. Up to 100% more
breakdowns occur on the trigger impulse rising edge when pre-breakdown ionisation
electrodes were included. Breakdowns times, below ~40% of DC breakdown energisation
level, were reduced and the jitter was reduced. Improvement in switch performance was
observed at low pressures and DC pre-energisation levels, but at high DC pre-energisation

and high pressures the coronating electrodes had a detrimental effect on performance.

Section 7.5 continues to evaluate the effect of the coronating electrodes by analysing the

time delays using Laue statistical analysis.

7.5 STATISTICAL AND FORMATIVE TIMES OF
ANALYSIS SUPERIMPOSED TRIGGERED

SWITCH: LAUE ANALYSIS

Using the Laue analysis method, the time delay to breakdown data can be statistically
analysed to separate the statistical time and formative time delays. This can then help to
analyse the results by indicating if the time delay to breakdown reduction with DC
energisation is a reduction in statistical time or formative time. In breakdown in gas, it is
typically assumed that the time delay to breakdown is made up of two different time delays:
statistical time and formative time. Statistical time is defined as the time from application of
voltage capable of causing breakdown to the appearance of an electron capable of initiating
discharge. The formative time is the time which is required for the discharge to cross the

inter-electrode space, the time from the end of the statistical time to switch closure.

Developed by Max von Laue, this statistical method assumes that the formative time lag is
distributed normally and is much longer than the statistical time lag which is distributed
exponentially. Using external ionising techniques, such as UV light, the statistical time can
be reduced to negligible durations, and it has been shown that formative times follow a

normal distribution.

Assuming the formative time, t;, has a distribution related to the normal distribution and
statistical time is almost constant, t,;, Laue showed that by plotting the logarithm of the ratio

of the number of breakdown events with the total time lag longer than a given time, N, to the
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total number of breakdowns, N, can reveal the statistical and formative time lags,

Figure 7.7:

N t-1
—In / j: —
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(7.3)

where t is the total breakdown time, t; is the formative time and tg is the average statistical

time.

By isolating a linear section as shown in Figure 7.7, and plotting a straight line that intersects

0, the formative time can be found. The point at which linear section crosses 1, this is the

average time delay to breakdown and by removing the formative time the average statistical

time can be found.
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Figure 7.7 Laue plot for 1 bar air with a DC energisation of 14 kV with formative and statistical time indicated.
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Using Laue analysis, the time delay to breakdown data was analysed, and the statistical and
formative time delays were found for each air pressure and DC pre-energisation level.
Figure 7.8 shows the statistical time from the Laue analysis reducing as the DC pre-

energisation is increased.
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Figure 7.8 Statistical time lag from Laue statistical analysis on the time delay to breakdown data for a sphere-
sphere superimposed triggered switch with compressed bottled air as a function of DC energisation.
Without coronating electrodes, the statistical time-lag is reduced when the DC energisation is
increased for all air pressures, Figure 7.8. Between 0 kV and ~20%, the statistical time
reduces quickly from ~14 ns to ~2-4 ns where further increase in DC level has less of an
impact on the statistical time. Between 20% and 100%, the statistical time varies for each
pressure, but, on average, it is ~1ns suggesting the high levels of DC energisation
effectively removes the statistical time. However, it does not sufficiently provide explanation
of the 20-30 ns reducing in time delay to breakdown in some cases shown in Figure 7.2.
With coronating electrodes, the statistical time was much lower than without coronating
electrodes at lower DC energisation levels. At 0-30% DC level, the statistical times were
~2ns, ~7-fold shorter than without coronating electrodes. At 0.1 MPa and 0.2 MPa, the
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statistical time remained between ~1ns and ~3 ns. Above 0.2 MPa, the statistical time
increased as the DC level was increased above 30% of the self-breakdown voltage.
Figure 7.2 shows a reduction in time delay to breakdown by including coronating electrodes
at low DC levels and pressures and an increase in time at higher DC energisation and
pressures. Figure 7.8 suggests the differences in time are at least partly influenced by the
statistical times. To account for the 20-30 ns reduction in time delay seen in Figure 7.2, the
formative time should also be considered. Figure 7.9 shows the formative time lags found
using Laue analysis reducing as a function of DC pre-energisation level for each air pressure.
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Figure 7.9 Formative time lag from Laue statistical analysis on the time delay to breakdown data for a sphere-
sphere superimposed triggered switch with compressed bottled air as a function of DC energisation. Solid line —
empirical fitting.

Seen in Figure 7.9 as the DC energisation is increased, the formative time reduces linearly.
For all air pressures, it can be seen that formative time is high, at low DC levels, ~40-45 ns
and reduces as the DC level is increased. The formative time reaches ~10-15 ns for all
pressures, and is only dependent on the magnitude of the DC level as a percentage of the

breakdown strength.
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Coronating electrodes decrease time to breakdown at low DC levels, Figure 7.2. The shorter
time delays at low (<30%) DC energisation are produced by a reduction in statistical time,
Figure 7.8. The formative time at low (<30%) DC level is similar with and without
coronating electrodes. At higher DC levels, the time to breakdown increases, Figure 7.2,
which can be attributed to both an increase in statistical time and formative time, Figure 7.8
and Figure 7.9. Increasing the DC level with the coronating electrodes creates significant
space charge effects. The space charge screens the electric field between the electrodes,
delaying the initiation and development of the discharge. This increases the time delays to
initiate a discharge leading to longer statistical time and prevents the advancement of
discharge leading to longer formative times.

7.6 CONCLUSIONS

A new approach to triggering of DC energised compact switches has been developed in this
chapter. An experimental system was designed and tested to apply a triggering impulse
superimposed on a DC energisation level. It was shown that this approach could trigger
simple 2 electrode switches with performance equalling the most effective switches already
in use. Switching times of ~20 ns was achieved with jitter of ~1-2 ns which is comparable
with laser triggered switches. It was also shown that the time delay to breakdown and the
jitter are primarily dependent on the DC energisation level as a percentage of the self-

breakdown voltage and not significantly dependent on the pressure of the switch.

In an attempt to investigate methods of improving performance, coronating electrodes were
added to the high voltage electrode. It was found that including the coronating electrodes
would slightly reduce the time delay at low DC levels (<30%). Above ~30% of the
breakdown voltage, it was found that the time delay increased. This is likely due to space
charge screening effects. At the lower DC levels, the coronating electrodes increased the
number of breakdowns occurring on the rising slope of the trigger impulse. This increases

the performance.

Laue analysis has shown that the improvement of performance of the switch with the
coronating electrodes when the switch is used at low DC energisation (<30%) can be
attributed to aiding the initiation of a discharge. The high fields created by the coronating
electrodes have reduced the statistical time by aiding the initiation of the discharge. It is not
possible to specifically say how it reduces the initiation time. However, it is possible that the

high fields inject free electrons into the gas. At low DC levels, the injected electrons would
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not cause significant ionisation and the amount of electrons will not create significant space
charge. However, the free electrons could provide the initiation of avalanche without having
to inject seed electrons from the much lower field topology. Making it easier to initiate a
discharge has also improved upon the stability of the switch closing on the rising edge of the
impulse, Figure 7.6. Using the coronating electrodes a 100% improvement was achieved
getting the switch to close on the rise of the impulse for a 0 V energisation at 0.3 MPa. It can
be concluded that including coronating electrodes is useful for low (<30%) DC energisation
applications. However, it is not suitable for higher DC levels where significant corona
discharge could be initiated and space charge effects are prominent.
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8. MULTI-STAGE SPARK
SWITCHES

So far, this research project has focused on spark switches which have just one spark gap.
Three different topologies have been investigated with respect to breakdown voltage and its
standard deviation and a further in depth analysis of point-plane topology completed. For
switching higher voltages, multi-stage spark switches are used in pulsed power systems.
Therefore, in order to expand potential practical applications of the switches and triggering
method developed in the present work, a multi-stage switch has been designed and
developed based on the results obtained for single stage topologies. The results obtained
using the point-plane topology were used in the design of the multi-stage spark switch, and
this chapter presents an investigation into operational characteristics of this switch. For the
first time, a multi-gap switch was investigated with gaps specifically set to close to the
critical gap (identified in Chapter 5). The main aim of this part of the research programme is
to develop a high-performance multi-stage spark switch topology, with improved
performance characteristics such as an increased breakdown voltage and lower spread in
breakdown voltage values. This chapter presents the results of investigation of an operational
performance of the multi-stage topology filled with environmentally-friendly gases. The
main parameters which have been investigated included: the breakdown voltage and its
standard deviation; the time delay to breakdown and its jitter; and pre-breakdown current-
voltage characteristics. Section 8.1 presents the switch design and topology used in
Chapter 8.

8.1 MULTI-STAGE SPARK SWITCH TOPOLOGY

From the work completed on the self-breakdown voltage in different topologies, Chapter 4
and Chapter 5, it was determined that the point-plane topology can provide stable operational
characteristics and can be used as a basis in the design of the multi-stage spark switches to
increase operational voltage of these switches. Originally, a cone-plane topology suggested

that it was worth investigating sharper point-plane configurations, and then, further analysis
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showed the soft-tone gramophone needle point electrode produced the most interesting
results. For the gramophone needle, it was found that, at ~2 mm, the breakdown voltage for
negative and positive energisations were similar. The gramophone needle was the sharpest
point electrode investigated in Chapter 4 and Chapter 5. While it is possible to sharpen
needles, it is not easy to get consistency in the apex diameter of sharpened needles.
Gramophone needles, as received from supplier, have a good consistency in terms of their

topology (apex diameter).

Each gap is a separate switching stage (unit) which consists of a point-plate topology. When
stacked with another unit, they complete a multi-stage switch. Each unit has a point electrode
held in a flat topped brass block and an outer container. The flat top brass block acts as the
plane electrode for the unit above when they are stacked. Figure 8.1 to Figure 8.3 show the
design and finish of the multi-stage spark switches.

Each 30 mm thick brass plane is 36 mm in effective diameter with 9 mm extra to act as
support on the container and for an ‘o’ ring so the switch can be pressurised. The brass plane
electrodes have a 4 mm hole for a push fitting (banana plug) in the side for measurements,
grounding, HV or triggering.

The 25 mm thick walls of the container were made of black PVC, machined to provide a
2 mm gap when stacked with another unit. Six 12 mm threaded rods pass through the walls

of each of the units to hold each stage together.

The end units are similar to the middle units except the brass blocks are 30 mm thick and
each has a 4 mm push fitting hole in the middle of the top of the brass. The bottom piece
does not have a point electrode. Instead, it has a push fitting hole for connecting to ground.
The walls of the end units are also extended to 60 mm instead of 5 mm to increase the path
between the electrodes on the outside of the switch. Blocks of black PVC are used to push
down on the brass electrodes to compress the switch together. With a top and bottom piece

any number of gaps can be created by just adding another middle unit.

Quartz windows have been put into the walls of each stage of the switch for visual
confirmation that all the stages of the switch are breaking down. The switch can be

pressurised to 0.4 MPa.

For monitoring of optical and electrical characteristics, two experimental systems were
designed and developed: one for measuring of self-breakdown voltages and corona/V-I
characteristics; and another one for analysis of triggered operation of the multi-stage switch.

Both of these investigations observe the effect of increasing the number of spark gaps
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including 1 stage, 2 stages and 3 stages, on operational characteristics of the multi-stage

switch.
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Figure 8.1 Stacked point-plane electrode topology’s in multi-gap switch.1 — Brass HV point electrode holder and
HV connection, 2 — Point electrode, 3 — Black nylon upper body,4 — Gas inlet, 5 — Brass middle electrode plane
and point holder, 6 — Point electrode 2, 7 — Brass Ground plane electrode and ground connection, 8 — Black

nylon lower body.
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Figure 8.2 Schematic of 2 stage multi-gap spark switch.
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(a) 2 stage spark switch. (b) 3 stage spark switch.

Figure 8.3 Photographs of multi-stage switches.

It was required that a test system be created to measure: the self-breakdown voltage; the
corona discharge inception voltage; and the voltage-current pre-breakdown relationship.
Bottled air was used as gas medium in the switch, the switch was pressurised up to 0.4 MPa,
positive and negative energisation was used. Details of the experimental set up and
procedure can be found in Section 3.2 and Section 3.3 for the breakdown and corona

observation experiments respectively.

8.2 SELF-BREAKDOWN VOLTAGE OF MULTI-

STAGE SWITCH FILLED WITH AIR

The aim of this chapter was to determine the performance of point-plane multi-stage

topology based on the topology which was developed and investigated in Chapter 5, with
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additional stages. For a spark switch, there are many aspects that are of vital importance, and
breakdown voltage is one of the most important factors. In this section, the breakdown
voltage is investigated with respect to the number of spark gaps, energisation polarity, gas
type, and pressure. Figure 8.4 shows the breakdown voltage for the negative polarity with 1,
2, and 3 spark-gaps. Each data point in this chapter is an average of 30 measurements; error
bars show the standard deviation. The switch was filled with a fresh portion of gas before the

tests and the gas was changed after each run of 30 measurements.

As before, and in this chapter, an empirical fitting procedure was used to fit the experimental
points with linear empirical functions using OriginPro 9.0 software package. The empirical
equations with corresponding coefficients which describe these linear fit lines with
breakdown voltage, Vy,(KV) as a function of pressure, p (MPa):

Vyr=Ap + B (8.1)

where A (kV/MPa) and B (kV) are fitting coefficients, given in these figures for each

combination of polarity of the applied voltage and the presence and absence of the corona

electrodes.
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Figure 8.4 Breakdown and corona initiation voltage of air filled multi-stage switches.

The breakdown voltage of multi-stage switches is shown in Figure 8.4 for both (a) negative

energisation and (b) positive energisation in 1, 2, and 3 stage switches.
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It was found that positive and negative energisation have slightly different effects on the
breakdown voltage with regards to pressure for the range of 0.1 - 0.4 MPa air. For all tested
switches, the rate that the breakdown voltage increases with regards to pressure increase is
higher for negative energisation than positive energisation. For a single gap switch, negative
breakdown voltage increases at a rate of ~39 kV/MPa whereas positive energisation
increases at a rate of ~21 kVV/MPa. This is due to the fact that negative breakdown voltage is
strongly dependent on the corona discharge. Corona discharge was initiated in most of the
single and multi-gap switch configurations at much lower voltages than positive energisation
corona discharge. The pre-breakdown discharge initiation and current will be discussed in its

own right.

To compare breakdown voltages with an increasing number of spark gaps, it is convenient to
consider the results as a function of the number of gaps, Figure 8.5. In Figure 8.5(b), positive
energisation is fitted with the line of best fit using the linear function given in Equation (8.1).
However, it is not suitable to fit negative breakdown voltage in Figure 8.5(a) with a linear

function and so a line of best fit with power function:
V=DN*+B (8.2)

was used, were V (kV) is the breakdown voltage, N is the number of gaps, and A, B (kV),
and D (kV) are fitting coefficients.

Breakdown voltage is a key parameter for spark switches, and this investigation looks to see
how using additional spark gaps can increase the breakdown voltages of the multi-stage
switches equipped with the point-plane topology. Figure 8.5 presents the breakdown voltage
of 2 mm spark gaps as a number of switch stages using (a) negative energisation and (b)
positive energisation. Adding additional spark gaps stages increases the breakdown voltage
significantly, it’s also expected that the voltage across all the spark gaps is graded due to
corona discharge in each individual gap. Corona discharge spreads the charge amongst the
different stages of the spark switch, resulting in reduced voltage across a single spark gap
stage. Additional stages and corona grading result in more uniformly distributed stress across
each gap and in an overall higher breakdown voltage for the whole switch. The relationship
between the number of spark gaps and the breakdown voltage is not the same for positive

and negative energisation.
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Figure 8.5 Breakdown voltage as a function of the number of spark-gaps in air.

Non-uniform field topologies used in multi-stage high-repetition switches, grade voltage
between the stages of the switch with charge transferred by the corona discharge current, to
increase the breakdown strength and the improve voltage recovery [Harrower 2001].
Therefore, it is expected to similarly increase breakdown strength in single shot regime
implemented in this research. Voltage grading achieved in repetitive regimes (>1 kHz)
distributed the voltage between shots in <1 ms. Consequently, it is expected there will be
ample time for voltage grading in the single shot regime used in this research
[Harrower 2001].

For positively energised multi-gap switches, in the pressure range 0.1-0.4 MPa, the
breakdown voltage increases linearly at rate of ~2.2 - 2.7 kV/spark-gap for all pressures. The
rate at which the breakdown voltage increases is similar with 1, 2 and 3 stages with a mostly
consistent difference across the pressure ranges which is likely due to the fact that there is
little corona discharge for positive energisation to have significant impact on the breakdown
voltage.

In the case of negative energisation, the breakdown voltage of the multi-gap switch does not
increase linearly with pressure in the pressure range used in this research. It was shown that
the best empirical fit to the experimental data is provided by an allometric fitting for the

negative breakdown voltage as a function of the number of spark stages. At 0.1 MPa, it was
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found that the breakdown voltage was close to linear with a power fitting of ~0.8. This is
likely due to the fact that there is very little pre-breakdown corona discharge. Above
0.1 MPa, the breakdown voltage increases non-linearly with respect to the number of spark
gaps with a power of ~1.5 for 0.2 MPa up to 0.4 MPa. By increasing the number of spark
gaps from 1 to 3, the breakdown voltage has increased by ~26 kV at 0.4 MPa. To achieve the
same increase in negative breakdown voltage by increasing pressure alone, an increase of

0.47 MPa is required for a 2 mm gap.

Negative energisation of multi-gap switches can have much higher breakdown voltages than
positive energisation. This is observed and discussed for single gap spark switches too due to
negative space charge, Chapter 6. Volumetric space charge significantly screens the electric
field around the tip of the point electrode resulting in higher breakdown voltages. This is
amplified in multi-gap switches because there are multiple points and multiple space charges
amplifying the breakdown voltage increase with each additional spark gap.

To compare breakdown voltages for positive and negative energisation, it is convenient to
consider the 2-stage and 3-stage switches, Figure 8.6.
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Figure 8.6 Breakdown and corona initiation voltage of a 2 and 3 gap multi-gap switch with positive and negative

energisation.

Single gap switches with highly non-uniform topology point-plane electrodes were

investigated in detail in Chapter 5 and Chapter 6. It was found that there is a critical
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electrode separation, d.;; for a given point electrode and pressure where positive and negative
breakdown voltages are equal. Using this data, the multi-stage switch was designed with
multiple spark gaps in the region of the critical gap for a soft-tone gramophone needle. The
distance is fixed at 2 mm in this case, so it is not possible to find critical gaps for multi-gap
switches in this investigation. However, the critical gap is a function of pressure and since
pressure is the controlling factor in this investigation of multi-spark-gap switches, a critical
pressure can be found instead of a critical gap. A critical pressure, peit, of ~0.11 MPa and
~0.13 MPa was extrapolated for the 2 and 3 stage spark switches respectively. The positive
and negative breakdown voltages in the single gap switch did not intersect in the pressure
ranges discussed. However, from the observed trend between breakdown voltage and
pressure, it was extrapolated that the critical pressure would be ~0.05 MPa.

The critical pressure increases as the number of spark-gaps is increased. As has been
discussed in Chapter 5, the critical gap and pressure is dependent on the pre-breakdown
corona activity. The increase in the number of stages, where corona discharge is present,
grades the voltage between the different stages resulting in reduced magnitude at each point
electrode. Therefore, higher voltages are required to initiate corona and as such the critical

pressure increases.

The breakdown voltage at which the critical separation occurs is also an important operating
parameter. The critical voltage, V., for a single 2 mm gap was extrapolated to be 1.8 kV at
a pressure of ~0.05 MPa. The critical voltage increases as the number of stages is increased
and the critical pressure increases to ~5.9 kV for 2 spark gaps and ~9.2 kV for 3 spark gaps
at 0.11 MPa and 0.13 MPa respectively. Using multi-gap switches significantly increases the
critical voltage by ~4 kV with each additional spark gap. This is useful for practical

operations that might require higher breakdown voltages.

This investigation has shown that the critical parameters for attaining similar breakdown
voltages for positive and negative energisations obtained in Chapter 6 can be achieved in
multi-gap switches. Furthermore, using multiple gaps increases the critical breakdown

voltage significantly.

To aid in the further understanding of the difference between positive and negative
breakdown voltages and for optimisation of the performance of triggered multi-stage
switches, the corona characteristics were investigated. The breakdown voltage graphs have
displayed the corona initiation voltage. However, it is also important to consider them

carefully in their own right as well as the pre-breakdown current-voltage relationships.
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8.3 CORONA INCEPTION VOLTAGE OF MULTI-

STAGE SWITCH FILLED WITH AIR

Initially, it is important to establish, would corona discharge be initiated in the switch at a
specific gas pressure or not. An initiation of corona discharge at low voltages relative to the
breakdown voltage will allow extensive space charge to develop and can lead to the increase
in breakdown voltage. Figure 8.7 shows the corona discharge inception voltage as a function
of (a) pressure, and (b) number of spark gaps. In Figure 8.7(a), empirical fitting procedure
was used to fit the experimental points with linear empirical functions using OriginPro 9.0
software package. The empirical equations with corresponding coefficients which describe

these linear fit lines with breakdown voltage, V,(kV) as a function of pressure, p (MPa):
V.=Ap+B (8.3)

where A (kV/MPa) and B (kV) are fitting coefficients. Figure 8.7(b), was plotted with
interconnected data points and not a best fit function.
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Figure 8.7 Corona inception voltage of multi-stage switches with respect to (a) Pressure, and (b) number of

spark gaps.
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Figure 8.7 shows that for negative energisation, corona inception voltage for multi-stage
switches is larger than for a single stage 2 mm gap. The corona inception voltage for
switches of 1, 2 and 3 stages with negative energisation increases linearly and at the same
rate with increasing pressure. The corona inception voltage for the 2 and 3 stage switches are
similar with 3 stages being only ~0.5 kV larger than 2 stages. However, the multi-stage

switches have a 2-fold higher corona inception voltage than a single spark gap.

While negative corona discharge is present across most of the pressure range for switches
with 1, 2, and 3 stages, positive energisation corona discharge was only detectable at higher
pressures, above 0.3 MPa for multi-gap switches and 0.35 MPa for a single spark gap.
Positive corona discharges, if present, have a higher inception voltage than negative

energisation.

The initiation voltage of corona discharge has been discussed. However, to get a more
comprehensive understanding of the pre-breakdown corona discharge activity, it is important
to obtain the relationship between the applied voltage and the corona current.

8.4 PRE-BREAKDOWN CORONA DISCHARGE
VOLTAGE-CURRENT RELATIONSHIP FOR

MULTI-STAGE SWITCH FILLED WITH AIR

The relationship between the applied voltage and current (V-1 characteristic) is a
fundamental characteristic of corona discharge which provides information regarding the
space charge in the electrode gap. It was shown in Chapter 7 that the relationship between
voltage and current can be used to extrapolate the mobility of the charge carriers and this, in
turn, can be used to evaluate the space charge effects on the electric field in the inter-
electrode gap. Therefore, the V-I curves for the multi-stage switches have been investigated
and the results of this study are given in Figure 8.8. Due to the nature of the waveform
capture equipment and process, there were quantisation and sampling limitations. The

discrete sampling intervals are a by-product of these limitations.
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Figure 8.8 Pre-breakdown V-1 relationship of multi-gap switches.

As previously discussed, positive corona discharge initiates at higher voltages, and it is not
present for pressures 0.2 MPa and below. If there is no corona discharge, the switch will
transition directly to a spark discharge. Negative energisation, for both 2 and 3 spark-gap

switches provides an appearance of corona discharge preceding spark breakdown.

At low pressures, negative corona discharge initiates close to the breakdown voltage and the
current rises rapidly to ~70-90 pA. As the voltage is increased, there is a more gradual
increase of current, increasing with respect to V? up to ~100 uA. The peak current before
breakdown is not dependent on the number of spark gaps, and there is little difference in the

increasing pressure for the multi-gap switches.

Positive corona discharge has a less gradual increase of current with voltage. In the multi-
gap switches, the current rises rapidly from the point of initiation. However, compared to

negative energisation, there is far less corona discharge current. The magnitude of the current
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is dependent on the gas pressure, at low pressures a spark develops quickly after the
initiation of corona and the current only reaches ~20 pA. When the pressure is increased
from 0.3 MPa to 0.4 MPa, there is a longer period before spark breakdown and corona can
develop up to ~35 YA. The number of spark gaps has little effect on the positive energisation
corona discharge voltage-current relationship. The only significant effect of increasing the
number of spark gaps on the voltage-current relationship is the initiation voltage and

maximum voltage before spark breakdown.

The significantly higher current in the pre-spark breakdown corona discharge observed with
negative energisation explains why there is higher breakdown voltage compared with
positive energisation. The corona discharge current of the multi-stage switches is ~5-fold
higher before spark breakdown occurs for negative energisation compared to positive
energisation. The significantly higher current means much more charged particles are present
in the discharge gap which results in much more significant space charge screening,
discussed in Chapter 6. The next section discusses the operation of the multi-spark switches
in a triggered regime.

8.5 TIME DELAY TO BREAKDOWN IN MULTI-

STAGE SWITCH FILLED WITH AIR

This thesis has considered the multi-gap switches operating in self-closing regimes,
triggering by increasing the DC voltage. In many practical applications, it is required that the
switches can be DC energised to a desired pressure where it will remain open until triggered.
The DC energised switch should trigger consistently and with low time delay jitter. This

section discusses the time delay to breakdown and its jitter of the multi-gap switches.

The experimental system designed to complete this work is discussed in Section 3.5. DC
energised switches are triggered by energising one of the middle electrodes with a triggering
pulse generated by the Blumlein circuit. The switches were energised with DC high voltage
and a triggering pulse of opposite polarity was applied to the middle (or second from top)
electrode. The switch was energised from 1 kV to Vgp with 1 kV increments and the time
from the application of trigger voltage capable of causing breakdown until the collapse of
voltage was recorded as the breakdown time. The time to breakdown was also measured

using the current signal from the Pearson current monitor (model 6585, 250 MHz
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bandwidth) on the ground electrode. For this investigation, 10 measurements were taken to

ensure accurate results.

The time delay to breakdown of the multi-stage switches was measured using positive and
negative DC energisation with air pressure between 0.1 MPa and 0.4 MPa. Positive and
negative energisations have slightly different responses to increasing pressure and DC
energisation and so will first be considered separately. Figure 8.9 and Figure 8.10 show the
time delay to breakdown of the positively energised multi-stage switches for 2 stage and 3
stage switch respectively.
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Figure 8.9 Time delay to breakdown of a 2 stage spark switch. Positive DC energisation.

As the DC voltage is increased, the time delay to breakdown is affected. At 0.1 MPa, the

time delay to breakdown reduces as the DC voltage is increased, Figure 8.9(a). As the DC
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energisation level is increased by 1 kV, the time delay to breakdown reduces by ~1 ns.
Maintaining experimental conditions and diagnostic set up allows for resolution of 1 ns jitter.
Jitter measurement is a comparative shift in relation to previous measurements and if the rise
time of the measurement equipment is larger than the jitter, it is consistent for all
measurements and therefore the relative shift in time can still be resolved. The time
decreases at a rate of ~1 ns/kV, equal to the rate of rise of the triggering voltage impulse.
This is explained by the fact that raising the starting potential by 1 kV means the triggering
pulse only needs to reach 1 kV lower level to cause breakdown. Therefore, reducing the
impulse breakdown level by 1 kV results in a 1 ns shorter delay. There is no detectable
corona discharge in the 0.1 MPa pressure with 2-stage switch, and so the time delay is easily
explained.

When the pressure is increased to 0.2 MPa and above, Figure 8.9(b-d), the time delay
increases when the DC energisation is increased. The rate of rise in time is ~1 ns/kV for
0.2 MPa and ~0.7 ns/kV at 0.3 MPa and 0.4 MPa. There is no corona discharge at 0.2 MPa
but, at 0.3 MPa and 0.4 MPa, there is detectable steady corona discharge just prior to
breakdown. It is assumed that even though there is not steady corona current, a dark pre-
spark partial discharge is present creating space charge screening. Space charge screening
effects could reasonably account for the increase in time delay as it prevents the formation

and propagation of discharges.

At 0.4 MPa, the time delay increases as DC voltage is increased until 8 kV. From 7 kV
increasing to 8 kV, the time delay decreases from ~45 ns to ~30 ns. This is the shortest time
delay for the 0.4 MPa pressure as when the DC voltage is increased further the time delay
increases again. The sudden reduction is likely due to more intensive pre-spark partial
discharge activity such as current pulses and flashing corona discharge. Steady state corona
discharge activates at just a couple of kV higher, ~11.4 kV and so it is likely that the sudden
drop is related to corona discharges initiation. Figure 8.10 shows the time delay to

breakdown of the 3 stage switch with positive DC energisation.
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Figure 8.10 Time delay to breakdown of an air filled 3 stage spark switch. Positive DC energisation.

The 3-stage spark switch results for positive energisation, Figure 8.10, follow a similar
pattern as described for the 2 spark gap switch. The time delay for 0.1 MPa and 0.2 MPa
pressures, reduced on average ~1 kV/ns, Figure 8.10(a) and (b) respectively. At 0.1 MPa at

7-8 kV the time begins to increase and at 0.2 MPa the time starts to increase at ~8 kV.

It was observed at ~4 kV for all pressures, the breakdowns occurred unpredictably compared
to all other tests. At 0.1 MPa, the time delay increased out of trend with surrounding results.
At 0.2 MPa it reduced significantly, and at 0.3 MPa, there were no breakdowns at all. No
reasonable explanation can be given at this point as to why there was trouble at this
particular DC energisation. It can be hypothesised that 4 kV was the voltage at which the

field was sufficiently high to inject electrons from the tip of the needle into the gas.
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For pressures above 0.2 MPa, the time delay to breakdown starts to increase as the DC
energisation level is increased. The time delay increases on average at ~0.9 ns/kV, similar to
the rate at which it increases in the 2 spark gap switch. However, at 0.4 MPa, there was no
point at which the time rapidly reduced similar to Figure 8.9(d). To try to explain why there
is not a sudden reduction in time delay, the pre-breakdown activity was considered. The
steady state corona discharge is only present at 0.3 MPa and 0.4 MPa where it initiates at
11.8 kV and 12 kV respectively, closer to the self-breakdown voltages compared to the 2
stage switch. There is just 1-2 kV between the corona inception voltage and the self-
breakdown voltage. Therefore, corona discharge has less impact on the time delay to
breakdown, and there is no sudden reduction.

Having identified the phases that the time delay to breakdown results go through as the DC
energisation is increased for 2 and 3 gap switches positively energised, they can be discussed
and compared relatively. As expected, when the air pressure is increased, the time delay to
breakdown increases also. This is due to two contributing factors: the increased pressure
increases the breakdown strength and as such the breakdown occurs further into the
triggering impulse; and the increased density of the gas can reduce the mobility of charge
carriers and slow down the discharge progress. In 0.4 MPa air, the 3 stage switch time delay

increases from ~38 ns to ~47.5 ns at 1 KV energisation, Figure 8.10(a) and (d) respectively.

Increasing the number of spark gaps from 2 to 3 results in an increased time delay. With an
extra spark gap to close, there are a few reasons why the time delay to breakdown could be
increased, the extra gap means there is a time delay for initiation of discharge and extra delay
for propagation of discharge. Also, the extra spark gap means the charge is distributed
further over an extra stage, and there is less voltage forming the discharge. It is hard to
compare the different pressures and stages because there are such significant increases and
decreases due to the space charges. However, using 1 kV energisation, it is obvious that
there is an increase in time delay of ~8 - 16 ns. The shortest time delay of all positive
energisation pressure tests was observed at ~21.5 ns with 5 kV energisation using the 2 gap
spark switch. It is shown that negative energisation can produce even shorter time delays of
18.8 ns and ~18 ns, Figure 8.11(a), and Figure 8.11(d) respectively. Figure 8.11 shows the
time delay of the negatively charged 2 spark gap switch.
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Figure 8.11 Time delay to breakdown of an air filled 2 stage spark switch. Negative DC energisation.

With the negatively energised 2 stage switch pressurised at 0.1 MPa, the time delay to
breakdown reduces as the DC voltage is increased with an average rate of ~0.25 ns/kV. This
is much slower than the ~1 ns/kV occurring in positive energisation and above 0.1 MPa there
is no reduction. Above 0.1 MPa, the time delay to breakdown increases as the DC
energisation level is increased. At 0.2 MPa, the time delay increases by ~0.8 ns/kV and at
0.3 MPa and 0.4 MPa it increases by ~1 ns/kV similar to positively energised 2 gap switch.
Similarly to positive energisation, it is suggested that the time delay increase is a product of

space charge screening effects delaying initiation and propagation of discharges.

The time delay to breakdown of the 2 stage negatively energised switch reaches a maximum,
where the time delay begins to reduce quickly until just a few kV higher the time delay is the

shortest. With 0.2 MPa, the time reduces from ~34 ns to ~26 ns when the DC energisation is
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increased from 7 kV to 9 kV, a 24% reduction. At 0.3 MPa, there is a 29% reduction from
~35ns to ~25 ns and at 0.4 MPa a 30% reduction was observed from ~26 ns to ~18 ns. The
sudden drop in time delay can be loosely correlated to the corona inception voltage occurring
a few (0.8 — 2.5 kV) before the drop in time delay. A steady state corona discharge was
initiated at ~7.2 kV for 0.2 MPa and the time delay reduced to a minimum at 9 kV.
Similarly, corona discharge initiated at 8.5 kV and 10.2 kV for 0.3 MPa and 0.4 MPa
respectively and the time delay reached a minimum at 11 kV DC energisation for both

pressures.

After the time delay has reached its minimum, it starts to increase again as the DC level is
increased. The delay rapidly jumps back up 25-30% with a 1 kV increase and then continues
to rise at a rate of ~1 ns/kV.

Both positive and negative energised 2-stage switches display complex relationship with the
DC energisation level, pressure, and time delay. However, negative energisation shows a
significant improvement in the jitter of the switch, within a defined DC energisation range,
that is not observed with positive energisation. Jitter is a key parameter for spark switches in
most applications and identifying a switch and operating parameters that can reduce the jitter
from up to 10’s ns to just ~1-2 ns is an important result. The time delay suddenly shortens by

~10 ns and the jitter significantly reduces from 5 ns to 1 ns.

With negative energisation, there is a clear region of increased stability in the 2 stage switch.
Using the multi-gap switch, it would be required that the switch be operated in the DC
energisations resulting in ~1-2 ns rather than >5 ns. Figure 8.12 shows the time delay to

breakdown of the 3 spark gap switch with negative energisation.

With 3 spark gaps, similar changes in time delay to breakdown occur as in the 2-stage
switch. However, the breakdown voltage is ~12 kV larger at ~32 kV while the corona
inception voltage is only ~1 kV larger than the 2-stage switch. Therefore, the switch can
operate with DC energisation level well exceeding the corona initiation voltage of ~12 kV.
This creates a much larger operating range of DC energisation that can provide low jitter
performance. The largest range of DC energisation achieving corona discharge jitter
stabilisation occurs in 0.4 MPa and 0.3 MPA where the jitter is ~1 - 2 ns. At 0.4 MPa, jitter
is low from 20 kV DC energisation up to the breakdown voltage of ~32 kV. Low jitter is
achieved between 15 kV and 24 kV for 0.3 MPa, whereas, low jitter is only achieved from
13 kV to 16 kV for 0.2 MPa.
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Figure 8.12 Time delay to breakdown of an air filled 3 stage spark switch. Negative DC energisation.

Achieving low jitter is very important for spark switches and should be as low as 4 ns to be
considered for some applications. Jitter of 1 - 2 ns has been achieved using spark switches
with varying methods but many of them require the energisation level to be close to the self-
breakdown strength. To achieve 2 ns jitter laser triggering can require switches to be
energised up to 90% of the self-breakdown voltage. The results here show that a multi-gap
switch can achieve 1-2ns jitter with just 60% DC energisation. Achieving consistent
triggering at lower energisation levels ensures there is no unwanted closer of the switch

when there is no trigger impulse.

High performance switches used in pulsed power require low jitter of a few ns to be
competitive with currently used switches. This research has looked at developing new

switches using bottled air and the multi-gap switch. 1 - 2 ns jitter was achieved with stable
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operation of a negatively energised 3 stage switch. The results here are comparable with

linear transformer driver multi-gap switches achieving jitter of ~2-4 ns.
8.6  CONCLUSIONS

Concluding the multi-gap switch investigation, there are a number of important results which
have been obtained and that are of interest to the pules power industry. Building on from the
investigation into point-plane topology, a new expandable switch was designed that could
increase or decrease the number of gaps easily. Investigating the use of multi-stage switches
with the point-plane topology has shown that the breakdown voltage can be increased by
adding additional gaps. The rate that the voltage increases is linear with respect to the
number of gaps. The breakdown voltage could be predicted reasonably and switches could

be reliably designed to have higher breakdown voltage by increasing the number of gaps.

An investigation into corona discharge has shown that corona activity is nearly always
present prior to breakdown with negative energisation in the multi-gap switches. However,
positive corona discharge only occurs prior to breakdown at 0.3 MPa and 0.4 MPa, and it
occurs within 1 - 2 kV of the breakdown voltage. Corona V-1 curves were obtained for both
polarities and all gas pressures in the switch; it was found that the positive energisation pre-
breakdown current-voltage relationship is short with a rapid increase in current up to
~20 MA. Negative energisation, on the other hand, increases more gradually up to ~200 YA,
which is an order of magnitude higher. Therefore, there are significantly reduced corona
discharge effects in the case of positive energisation of the switch. This is the reason why the
breakdown voltage is so much lower in single gap switches as well as multi-gap switches

and has been discussed in Chapter 5 and Chapter 6.

The final section of this chapter investigated the multi-gap switches in triggered regime.
With DC positive and negative energisation ranging from 1 kV up to the self-breakdown
voltage in 1 kV increments, the time delay to breakdown was observed for 2-stage and 3-
stage switches. It was found that the time delay decreased and increased, as the DC
energisation level was increased depending on the magnitude. It is hypothesised that space
charge screening effects was the reasoning for the increasing time delay. The jitter with
positive energisation averaged ~10 ns and remained high at all DC energisation levels.
Negative energisation had similarly high jitter which reduced down to 1 - 2 ns at higher DC

energisations.
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The compact design of the multi-stage switches makes them useful for the implementation of
small foot print pulse power machines. The inter-changeable switches have a diameter of
100 mm and a maximum length, with 3 stages, of 206 mm. Other multi-stage switches in
literature can be as small as ~100 mm in length however most of these switches have close to
uniform fields, no coronating electrodes and have a fixed number of stages
[Woodworth 2010].

This thesis has so far focused on the pre-breakdown processes and the breakdown voltage.
However, in multiple pulsed power applications, spark resistance and inductance is arguably
the most important aspect of a spark switch. The next chapter discusses the spark resistance
and inductance of post breakdown spark plasma.
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9. ANALYTICAL MODELLING OF
SPARK RESISTANCE

Chapter 9 of this thesis is the natural progression of the direction the work was taking,
moving into analysis of the post-breakdown plasma processes. As was discussed in
Section 2, there is a need for spark switches with minimal plasma resistance and inductance
because many of the applications of spark switches require high current, and fast rising
current pulses. Therefore, the next step in this thesis would be to investigate the transient
plasma characteristics (resistance of spark and its inductance) after switch closure (after
breakdown). This chapter introduces a new approach to simulating the transient plasma
resistance based on the models available in literature. Using PSpice software package,
models of dynamic plasma resistance have been developed, in order to verify these models
transient plasma resistance and inductance was obtained for experimental conditions taken
from papers [Braginskii 1958] [Toepler 1906] [Rompe 1944] [Barannik 1975]
[Popovic 1974] [Demenik 1968] [Kushner 1985]. Based on the results presented in this
chapter, the model which provides the best fit to the experimental results will be identified
and recommended for future studies of post-breakdown processes in the plasma closing

switches.

Plasma resistance and inductance simulation is of particular interest to researchers
developing systems that require ultra-fast rising (ns) high peak current (kA). The plasma
resistance and inductance of the spark switches reduce the current magnitude and the rise
time and so they look to minimise the effects. These systems could use 1000’s of switches
and as such modelling such a system requires advanced modelling software such as PSpice.
For the first time, this new approach allows for complex systems to be modelled with plasma
dynamic resistance. Also, within these complex systems, there are many sparks switches and
this is the first approach that would realistically allow for multiple time varying spark
resistances to be modelled. This new approach was presented and published in the
proceeding of the IEEE International Power Modulator and High Voltage Conference in
2014 [Hogg 2014b].
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To simulate dynamic plasma resistance, a basic model for breakdown was developed using
PSpice software to represent plasma channel as an electric circuit with lumped elements. A
basic HVDC circuit was used with a closing switch (found in the ‘eval’ library of PSpice
software) to simulate a breakdown in the switch. Figure 9.1 shows the basic circuit
simulating breakdown with plasma parameters.

R1 TCLOSE = 10ns

1 2
U1

1Meg

Vi
A0KVde-L Plasma

— parameters

Figure 9.1 Plasma simulation circuit.

A 1 MQ charging resistor acts as a current limiter and also effectively decouples the circuit
from the plasma upon breakdown. The open circuit impedance of the switch was selected as
1000 MQ. The switch closing with a very fast close time (1ns), and closed circuit
impedance of the switch was selected 0.01 Q which reasonably simulates a breakdown event

in the practical switch. The plasma parameters were initially modelled as fixed parameters,
Figure 9.2.

R1 TCLOSE = 10ns

1 2
u1

1Meg

L1
Q0.1nH
R Vi1
40kVde— -— ¢
i Tp R2
0.1

Figure 9.2 Plasma RLC circuit

The next step toward the complete model of transient plasma resistance was to find a way to
introduce the time varying plasma resistance. Since PSpice software does not have a resistor

component that can be dependent on a function, a voltage controlled current source was used
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with a function for plasma resistance. The voltage dependent current source is a component
in the ‘analogue behavioural model (ABM)’ library called ‘Gvalue’ which is shown in

Figure 9.3.

G1
5 IN+ OUT#r &
3 IN- OUTHH]
GVALUE
V(%IN+, %IN-)

Figure 9.3 ABM model Gvalue component

The Gvalue component takes a voltage input and outputs a current equal to it with a
proportionality given by the expression given to the ‘value’. By configuring the Gvalue
component, as shown in Figure 9.4, it can now represent a dynamic resistance controlled by

the function, r(t) given to the value.

G1

IN+OUT Bty SN
N QU V(%IN+, %IN-ir(t)

GVALUE

Figure 9.4 Voltage controlled current source. Gvalue as a dynamic resistor.

In Figure 9.4, the value was the controlling variable function, r(t) which represented the
resistance. The Gvalue now represents a time varying resistance which is proportional to r(t).
By taking data from literature, [Engel 1989], for plasma resistance and re-plotting it in
OriginPro 9.0 graphing software, plasma resistance could be represented as a function best

fitting the data.

The plasma resistance was fitted with the function:

r(t) =at™ (9.2)
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where:

- r(t) is the plasma resistance,
- aand n are constants,

- andtistime.

Therefore, the dynamic resistance using Gvalue component in PSpice software can be
simulated as shown in Figure 9.4, where the value includes Equation (9.1) for plasma
resistance. To simulate the equation above, there are syntax that must be used in PSpice:
time, t is given in PSpice as a variable called ‘TIME’ and the mathematical operators are:
power - and multiply - *. Figure 9.5 shows the voltage controlled current source configured
to act as a resistor with resistance equal to Equation (9.1).

G1
1 IN+OUTH—
LIN- DUT@—
GVALUE

V(%IN+, %IN-)/a*TIME"b

»

Figure 9.5 Dynamic resistance represented by a fitting curve.

The circuit can be completed using Figure 9.5 configuration for plasma resistance with
lumped elements for inductance and capacitance with the DC breakdown simulation
experiment. Figure 9.6 shows the basic DC breakdown circuit with time varying plasma
resistance from Equation (9.1).

This circuit shows that it is possible to solve PSpice simulations with time varying
resistance. However, it does not calculate real time resistance from the current. It is purely

based on the time and data from literature.
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R4 TCLOSE = 1u
1 2
— m)s

1MEG

Vi — C4

10kVde ——
== P

N+ OUT S+ TN
i DU v %Nyt

GVALUE

Figure 9.6 Plasma simulation circuit with r(t) Gvalue resistance.

To get realistic dynamic resistance, the transient models from literature (Section 2.2) should
be used in place of Equation (9.1). PSpice has the ability to do some basic manipulation of
voltage signals using analogue behavioural modelling, and there is enough capability to
calculate integrals, powers, sums and multiplications necessary to solve the plasma
resistance equations given in literature by Braginiskii, Toeple, Rompe and Weizel, Barannik
et al, Popovic et al, Demenik et al and Kushner et al which have been discussed in Section
2.2 [Braginskii 1958] [Toeple 1906] [Rompe and Weizel 1944] [Barranik 1975]
[Popovic 1974] [Demanik 1968] [Kushner 1985].

To solve these equations using PSpice, the dependent current needs to be represented by a
voltage signal to be inputted into the mathematical operators provided in the ABM library.
This is achieved by using another ABM component, the current controlled voltage source,
which outputs a voltage signal equal to that of the current signal. The current controlled
voltage source is the H component in the ABM library and is represented with the icon

shown in Figure 9.7.

H1
¥ Q

M M

i

Figure 9.7 PSpice ABM current controlled voltage source.
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Placing the current controlled voltage source in-line with the plasma components as shown

in Figure 9.8, it takes the current and represents it as a voltage signal without causing

negative effects on the current waveform. Figure 9.8 shows the current controlled voltage

source in the circuit which simulates breakdown; basic components for plasma resistance

have been used for clarity at this stage.

Ri

1Meg

. IUI1
40k\Vde—=

TCLOSE = 10ns

1 =

U1

L1
0.1nH

Figure 9.8 Voltage representing current using ABM H component.

Using the configuration in Figure 9.8, the current is now represented as a voltage signal and

can now be used with mathematical components to solve the plasma resistance equations

from literature. The mathematical components from the ABM library for integration,

differentiation, power, addition and multiplication can be seen in Figure 9.9 with their

component names in PSpice.

EI%—E! =— d/dt= EN
ov 1.0

Integrator

INTEG

Multiplier
MULT

PWR 1.0_
Differentiator = Power
DIFFER PWR

Figure 9.9 ABM mathematical components.
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The voltage signal representing current is manipulated using the components above to solve
the plasma resistance equations; an example equation from Toepler (Equation (2.12))
[Toepler 1906] has been solved in Figure 9.10.

TCLOSE = 10ns

- o
1u1’h' “

= Q.M {a) L $ v (c)
H1 T K
r— 105 [PWRAD_ -

G - | Ow

H u ) ()

< R2
0.1

Figure 9.10 Solving Toepler's equation in PSpice (Equation (2.12)).

In Figure 9.10, the plasma resistance equation is solved using the current in the plasma

elements. The steps by which the equation is built are listed:

e The voltage signal representing current is first integrated using component (a), as per
the stipulation of Toepler’s equation. The equation after component (a) is: [ i dt.
e Since there is no division component, the power function is used to put the integral

of current to the denominator of the equation by raising it to the power of -1 in

component (b). The equation after component (b) is: ﬁ.

e Components (c) and (d) are multipliers which multiply the constants C and d and

then multiply them with the output of component (b) to complete the equation:fcl_—:;.

The output of the mathematical manipulation of the current controlled voltage now
represents the resistance of the plasma channel as given by Toepler if the current were
unaffected by the resistance of the plasma. However, this is not the case and, as such, there
needs to be a feed back to change the resistance so that the current can be adjusted
appropriately. The value for resistance must now be fed into the dynamic resistance
component Gvalue shown in Figure 9.5. This will complete a fully self-consistent model
where the current depends on the plasma resistance and the plasma resistance depends on the

current (via literature equations discussed in Section 2.2). To put the equation into the
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Gvalue component, the best method is to create a variable which represents the voltage out

of the resistance equation shown in Figure 9.10.

A variable that represents a voltage in a wire at any point in a circuit can be created in
PSpice by placing a ‘new alias’. A net alias is a marker placed on the wire with a name
which is the name of variable and, in this case, is placed on the output of the mathematical
equation for plasma resistance. Figure 9.11 shows how a net alias looks and where it is

placed.

TCLOSE = 10ns

B | r
1U'| ] —ia s . c
L1 d
0.1inH =,
. |
H1 ) ’ . ¥ y
L I_ e o~ IPWR-1D ) M
= &1 = v
g
*
R
01

Figure 9.11 Using net alias to set plasma resistance as a variable N1.

Using the net alias on the output of the plasma resistance equation, the dynamic plasma
resistance is stored in the variable N1. Figure 9.12 shows the circuit for calculating the
plasma resistance using the ABM components that has been discussed and includes the
placement and naming of the net alias which is used to create the dynamic resistance when

inputted into the Gvalue component value in place of the r(t) function.

The circuit shown in Figure 9.12 simulates a self-consistent model for dynamic plasma
resistance which is dependent on current which is in turn dependent on plasma resistance

(using Toepler’s equation [Toepler 1906]).

This technique has been used to simulate all of the dynamic plasma resistance equations that
were discussed in Section 2.2 and the plasma resistance results can be seen with respect to

current and voltage.
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TCLOSE = 10ns
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U1

G1
IN+OUT
IN- OUT
GVALUE

Figure 9.12 Self-consistent plasma resistance model.

1

V(%IN+, %IN-)/N1

N1

Figure 9.13 to Figure 9.17 show the plasma resistance equations, the PSpice simulated

models and results for equations suggest by Braginiskii, Toeple, Rompe and Weizel,

Barannik et al, and Popovic et al.
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Figure 9.13 Toepler's equation - plasma model [Toepler 1906].
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Figure 9.15 Rompe and Weizel equation-plasma model [Rompe 1944].
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Figure 9.16 Barannik equation-plasma model [Barannik 1975].
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Figure 9.17 Popovic equation — Plasma model [Popovic 1974].

The plasma resistance results from each equation have been plotted on the same graph for
comparison and can be seen in Figure 9.18. Figure 9.18 shows the plasma resistances in the
regions close to peak current which is where the resistance is at a minimum. This is the

region of most importance when considering plasma resistance for pulse power systems.

Plasma resistance (Q2)

o
[EN

0.01

T

T T T

—— Toepler

—— Braginskii

—— Rompe and Weizel
—— Barannik
—o— Measured

i a1l

Figure 9.18 Plasma resistance from literature equations (Section 2.2) simulated using PSpice. [Braginskii 1958]
[Toepler 1906] [Rompe 1944] [Barannik 1975] [Popovic 1974].

The measured experimental plasma resistance curve taken from literature [Akiyama 1988]

reaches a minimum at ~0.5 ps. The models simulated in this work investigated the first and

most basic model from Toepler with the inverse integral of current and the more complex

variations by Rompe and Weizel and Barannik as well as the hydrodynamic based model by

Braginskii. It was found that Rompe and Weizel’s model produced resistances that were an

order of magnitude lower at the minimum ~0.0035 Q compared to the measured resistance
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of ~0.04 Q. Braginskii’s model was closer with a minimum resistance of ~0.02 Q but the
models by Barannik, and Toepler’s models gave by far the most accurate minimum
resistance of ~0.04 Q and ~0.05 Q.

It has been shown that, PSpice simulation package is able to accurately simulate dynamic
plasma resistance models provided in literature. The results are consistent with analytical
based numerical simulations of similar circuits, however this approach allows the plasma
resistance to be incorporated into much more complex circuits. While models proposed by
Barannik and Toepler provided the closest fit at the minimum resistance, it was decided that
Braginskii’s model is the preferred model of the author because it is phenomenologically
derived from hydrodynamic equations with fewest restricting parameters (arc length, gas
type, etc) meaning it can be adapted for the widest range of applications.

In the models from literature, the assumption has been made that plasma inductance can be
assumed to be constant for the sake of developing a plasma resistance model. However, in
reality the plasma inductance will depend on the arc radius. The next section discusses the
more advanced PSpice model that accounts for plasma inductance.

0.1 DYNAMIC INDUCTANCE AND RESISTANCE

OF SPARK SWITCH

In the models proposed in the literature above, the plasma resistance is linked to the current
in the circuit. Dynamically solving Kirchhoff’s equations for these lumped element circuits
means the dynamic resistance of plasma channel can be found. Fitting the analytical results
to the experimental data meant that a value of inductance of plasma switch could be obtained
interactively to provide analytical current pulses comparable with the experimentally
observed current wave-forms. This is the approach commonly used to solve plasma
resistance models because it is impractical to derive full circuit equations accounting for
more advanced models. However, using PSpice software, it is possible to create more
advanced circuits and as such the dynamic inductance of a spark can be simulated along with
resistance. The model based around Bragininskii’s hydrodynamic model for plasma
resistance was chosen to further advance the simulation to include dynamic inductance
[Braginskii 1958]. For the purposes of this simulation, plasma inductance has been simulated

by representing its inductance as that of a single straight wire.
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The inductance of a straight wire can be calculated if the length and radius of the wire is
known. The inductance of a straight wire can be expressed by [Grover 1962]:

L=2d [ln (?) - 0.75] nH (©2)

where:

- L is the inductance,
- d isthe length of the wire,
- and a is the radius of the wire.

The inductance of a wire with a fixed length will only depend on the radius of the wire. In
the case of plasma arc this equation can be used with d as the arc length and a as the radius
of the arc. The plasma arc, radius can be calculated from hydrodynamic equations discussed
in Section 2.4 which were derived by Braginskii and experimentally confirmed to be
reasonable by Mesyats [Braginskii 1958] [Mesyats 1971]. Engel used Braginskii’s approach
and some improvements to come up with a new equation for plasma arc resistance that
proved to reasonably approximate plasma arc radius [Engel 1989]. Engel’s equation or
plasma arc radius was used in this model to find arc radius for inductance calculations and is
expressed as [Engel 1989]:

) y vy ©3)
- 3fr fr 2| de+ a
at) = o lJo m?*Kpoo

where:

- a(t) is the time varying plasma arc radius,

- a(0) is the initial arc radius,

- v(0) is the initial plasma expansion velocity,
- po is the initial gas density,

- o is the conductivity,

- K is aconstant,

- and i is the current.
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Values for the parameters required to solve Equation (9.3) were provided by Engel which
were taken from experimental data K =10.09, a(0) = 6x10™ m,
v(0)=2500 msto= 2.2x10*Qm?, p,=1.29kg/m®) and used in this simulation
[Engel 1989] [Gruber 1969].

By first solving the plasma radius equation using current signals from the current controlled
voltage source (H) in the ABM modelling, a dynamic plasma arc radius is represented by a
voltage signal shown in Figure 9.19. Figure 9.19 shows the circuit used to solve
Equation (9.3) for plasma arc radius from the voltage representing current. This section of
the circuit is separate from the main circuit but takes the voltage signal from an alias, ‘vi’
placed on the output of the current controlled voltage source. Using the ABM component
‘ABM’, a source can be created using the variable set by the alias which is used in

Figure 9.19.
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Figure 9.19 Solving plasma arc radius using PSpice ABM circuit equation.

A net alias is placed on the output of the plasma radius equation circuit to create a variable
representing the channel radius. This now creates a variable, ‘at’ that stores a value for
plasma channel radius which can be used to solve the inductance equation given in
Equation (9.2). The inductance equation is solved using the ABM model mathematical
components and the arc radius calculated in circuit shown in Figure 9.19. Figure 9.20 shows

the plasma inductance equation circuit used in the advanced simulation model.
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Figure 9.20 Solving plasma inductance using dynamic plasma arc radius in an ABM circuit equation in PSpice.

Using another net alias the value of inductance is stored in the variable ‘/t/’ which changes

with respect to the current in the channel as it expands. With the value for inductance, as
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with resistance, there is no inductor component that takes a variable. However, an inductance
can be resolved by representing its inductive voltage drop which is expressed as:
di (9.4)

=L—
v dt

where:

-V isthe voltage across the inductor,
- L is the inductance,
- i isthe current,

- andtistime.

Therefore, the role of inductance in the circuit can be simulated through a voltage that
represents Equation (9.4). Equation (9.4) is solved by taking the voltage signal representing
current and differentiating it and then multiplying it by the inductance calculated in the
equation circuit shown in Figure 9.20. The equation circuit for Equation (9.4) is shown in
Figure 9.21 where the input is the variable from the inductance equation circuit and the

output has a net alias ,It2, creating a variable storing the voltage from the inductor.

It1
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Figure 9.21 PSpice equation circuit solving inductor voltage for advance simulation.

There is now a variable, 1t2, which represents the voltage that is across the inductance which
can be used to simulate an inductor. This can be done in PSpice using the ABM component
voltage controlled voltage source which is the ‘E’ component in the Analogue library and the
controlling voltage represents the equation circuit solving Equation (9.4), It2. Figure 9.22

shows the E component and how it can represent inductance.
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Figure 9.22 PSpice dynamic inductor controlled by voltage signal.

The simulated inductance shown in Figure 9.22 can be incorporated into the plasma
simulation model derived which includes dynamic resistance. Figure 9.23 shows how the
dynamic inductance is fitted into the plasma simulation model to complete the advanced
simulation model.
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IF(TIME<100u,0,V(1t2))

Figure 9.23 Advanced plasma simulation model using PSpice with dynamic resistance and inductance.

This model is the most complete model for simulating plasma properties as it takes into
account both dynamic resistance and inductance of the spark channel. The results of the
simulation of the switch circuit shown in Figure 9.23 are displayed in Figure 9.24 with the
resistance, voltage and current. The plasma inductance calculation had to have an initial
condition to start only after breakdown (switch closure) to solve an issue with initial
conditions for differentiation. Figure 9.24 presents the simulated plasma resistance with a
measured plasma resistance from literature for a 10 mm gap and initial pressure of
0.086 MPa [Engel 1989].
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Figure 9.24 Results of advanced plasma simulation model using PSpice. Measured resistance taken from Engel
[Engel 1989].

Solving dynamic plasma resistance with inductance creates more accurate models than the
usual approach of just solving resistance. Adding dynamic inductance impacts on the current
which has a knock on effect to the resistance which feeds back to the current and as such
inductance again. The dynamic resistance simulation using the dynamic resistance and
inductance is closer to the measured plasma resistance than without the dynamic inductance,
Figure 9.24.

9.2 CONCLUSIONS

This chapter was focused on the development of an advanced dynamic self-consistent model
of spark channel in plasma switch after its closure using PSpice software. It has been shown
that this model can be successfully used to simulate dynamic plasma resistance and
inductance and the results of these simulations are close to the experimentally measured
values of transient plasma resistance. This model has an advantage over deriving circuit
equations manually because it allows for complex circuits into which the plasma can be
simulated such as Marx generators or circuits with many stray capacitances and parasitic
inductances. Using traditional methods, solving circuit equations by hand derivations would

be impractical for complex circuits and, as such, usually only basic circuits are used. They

189



also may only use simplistic forms of the differential equations required to solve circuit
currents. PSpice software can not only simulate complex circuits with plasma, but it also

uses complex equations to accurately represent current and voltage in circuits.
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10. GENERAL CONCLUSIONS

The main aim of this thesis was to develop and investigate compact spark switches and to
develop a triggering strategy that could be used in pulsed power. The focus of this research
was on the development and characterisation of a switch topology that would be compact,
and filled with environmentally friendly gases and operate with relatively low pressure gas.
During the course of this research project, the operational characteristics of gas filled spark
switches were examined at up to 0.4 MPa with air, nitrogen and a nitrogen/oxygen mixture.
Previously, sulphur hexafluoride gas was the most commonly used gas for spark switches
due to its high breakdown strength and electronegative properties. The overall aim of this
research is to investigate the operational performance of switches filled with environmentally
friendly gases and to develop an advanced electrode topology with the aim of designing high
performance switches. Specifically, the novelty of using pre-breakdown corona discharge in
switches was investigated for improvement of switching performance in environmentally

friendly gases.

A comprehensive review of literature was conducted on many aspects of pulsed power
including: spark switch topology designs and switch operation, pulsed power generators and
diagnostics, theory of gas discharge breakdown and corona discharges. Reviewing literature
outlined the areas in which this research would focus and provided a starting point for testing
topologies. In Chapter 2, the work from each of the reviewed investigations is summarised
and concluded showing the progression of the thesis and how it has evolved. The literature
review provided a firm understanding of the important characteristics of spark switches

which highlighted the aspects that formed the outline of the direction of the research.

An advanced experimental test bed was designed and constructed to investigate operational
characteristics of plasma closing switches: breakdown voltage, time to breakdown (in the
case of triggered switches) and pre-breakdown discharge activity. A program in LabVIEW
software environment, interfacing with high-voltage equipment and measurement systems
using a digital acquisition device and an RS232 connection, was developed for this
experimental test bed; this programme provided consistent repeatable charging of the tested
spark switches. Ramping the voltage up at a consistent rate until breakdown meant that if

there were pre-breakdown discharges such as in the case of non-uniform fields, the
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experimental conditions were similar each time. The breakdown events were identified
through real time analysis of the voltage wave-forms obtained from a digitising oscilloscope
using LabVIEW program. This experimental system proved to be a key tool in the
progression of the experimental work presented in this thesis, being used to measure
breakdown voltages and pre-breakdown V-I curves of corona discharges with a current
viewing resistor. The experimental systems discussed in Section 3 provided the capability to
examine the important aspects of sparks switches to analyse test the hypothesis of each

investigation.

For the first time, a comprehensive investigation into the operational performance of spark
switch topologies utilising corona discharge, filled with environmentally friendly gases: air,
nitrogen and a 60%/40% nitrogen/oxygen mixture has been conducted. Based on the analysis
of the literature results, three different electrode topologies: plane-plane, sphere-sphere, and
cone-plane were chosen for experimental study in the framework of this project. Sharp
coronating electrodes to generate pre-breakdown discharge activity were added to the switch
topologies and their performance has been investigated. Positive and negative energisation
was used with all the 3 switch topologies filled with gas from 0.1 MPa to 0.35 MPa. It was
found that including the coronating electrodes reduced the standard deviation of breakdown
voltage for some topologies. However, improvement was not noticed in all configurations
and it was not possible to conclusively identify when the coronating electrodes would
improve stability of the breakdown voltage in the case of the single shot operation.
Investigating all three insulating gases produced no marked improvement using nitrogen or
the mixture over compressed air. It was found that the negative breakdown voltage in the
case of the cone-plane topology, the most non-uniform field, was higher than positive
breakdown voltage and negative breakdown voltage was increased faster than the positive
with increasing gas pressure in the switch. At low pressure, 0.1 MPa, the positive and
negative breakdown voltages were similar, and it was thought that, given the right
conditions, they would be equal. This formed the basis of the next stage of the thesis:
investigation of operational characteristics of switches with point-plane topologies. This
investigation into the breakdown voltage of a range of topologies and gases was vital in
determining the fundamentals of which gases, pressures, and topologies were best for spark
switches. Leading to more focused investigations into time delay to breakdown, its jitter, and

breakdown voltage analysis of more refined topologies.

Following on from the results gathered in the comparison of topologies, it was decided that a

full investigation into the point-plane topology should be conducted. Three point-electrodes
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were used: a sharpened tungsten rod with radius 0.068 mm; a hemispherical tipped tungsten
rod with tip radius 0.8 mm; and a soft-tone gramophone needle with a tip radius of
0.036 mm. A new test cell was designed to precisely control the gap between the point and
plane electrodes using a digital micrometre depth gauge. It was found that, by measuring the
breakdown voltage from sub-mm gaps up to over 10 mm, it was possible to identify
electrode configurations where positive and negative breakdown voltages were equal
(critical gap). Having re-plotted data from literature it was confirmed with all three point
electrodes that spark switches could be designed to produce similar breakdown voltages for
positive and negative energisation. A critical gap was identified for each point electrode
using 0.1MPa - 0.35 MPa bottled air, where positive and negative energisation breakdown
voltages are equal. For sharp point (0.036 mm and 0.068 mm radii) the critical gap was
~1-2mm when the air pressure was 0.1 MPa. When the pressure was increased to
0.35 MPa, the critical gap reduced to ~0.76 mm. Increasing the air pressure reduced the
critical gap of all of the point electrodes. With the 0.8 mm radius point, the critical gap
reduced from ~10 mm to ~7.4 mm when increasing pressure from 0.1 MPa to 0.35 MPa;
increasing the radius of the point increases the critical gap. The critical gap at 0.1 MPa is
8 - 9 mm larger for the 0.8 mm radius point compared to the sharper electrodes. This was
also confirmed by extrapolating re-plotted literature data to find critical gaps. This is the first
comprehensive investigation into the critical gaps of point-plane topologies with different
electrode radii, and environmentally friendly gases, at a range of gas pressures. The critical
gap which was introduced in this research is an important parameter for designing spark
switches and compact high-voltage systems. To understand the processes involved in the
point-plane topology, an investigation into corona discharge pre-breakdown currents was

conducted.

Corona discharge is utilised in the switch topologies developed in this research project in
order to investigate its impact on switching performance; therefore, it was deemed important
to investigate corona discharge in its own right. Using the LabVIEW controlled experimental
system and a current viewing shunt resistor, pre-breakdown currents (V-1 characteristics)
were measured. Literature review showed that corona discharges generated by positive and
negative energisation of sharp electrodes are different in their nature. This investigation has
shown that positive energisation corona discharge initiates at a higher voltage than negative
energisation. It has also shown that the pre-breakdown currents are ~7-fold lower for positive
than negative energisation. This leads to far less space charge screening effects and explains

why negative energisation has higher breakdown voltages. The corona discharge
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investigation provided theoretical clarifications to the space charge effects utilised in the
non-uniform topologies used in this research and has led to a greater understanding of corona

discharge for use in spark switches.

In the next phase of this research project, the operational performance of triggered spark
switches filled with environmentally friendly gases was investigated. In the pulsed power
industry, it is important to be able to control the operation of spark switches precisely.
Therefore, it was decided that following on from the self-breakdown results already
collected, an investigation into the time delays to breakdown should be investigated. A novel
method of triggering of spark switches using superposition of the DC stress and impulsive
trigger signals has been proposed in the current research project. Operational performance of
the spark switches stressed and triggered using this novel method and filled with
environmentally friendly gases has been investigated. It was established that fast closing
times of ~20 ns and jitter of ~1 ns were achievable by superimposing a triggering impulse
onto the top of the DC energised switch. This new method of triggering spark switches can
be used in purpose built systems or applied retrospectively to pre-existing switches because
it does not require additional triggering electrodes. Simple, 2 electrode switch designs can
reduce electrode erosion which can increase the lifetime of the switch. This research could

lead to a new approach in the development of high performance triggered switches.

Multi-stage spark switches were investigated, focusing on switching performance such as:
breakdown voltage; time delay to breakdown; and its jitter. Building on the investigation of
point-plane topologies, a 2 mm gap was chosen as it is close to the critical gap found in
previous chapters and a switch was designed to cascade 2, and 3 gaps with 2 mm spacing. It
was found that the positive breakdown voltage increased by ~3 kV with each new stage from
0.1 MPa up to 0.4 MPa. However, negative breakdown voltage increase with each additional
stage was not equal for all pressures. As the pressure was increased, the increase in
breakdown voltage due to more stages increased. This investigation has shown that
increasing the number of cascaded spark gaps in a switch can increase the breakdown
voltage in a predictable manner. The time delay to breakdown of the multi-gap switches
showed that it was not possible to accurately characterise the delay time with respect to the
DC charging level. However, it was possible to identify DC charging levels at which the
time delay jitter reduced to ~1 - 2 ns. Therefore, this research has identified multi-gap switch
configurations that can operate at high DC energisation levels with low jitter and with DC
energisation at just ~60% of the self-breakdown voltage. However, the critical gap of ~2 mm

of the single gap spark switch does not remain when more than one are cascaded. Non-
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uniform topologies breakdown at voltages lower than uniform field topologies and as such
higher pressures or larger gaps are required than uniform topologies. Increasing the
breakdown strength of the non-uniform topologies was investigated by adding additional
stages. The time delay to breakdown and its jitter has also been investigated which is vital
for the pulse power industry for realistic applications. These investigations have completed a

rounded investigation into gas filled spark switches topology’s.

The final stage of this research project moves the focus from the pre-breakdown processes to
analysis of the post breakdown plasma characteristics. Post-breakdown plasma properties are
vitally important for the design and operation of pulse power generators, this investigation
into the plasma resistance and inductance simulation improves the understanding gas filled
spark switches for use in pulse power generators. The literature review discussed
hydrodynamic models for dynamic plasma resistance, highlighting the differences between
the models. A novel approach to the modelling of the post-breakdown processes in plasma
closing switches has been proposed in the present research project and an advanced model
for analysis of the transient plasma resistance and inductance has been developed. This
model has been used to obtain the transient post-breakdown parameters (spark channel
resistance and inductance), and it was shown that this model provided good agreement with
the experimental values available in the literature. A new approach to solving the
hydrodynamic plasma resistance models was developed using PSpice software. It was shown
that the dynamic plasma resistance equations could be solved using the analogue behavioural
modelling package in PSpice environment. A selection of the plasma resistance models from
literature have been analysed and implemented using the PSpice approach. The obtained
analytical results (dynamic plasma resistance) have been verified using simulation and
experimental data available in the literature. It was shown that the approach developed in the
present work has significant advantages over the usual approach of deriving and solving
circuit equations because complex circuits can be built. This meant an advanced model for
dynamic plasma properties could be created with a dynamic resistance and dynamic
inductance. Using the hydrodynamic equation for plasma arc radius, which is used for
solving Braginskii’s model, the plasma inductance could be approximated. Including the
dynamic plasma inductance into the model for plasma resistance is shown to improve upon
Bragninskii’s model for plasma resistance on its own; the plasma resistance follows
experimental results even closer. The new approach to solving the dynamic plasma
resistance equations using PSpice has shown that it can be done, and both dynamic resistance

and inductance can be solved simultaneously. Using this newly developed approach to
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simulating plasma resistance, for the first time, complex pulse power systems could be

solved including those with multiple spark switches.

Throughout this thesis, there has been one clear aim: to design and optimise gas-filled spark
switches with improved operational characteristics and filled with environmentally friendly
gases. This thesis has utilised the novelty of corona discharge in most of the experiments as a
means hypothesised to improve switching performance. This thesis has found spark switch
topologies that can operate with the environmentally friendly gases air, N, and N,/O,
mixtures; it has shown that high voltage breakdowns can be achieved and with low standard
deviation. It was shown that adding coronating electrodes, creating pre-breakdown corona
discharge, has improved the standard deviation of the breakdown voltage for some
topologies; no specific trend could be highlighted to predict if an improvement would occur.
Following on from basic topologies, the point-plane topology was developed and its
operational characteristics were investigated thoroughly. Based on the results obtained for a
single-stage point-plane topology, a multi-spark switch was developed. Multi-spark switches
were investigated using the point-plane topology which created corona discharge in each
gap, and it was shown how adding multiple stages could be used to find an optimal switching
performance. Concluding, this thesis has achieved its desired outcome of showing how a
high-performance switch can be achieved using environmentally friendly gases with the aid
of corona discharge. This research has shown that, if single shot operation is required, non-
uniform topologies can be used to produce high voltage, low jitter spark switches that can be
tailored to requirements including equal breakdown voltage for positive and negative

energisation.
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11.FUTURE WORK

This research investigated spark switches from basic topologies up to advanced multi-spark
switches capable of high hold-off voltages with low jitter. With the focus on developing high
performance spark switches using environmentally friendly gases and investigating novel
approaches of corona discharge, there are some aspects of the research that could be

investigated further. This research has shown the future work that should be conducted next.

The investigation into point-plane topologies discovered critical electrode separations where
positive and negative energisations have the same breakdown voltage. This research
identified the critical gaps using different pressures and point electrode radius. Identifying
critical gap aids the design of compact spark switches and pulsed power systems. The next
step in this research is to investigate more electrode radii to extend the useful range of the
results gathered here. This research investigated different insulating gases with varying
electronegativity. However, many pulsed power systems use different insulating gases and
higher pressures where critical gaps could provide useful aids. Extending the range of air
pressures and gases would provide useful aids to the design of pulsed power switches and

compact systems.

Building on from the investigation of point-plane spark switches, multi-gap switches were
investigated with 2 and 3 spark gaps. It was found that increasing the number of gaps
predictably increased the breakdown voltage. High breakdown voltages with low standard
deviation were achieved. Investigating the time delay to breakdown showed that a DC switch
energisation voltage range could be identified where the multi-gap switches operated with
low jitter. Further work in this area should include increasing the number of gaps, some
spark switches use 10’s of spark gaps. It was found that the critical gap of the multi-gap
switches is different than single gap switches but it appeared that a critical gap could be
found for a given number of spark gaps. This would be useful for systems that require high
voltages with similar breakdown voltage for positive and negative energisations. Increasing
the pressure and trying different gases to expand the range of operation for the switches

would be of particular use in the pulsed power industry.

In the progress of designing triggered switches, a new method of triggering spark switches

with just two electrodes was developed. A system was developed to trigger a sphere-sphere
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topology using a fast rising impulse superimposed on a DC energisation. The results
obtained during this research project have shown that fast closing times (~20 ns) with low
jitter (~1ns) is achievable with negative energisation. This method of triggering a 2
electrode switch has many advantages over other triggering mechanisms and it could be used
in a wider range of switches. Initially, this work was only conducted with negative
energisation and a sphere-sphere gap with just 2 mm gap. Further work would include using
positive energisation, larger gaps, different insulting gases and higher pressures to expand on
what was started in this thesis. Also, using this triggering method on multi-gap switches, and
other 2 electrode topology designs including point-plane topologies. It was shown that
adding coronating electrodes with the sphere-sphere gaps reduced the breakdown time at
lower DC energisation levels and improved performance. Expanding into the point-plane
topology will help to see how the corona discharge affects the time delay and jitter for a full
range of energisation voltages.

The last section of the thesis focuses on post breakdown plasma resistance and inductance
modelling. The majority of the thesis focused on the pre-breakdown effects and breakdown
voltages. However, many of the applications of plasma switches require low resistance and
inductance to achieve fast rising high current outputs. Therefore, the logical progression of
the investigation into spark switches should include post breakdown plasma analysis. This
was introduced by investigation of the models of plasma resistance already presented in
literature. A new approach to modelling dynamic plasma resistance and inductance was
developed using PSpice modelling software. This approach allows dynamic plasma
resistance and inductance to be simulated simultaneously with advanced software and can be
inserted into complex circuits. Traditional approaches to simulating dynamic resistance used
hand derived circuit equations to solve for plasma resistance iteratively. Using the PSpice
approach plasma resistance could be used in complex pulse power systems such as Marx
generators where many spark switches may need to be included. Further work in this area
would include gathering new data for plasma resistance, developing a new model for plasma
resistance, and finding new fitting coefficients for existing models using the advanced

PSpice system.
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14. APPENDIX 1: LAUE GRAPHS
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Figure 14.1 Laue graphs for 0.1 MPa air without corona discharge electrodes.

1
80

217



2F [ ] 4
| | n
]
’Z: 1r ] .
£
= . -
]
u
of - .
35 40 45 50 55 60 65
Time (ns)
(a) 2 kV DC energisation
3.0 T T T T T T T T T
u
25 F 4
u
20 | 4
u
> 15f 1
z .
< 10t n p
u
u
05 g
. u
00 F m = i
34 3.'6 3I8 4IO 4I2 4I4 4I6 4I8 5IO 5I2 54
Time (ns)
(c) 6 kV DC energisation
2F | -
n
n
=z u
]
n n
ok n n u i
31 32 33 34 35 36 37

Time (ns)

()10 kV DC energisation

-In(N/N))

AIn(N/N)

-In(N/N,)

35

3.0 F

25

20 F

15

10+

0.5 F

0.0 |-

18

40 42 44 46 48 50
Time (ns)

(b) 4 kV DC energisation

52

54

1.6

14+

12|

10

0.8

0.6

04

0.2 |

0.0

28

@
o

w
o

s
”

N
o

=
3

[y
o

o
o

o
o

30 32 34 36
Time (ns)

(d) 8 kV DC energisation

40

28

30 32 34 36 38 40

Time (ns)

(f) 12 kV DC energisation

42

44

218



No coronating electrodes
Gas — Air
Pressure — 0.2 MPa

Figure 14.2 Laue graphs for 0.2 MPa air without corona discharge electrodes.
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14.2 LAUE GRAPHS FOR DISCHARGES WITH
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Figure 14.5 Laue graphs for 0.1 MPa air with corona discharge electrodes.
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16. APPENDIX 3: CORONA
DISCHARGE V-1 CURVES
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Figure 16.1: Corona discharge V-I curves for gramophone needle.
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Figure 16.2: Corona discharge V-1 curves for 0.067 mm radius sharpened point tungsten rod point electrode.
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Figure 16.3: Corona discharge V-1 curves for 0.8 mm radius hemispherical tipped tungsten rod point electrode.
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17. APPENDIX 4

DISCHARGES AND ELECTRICAL BREAKDOWN

OF GASES

This section will briefly describe gas discharges processes: Townsend avalanche, corona and
spark breakdown, which are important in order to consider what breakdown is in terms of
electrical conduction through gases. Electrical breakdown of gas is a process of a sudden
increase in electrical conductivity of gaseous medium that was an insulator in its normal
state. This section will discuss the mechanisms that turn a normal state insulating gas into a

highly conductive plasma channel.

When an electric field is applied to a gas, charged particles which may naturally occur in the
gas medium due to cosmic ray ionisation and/or other ionisation processes, drift towards the
cathode (if positively charged) or anode (if negatively charged). The drift of charged
particles results in a flow of current. The magnitude of current in this case is proportional to
the applied field and is known as Ohmic conduction, identified in Figure 17.1. Ohmic
conduction process is typically observed at relatively low fields in the case when the rate of
creation of charged particles in gas is not much higher than the rate of their
removal/disappearance. At ‘ground level’ there are ~1000 positive and negative charged
particles per cm® and there are ionisation and recombinations occurring constantly
[Howatson 1965]. The Ohmic region of current in an electric field will saturate when the
current becomes limited by the number of supplied charges. i.e. the amount of ionisations per
second in the gas which is between 2 and 10 ionisations per second per cm®. However, with
an increase in the applied field the rate of production of charged particles in the gas can
become significant leading to avalanche-type ionisation processes (Townsend avalanches)
which will result in significant increase in conductivity of the gaseous medium. Figure 17.1
shows the current characteristics for a uniform electric field in a gas as field is increased

identifying conduction current, current saturation and Townsend avalanche.
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Figure 17.1 V-I curve showing current phases in a uniform electric field at low pressure.

Identified in Figure 17.1, after the Ohmic region the current has saturated and remains
constant, defined by the ionisation rates of the gas. The current does not increase again until
an electron avalanche (Townsend avalanche) develops. When the field (corresponding
voltage) reaches an avalanche triggering level, electrons in the gas will have sufficient
energy to cause ionisations resulting in extra free electrons. At this point successive
ionisations can form an electron avalanche and the number of electrons increases
exponentially. This is represented as an exponential increase in the current which is
identified in Figure 17.1.

At specific pressure and inter-electrode distances a further phase of breakdown can be
developed, this phase is called a streamer breakdown. An electron avalanche will transform
into a plasma streamer when the charged particles at the head of the avalanche reach a
critical concentration. The plasma streamer which is this channel filled with ionised gas
propagates towards the opposite electrode through the gas filled gap and connects the
electrodes. This is the moment of breakdown and the current will increase to a maximum as

the plasma resistance reduces to a minimum.

Townsend Electron Avalanche

In the first instance, it is necessary to consider a scenario where there is a uniform electric

field between two parallel plate electrodes where the gap much smaller than the width of the
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electrodes. In this topology, the electric field can be assumed to be uniform across the inter-

electrode gap and width of the electrode.

Electrons are produced (naturally occurring as well as induced by gas discharges) in the

region of the cathode and are then accelerated in the electric field. The electrons collide with

atoms or molecules of gas and if the electrons have gained sufficient energy the collisions

can cause ionisations. After an ionisation by electron impact collision, there are two free

electrons and a positive ion. The two electrons are accelerated in the electric field and may

go on to cause their own ionisations. And their new electrons go on to ionise and so on and

the number of free electrons grows exponentially [Townsend 1915]. Figure 17.2 shows the

development of an electron avalanche in steps with one electron colliding with a particle and

then both being free to collide again.
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Figure 17.2 Electron avalanche stepped development.

Neutral particle

As the number of electrons increases, it corresponds to an exponential increase in current,

Figure 17.2, and can be seen in the Townsend region.

The increase in electrons can be described using Townsends first ionisation coefficient, «,

defined as the number of ionisations events produced by an electron in a unit distance. In

electronegative gases, electrons have an affinity to attach to neutral particles to form
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negative ions. To account for attachment in Townsend avalanches, the effective Townsend

avalanche coefficient, a.s, should be used.

Townsend's first ionisation coefficient can be used to calculate an increase in electrons over
a defined distance between the electrodes. The number of electrons increased can be

expressed by [Townsend 1914]:

M _ o@eppx (17.1)

where:

n is the number of electrons,

- ng isthe initial density of particles,

x is the distance of the electron avalanche,

and a,f is Townsends first ionisation coefficient.

Secondary initiating electrons can be produced at the cathode by positive ions colliding with
gas particles, other ionisations due to particle collisions and photoionisation within the gas.
However, the contribution of these processes is negligible compared to the electrons
produced by positive ion bombardment. To account for secondary electrons, which will start

their own Townsend avalanches, a second coefficient, y, was proposed by Townsend.

Allowing for secondary electrons, the total current can be expressed as [Haddad and
Warne 2007][Llewellyn-Jones 1957]:

ae%errd (17.2)
1=y~ 1)

i=i0

where i is the current at the anode, iy is the current at the cathode, o is the Townsends first
effective ionisation coefficient and y is Townsends second ionisation coefficient, and d is the
electrode gap. The current will increase to a theoretical infinity when the denominator tends

to zero:
1—y(e%rrd—1)=0 (17.3)
or

~ye%effd =1 (17.4)
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Townsend established that breakdown would occur when the condition in Equation (17.3)
was true, and it is known as the Townsend sparking criterion. Townsend’s sparking criterion
in the form of Equation (17.3) allows the theoretical calculation of breakdown voltage for
breakdown in uniform fields. The next section discusses the breakdown voltage of uniform

topologies using Panchen’s law.

Paschen’s Law

It has been shown that the creation of secondary electrons is directly related to the electric

field and gas pressure (Appendix 4). By taking a. s and y as a function of (E /p) as shown:

Yy = f(E/p) (17.5)

aerr = pf2(E/D) (17.6)

In a parallel plate topology the electric field can be calculated (Section 2.1.2) as the voltage
difference between the electrodes and the distance between them (E = V/d). Therefore, E /p

can be written as V /pd:

Vp\ ph(L2R)a _ (17.7)
fl(pd)e el =1

where:

- Eis the electric field strength,

- pisthe gas pressure,

- d isthe inter-electrode spacing,

- pfo(E/p) is Townsend's first ionisation coefficient as a function of electric field and

pressure,
- —) is Townsend’s second ionisation coefficient as a function of electric field and
\p

pressure,

- Vpgp is the breakdown voltage.

From Equation (17.7), for the sparking criterion, it can be seen that the voltage at which

breakdown occurs is only dependent on the pressure and distance:

Vep = f(pd) (17.8)
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which is known as Paschen's law. Paschen's law can be applied to a wide range of electric
fields and pressures. Breakdown voltages can be predicted for a given gas by the pressure
and electrode spacing (pd). For this reason, breakdown voltage data is often presented as a
function of pressure and distance, V(pd), as shown in Figure 17.3. Figure 17.3 depicts a

Paschen curve with the Paschen minimum labelled.

Breakdown Voltage

VminfF———---

A\

(pd)min

Pressure x Distance
Figure 17.3 Paschen curve example.

Paschen curves can be split into two sections around the minimum. The left hand side (LHS)
can be explained for very low pressure: there are few particles and it is difficult to form an
electron avalanche and so the breakdown voltage is higher. On the right hand side of the
Paschen minimum, the pd increases and there are plenty of atoms for an electron avalanche.
However, at larger electrode gaps the electric field reduces and so a higher voltage is

required to get the electric field up to breakdown level.

The minimum point of the curve in Figure 17.3 is known as the Paschen minimum, and is the
optimal pressure to electrode spacing conditions for creating an electron avalanche and the
least voltage to cause breakdown. The Paschen minimum for air is: V,,;,, = 352V and
PAmin = 73 Pa.cm [Raizer 1991].

Paschen's law has been experimentally proven for low pressures, however, has limitations
for its range of distances and at high pressures. At large gaps and high pressures, the
mechanisms of breakdown are no longer purely based around the Townsend avalanche. At
higher pressures close to the densities found in liquids, the breakdown mechanisms can
change [Hogg 2012a]. A limitation of the Paschen curve that is particularly important in

many current applications is very small inter-electrode gap (1m range) where the breakdown
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voltage on the LHS of the Paschen minimum does not follow the Paschen theoretical curve
and reduces even further below the Paschen minimum, Figure 17.4. Figure 17.4 shows a

Paschen curve for a very small electrode gap (um) where Paschen's law no longer holds.
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Figure 17.4 Paschen curve for micro-gaps [Torres 1999].

The process by which breakdown occurs in these very small gaps does not follow the
theoretical Paschen's law instead of potential increase as the breakdown voltage as it would
be expected from the classic Paschen curve for very low pd’s, the breakdown voltage
reduces rapidly. This is of significance to micro and nano technological applications such as
MEMS switches.

Townsend discharge does not sufficiently explain breakdown in all electrode topologies and
gas pressures. At specific compositions of gas pressure, inter-electrode distance and applied
voltage stress, Townsend avalanche can transition into a streamer discharge which is

discussed in Appendix 4.

Anode Directed Streamer Discharge

The development of an electron avalanche will distort the local electric field in the region of
the avalanche. The fast moving electrons leave behind positive ions after ionisations which
have a negligible drift velocity compared to the electrons and can be assumed to be almost
stationary. This results in a collection of positive charges mixed with some neutral particles,
which gives a positive net charge in the region behind the electron advancement. The faster

moving free electrons group to form a net negative charge region. These charged regions are
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known as space charges. The space charges have their own field enhancements between the

two regions of space charges and between the space charges and the electrodes, Figure 17.5.

Electric Field

Electric Local
field electric
field
External
electric field
Distance

Figure 17.5 Avalanche space charge and local electric field enhancement.

The local fields created by space charge are superimposed with the external field to have a
total field at the tip of the avalanche that is significantly higher than the externally applied
field. The tip of the avalanche can be large enough to sustain ionisation even when the
external field is reduced below that necessary to ionise. This is important when considering
non-uniform field topologies where the electric field reduces exponentially from the high

field to a much lower field across the electrode gap.
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The Townsend discharge alone is not sufficient to explain the breakdown of all pressure
ranges and electrode gaps. It was discovered that Townsend avalanches evolved into much
narrower focused filamentary discharges known as streamers when the concentration of

charges at the head of the streamer increased.

The transition criteria from avalanche to streamer for an anode directed discharge is based on
a specific charge concentration at the head of the avalanche expressed as:
[Bluhm 2006][Meek 1953][Kuffel 2000]:

n = exp(aX,) ~10° (17.9)

where:

- nisthe number of electrons at the head of the avalanche,
-« is Townsend's first ionisation co-efficient,

- and X, is the length of avalanche.

The avalanche to streamer transition criteria can be also expressed as a critical length of the
electron avalanche based on Equation (17.9)

The field at the head of the streamer is greatly increased due to high concentration of the
electrons, the streamer starts to grow from the avalanche head, the velocity of streamer
exceeds that of the Townsend avalanche (typically the velocity of the streamer can be
approximated by the drift velocity of electrons in gas).

Thus far, the breakdowns considered have been for uniform fields. Paschen curves are
theoretically not applicable to non-uniform fields because in non-uniform fields, electron
energies and as such Townsend's ionisation coefficients are not constant across the inter-
electrode gap. However, breakdown data is sometimes still represented as a function of

pressure and distance and compared against actual Paschen curves.

Discharges in Highly Divergent Electric Fields

Non-uniform fields have localised regions of increased electric field strength, consequently,
breakdown mechanisms are not exactly the same as in uniform fields. The distribution of

electron energies in non-uniform fields isn’t constant due to the varying electric field
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intensity. Therefore Townsend's first ionisation coefficient, a, varies depending on electric
field intensity [Loeb 1939]. Figure 17.6 shows Townsend's first ionisation coefficient with

distance from a point electrode.
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Figure 17.6 Townsend’s first ionisation coefficient in non-uniform field [Loeb 1939].

Therefore, in considering Townsend avalanches the ionisation coefficient is now distance-

dependant and the term a,frd now becomes:

d (17.12)
f Aerr(x)dx

0

where:

- Oesr is the effective Townsend's first ionisation coefficient,

- and d is the distance between the electrodes.

In localised high field regions, ionisation events are initiated and electron avalanches can
occur. As the electron avalanche spreads to lower field regions, ionisations stop and the
result is a partial-discharge known as ‘corona discharge’. The next section discusses corona

discharge from positive and negative energisation perspectives.
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Corona Discharge

Corona discharge is a type of partial-discharge which does not cover the whole inter-
electrode gap with a highly conductive plasma as it does in case of a spark discharge. In
corona discharge, its ionisation zone expanding only into a small part of the inter-electrode
gap. Occurring in non-uniform topologies with intense localised electric fields and low
average field intensity, corona discharge presents with a luminous focal point in the high
field regions, radiating into the lower field regions where it becomes less visible. The
brightness and morphology of corona discharges depend on, amongst other parameters, the
polarity of energisation voltage. Negative corona discharge radiates from sharp cathode and
gradually decreases in light intensity. Positive energisation corona discharge presents with a
focal point, branching off in bursts of focused bright filaments. In both, negative and positive
energisation coronas, the size and volume of corona discharges depends on the applied
voltage, gas type and pressure. The process behind the development of positive and negative

energisation corona discharges is different. Therefore, they are discussed separately.

e Negatively energised corona discharge

Negative corona discharge occurs in high field regions where the field exceed the critical
ionisation value, initiating electron avalanches and Townsend avalanches. When the
discharge expands into lower field regions the ionisation processes rapidly reduces and
recombination and attachment become the dominating processes. The electron avalanche
stops advancing and results a concentration of charges forming localised regions of space

charge, Figure 17.7.
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Figure 17.7 Negative space charge from a HV cathode point electrode.

Negative space charge regions created by negatively energised corona discharge in
electronegative (attaching) gases has this space charge a significant impact on the eventual
breakdown characteristics. Positively energised corona discharge mechanisms are different
to negative corona and does not result in significant regions of space charge as in the case of

negative corona. The next section discusses the development of positive corona discharge.

e Positive corona discharge

Initiation and development of the positively energised corona discharge also stems from the
fundamental theory of ionisation, however, the discharge mechanisms are different from the
negative corona. A high voltage sharp anode does not develop an expansive electron
avalanche, instead it draws in miniature electron avalanches towards the high field region at
the tip of the electrode. These avalanches are developed due to emission of photons from the
ionization zone, thus photoionisation plays a significant role in developing positive corona

discharges. The electrons accelerate towards the high field region and are absorbed by the
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anode while the positive ions are left behind. Relatively slow moving positive ions form a
net space charge in the close proximity to the sharp HV anode. Figure 17.8 depicts positive
space charge forming in the region in front of a high-voltage anode point by mini electron

avalanches leaving behind positive ions.
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Figure 17.8 Positive space charge from a high-voltage anode point electrode.

Positive space charge plays a significant role in the development of the breakdown discharge
known as a ‘cathode directed streamer’. However, there is comparatively little volumetric

space charge compared with negative space charge.

Positive and negative corona discharges stop advancing when the electric field reduces
below critical value (in atmospheric air this threshold is defined by equality of the effective
ionisation coefficient to zero at 28-30 kV/cm/atm) and electrons recombine and attach to

other particles.

In the case on negative corona in electro-negative gas, the electric field magnitude at the
vicinity the tip of a point-plane topology is reduced due to development of volumetric space
charge. The space charge region in front of the point electrode can ‘screen’ the electric field

causing the peak field to be reduced, Figure 17.9.
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Figure 17.9 lllustration of space charge screening effects due to space charge.

Depicted in Figure 17.9, negative space charge from a point cathode (a) reduces the field at
the tip of the electrode considerably more than positive space charge from a point anode (b).
Space charge created by a high-voltage cathode can be significant in electronegative gases
and result in higher breakdown voltages compared to a high-voltage anode. The next section
gives a method for approximating the resulting electric field.

Space charge effected electric field

Using the mobility of the electrons, the space charge governed electric field can be obtained.
Coelho and Debeau presents a method for calculation of the space charge governed field

along the inter-electrode axis as [Coelho and Debeau 1971]:

E(v) _ \/[pZ(Z - p)zEPZ - AV{P(Z - P) + (1 - P)V - U2/3}] (1712)
w+p)2-v—p)
where:
21 (17.13)
" mdep
_a (17.14)
P =24
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v = 2 (17.15)
v (17.16)
Er =—73
aln (7)

and E, is the peak Laplacian field, v is the normalised distance between the point and the
plane electrode, d is the gap between the point and plane electrodes, x is the distance from
the point electrode along the inter-electrode gap, | is the mobility of electrons, ¢ is the
permittivity, | is the current, a is the radius of the point electrode and V is the voltage.

The volumetric space charge created in an electronegative gas by a negatively charged point
electrode increases the breakdown voltage, this effect is significantly less pronounced in the

case of positive energisation.

Townsend avalanches can develop into more filamentary, focused ‘streamers’. In non-

uniform fields cathode and anode directed streamers are discussed in the next section.

Cathode Directed Streamers Discharge

An anode directed streamer discharge in a non-uniform field develops much like in a
uniform field, initiating with an electron avalanche. However, cathode directed discharges,
for example, a positive high voltage point, develop differently. The development of a
positive streamer discharge from a high voltage anode is discussed in this section.
Photoionisation mechanisms in the positive discharge will generate miniature electron
avalanches which create the positive space charge [Haddad and Warne 2007]. The localised
positive space charge forms ahead of the positive point electrode and creates an intensified
local field at its tip. More electron avalanches are formed towards the tip of this space
charge, and the positive space charge grows with the new positive ions. Figure 17.10 depicts
a cathode directed streamer advancing as mini avalanches are absorbed into a positive

column.
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Figure 17.10 Cathode directed streamer.

The advancement of the cathode directed streamers is focused in the direction of the cathode
and does not tend to expand out into the gap as much as the anode directed discharges. The
advancement of the discharge is not affected nearly as much by the diffusions of electrons
because the avalanches do not expand much before getting absorbed into the positive space
charge and anode. This is known as a cathode directed streamer or positive streamer.

The positive energisation space charges occupy a smaller volume than negative space charge
in the case of negative energisation. Thus, local positive space charge effects can aid the
development of anode streamers, compared with the volumetric negative space charge which
reduces the field due to screening effects . These increased screening effect in the case of
negative energisation directly impacts on the breakdown voltage in the non-uniform
topologies. The next section discusses the breakdown voltage of non-uniform topologies
stressed with both positive and negative polarities.

Breakdown in Non-Uniform Electrode Topologies

When considering non-uniform electric field such as those created in point-plane and co-
axial topologies, it is expected that the breakdown voltage will be higher for negative
energisation of the HV electrode as compared with positive energisation. This is due to

negative space charge effects ‘screening’ which are especially pronounced in electro-
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negative gases; the electric field is reduced in the vicinity of the HV electrode by the
volumetric space charge, thus an increased applied voltage is required in order to overcome

this reduction in the field and to achieve the critical breakdown field value.

Early work in the field of non-uniform field breakdown in gas showed that there are
combinations of thermodynamic and topological factors (first of all pressure and inter-
electrode distance) at which this statement is not always true. Researchers such as Marx,
Uhlmann, Stringel and Holzer have published data on breakdown voltages in non-uniform
fields as far back as 1928 [Marx 1928] [Uhlmann 1929] [Stringel 1933 and 1939] [Holzer
1932]. Breakdown voltages in short gaps energised with both positive and negative polarities
at low pressure (in the region of the Paschen minimum) and at higher pressures are available
in the literature. Even though non-uniform field breakdown data does not conform to
Paschen's law, it is often plotted as breakdown voltage against the product of pressure and

distance in the manner of a Paschen’s curve.

Positive breakdown voltages in the regions around Paschen minimum, have been shown to
have values higher than the negative breakdown voltages at the same parameters in air which
can be considered an electronegative gas due to containing ~21% oxygen [Meek 1953]
[Huxley 1930 and 1928][Bruce 1930][Boulind 1934 and 1935]. Results from breakdown
experiments in co-axial topologies have been shown to have a higher positive breakdown
voltage than negative voltage for parameters which correspond to the region between
Paschen minimum and some point on the right hand side at larger pd. The negative
breakdown voltage increases at a steeper gradient and eventually crossed the positive

breakdown curve.

Meek and Craggs presented data for different gases where breakdown voltages were higher
for positive than negative energisation, but in the case of nitrogen (which is an
electropositive non-attaching gas) the breakdown voltage for positive energisation remained
higher than for negative energisation. This is probably due to the fact that nitrogen has no
electron attachment affinity. Therefore, in the case of negative energisation less volumetric

space charge is formed

Several researchers have also published data on breakdown voltages in point-plane
topologies with short gaps (sub-mm to ~10 cm) at higher pressures, around atmospheric
pressure and above [Marx 1928][Uhlmann 1929][Strigel 1933 and 1939][Holzer 1932].

Some of the breakdown tests were conducted in point-sphere topologies, but the breakdown
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results are considered alongside point-plane because the differences are small. In some cases,

the point electrode is either a cone or hemispherical tip to a rod.

Strigel reported breakdown voltages for gaps up to 10 mm, using sphere-sphere, point-sphere
and point to point topologies [Strigel 1933 and 1939]. The point-sphere topology in
Figure 17.11 is of interest, and it was shown that with a HV point cathode, the breakdown
started below the voltages for a HV point anode but it increased at a steady rate almost linear
with increasing gap. The HV point anode breakdown showed a complex curve when distance
is increased which starts above the breakdown voltage for HV cathode point and eventually
ends up lower when the gap is increased. Figure 17.11 shows Strigels data for point-sphere
in air.
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Figure 17.11 DC breakdown voltage curves in air for various combination of points and sphere electrodes. The
sphere diameter is 5 cm [Strigel 1933 and 1939].

At larger gaps, 10 mm to 90 mm, Uhlmann shows that in a cone-plane gap (30° angle cone),
the breakdown voltage for the HV anode cone is below that of the HV cathode cone

[Uhlmann 1929]. The breakdown voltage for the HV cathode cone increase almost linearly
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with an increase in distance, and the HV anode cone has a slight tendency to curve,
increasing at a lower rate at larger gaps. However, Uhlmann’s graph shows the data points
converging around 1 mm and, if further data were collected in this regions, it is likely the
HV anode cone breakdown would have a higher voltage than negative energisation. The best
fit curves used in the graph cross at zero which is an assumption made by the researcher but
may not be true considering that actual data points. This data further suggests the need to
examine the short gap region. Figure 17.12 shows Uhlmann’s data for cone-plane DC
breakdown at increasing distances.
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Figure 17.12 DC breakdown voltage curves for air between a 30° conical point and plane [Uhlmann 1929].
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The same tendencies as those discussed for Uhlmann and Stigel are observed with the
hemispherical point shown in Figure 17.13. The HV point anode breakdown voltage starts
above the HV point cathode and ends up lower at the higher distances. However, the region
at which the positive and negative breakdown voltages intersect is much larger (~20 —
30 mm) which is likely to be due to the reduced electric field at the tip of the point.
Figure 17.13 shows the data for the 2 mm hemispherical breakdown data from Meek and

Craggs.
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Figure 17.13 DC breakdown voltage curves for air between hemispherically-ended rod, of 0.4 cm diameter, and
a plane [Meek 1953].

The electric field at the tip of a point electrode is dependent on the electrode gap and radius

of the point as shown by Equation (2.7). This field modification by the space charge has a

significant impact on the breakdown voltage behaviour, since positive energisation resulted

in a higher breakdown voltage than negative energisation for much larger electrode gaps.

This is likely due to positive space charge which is formed in the vicinity of the HV anode,
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local positive space charge effects result in lower electric fields and higher breakdown
voltages. The literature data presented and analysed here is particularly important and is used

for analysis of original results obtained in this work and presented and discussed in

Chapter 5.
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ABSTRACT

Electrical breakdown in air in a point-plane topology involves complex processes that
are still not fully understood. Unlike uniform-field topologies, the highly-divergent
fields produced by point-plane topologies create pre-breakdown corona with
volumetric space charge. It is known that space charges developed by corona discharge
have significant impacts on the breakdown voltage in non-uniform electrode topologies.
With large inter-electrode gaps (>cm) the breakdown voltage for a HV point cathode in
air at atmospheric pressure is noticeably larger than a HV point anode. However, this
paper shows that in shorter point-plane gaps in air (less than ~10 mm), in the air
pressure range 0.1-0.35 MPa, an HV point anode has a similar breakdown voltage
which eventually is surpassed by the HV point cathode as the inter-electrode gap is
increased. The inter-electrode gap at which the HV cathode has a higher hold-off
voltage is found to be dependent on the gas pressure and radius of the point electrode.

Index Terms - Electrical breakdown, Corona discharge, Air-filled plasma-closing
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switch, Point-plane electrode topology.

1 INTRODUCTION

WITHIN the power and pulsed power industries there
is a need for high voltage (HV) systems with a reduced
footprint and, as such, it is useful to design and characterise
compact gas-filled switches with short inter-electrode gaps.
This paper investigates the effect of energisation polarity on
the performance of a self-breakdown air-filled plasma
closing switch with a point-plane electrode topology which
is stressed with ramped voltage. Although -electrical
breakdown in air in point-plane electrode topologies has
been under investigation for decades, further studies of the
breakdown mechanisms and characteristics are required, as
these topologies are widely used in practical applications in
the power and pulsed power industries, [2-7]. In some
cases, corona discharges are used for optimisation of switch
operation characteristics and the present work investigates
the effect of such pre-breakdown corona discharges of both
polarities on the operation and performance of the air-filled
plasma closing switch.

When dealing with highly non-uniform electric fields,
corona discharges can be initiated before complete (spark)
breakdown in the gap [1, 3, 4, 6, 7, 10]. Corona discharge is
a self-sustained discharge, initiated in high-field regions if
the field exceeds the threshold corona ignition value
(~30kV/em for a spherically capped rod or pin HV

Manuscript received on 22 October 2014, in final form 16 April 2015,
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electrode in atmospheric air, [1]). The field magnitude
reduces away from the sharp HV electrode, thus the
ionisation zone of the corona discharge is defined by the
critical ionisation field value, which is ~25-30 kV/cm for
atmospheric air [1], ionisations stops as soon as the field
reduces below this critical value.

Corona discharges can be classified according to the
polarity of voltage which stresses the sharp electrode.
Negative corona discharges in air initiate and sustain in
accordance with the Townsend discharge mechanism, with
primary electron avalanches emanating from the tip of the
cathode into the ionisation zone. Much slower positive ions
travelling in the opposite direction develop a cathode sheath
which increases the field in close proximity to the sharp
cathode. In the case of corona discharges in electronegative
gases, negative ions are produced by attachment of
electrons to electronegative molecules (molecules of
oxygen in the case of air), these ions travel towards the
anode through the transport zone where the electric field is
lower than the critical ionisation field. These ions produce
the negative volumetric space charge which results in the
reduction of the space charge saturated electric field in the
vicinity of the HV electrode as compared with the
Laplacian electric field.

Positive corona initiates as a number of smaller-scale
electron avalanches directed towards the sharp anode, and
the secondary photoemission of electrons plays an
important role in the development of this type of corona
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discharge. The electrons are absorbed into the anode
leaving behind positive ions resulting in development of the
positive local charge in close proximity to the anode and a
reduction of the field at the anode. Thus, the ignition
voltage of positive corona discharges in atmospheric air is
higher than the ignition voltage of negative ones, [10].

Positive ions travel to the cathode through the transport
zone providing a current in the discharge circuit, however,
the volumetric positive space charge does not modify the
field as noticeably as in the case of the negative corona in
an electronegative gas: the positive corona current and
therefore the density of positive ions is significantly lower
than the negative corona current for the same applied
voltage.

With further increase in the applied voltage, a spark
breakdown can be developed in the inter-electrode gap,
resulting in gap closure. In non-uniform topologies in
electronegative gases (including air), it is common to
expect a higher breakdown voltage for a negatively-
energised sharp HV electrode as compared with a
positively-energised electrode, [11]. This is due to the
development of negative volumetric space charge (as
discussed above), which results in field screening in the
vicinity of the sharp cathode, [1, 9]. The field in the inter-
electrode gap is highly non-uniform: it reduces sharply
from its maximum value near the cathode to a minimum
value, then the field increases slightly toward the opposite
plane electrode. For the point-pane electrode topology
stressed with DC voltage in atmospheric air, the minimum
value of the field is observed at distances < lmm away
from the cathode, depending on the corona current, [12]. In
the case of positive corona discharge, positive ions also
modify the field distribution in the vicinity of the corona
generating electrode (anode), however the degree of
distortion of the field in the main gap is considered to be
not so significant, [13].

Thus, for the longer inter-electrode distances which are
sufficient for the development of noticeable space charges
in the main inter-electrode space, the spark breakdown
voltage in the case of negatively stressed high tension
electrode can be higher than the breakdown voltage for a
corresponding positively stressed electrode, [9, 14].
Therefore, higher DC or ramped switching voltages can be
achieved using plasma closing switches with corona
electrodes filled with electronegative gases, which is of
significant importance to the pulsed power industry, [1, 8,
9,18, 19].

However, over shorter inter-electrode distances, the
complex processes in the vicinity of the high-tension
electrode including development of plasma in the ionization
zone, sheath formation, field screening and the space
charges can result in less pronounced difference (or
complete absence of this difference) in the positive and
negative spark breakdown voltages, [2]. Therefore, it is
expected that in the case of air-filled self-breakdown
closing switch, a critical inter-electrode distance should
exist: for inter-electrode gaps smaller than this critical
distance, both positive and negative spark breakdown
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Figure 1. Experimental set up for measuring pre-breakdown corona current.
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voltages will be almost the same, while for gaps larger than
the critical distance, the negative spark breakdown voltage
will be higher than the positive spark breakdown voltage.
This behaviour can be used in practical plasma closing
switches in order to provide operational performance
independent of stress polarity.

In the present paper, the corona ignition voltage, spark
breakdown voltage and pre-breakdown corona current have
been measured in an air-filled plasma closing switch with a
point-plane electrode configuration. Polarity effects on
operational characteristics of this switch have been
analysed.

2 EXPERIMENTAL SET-UP

In order to investigate operational characteristics of the
switch (breakdown voltages and corona discharge
parameters), a dedicated experimental set-up has been
developed and constructed. The spark breakdown voltage,
corona ignition voltage and corona current were obtained
for the switch filled with bottled compressed air (room
temperature ~20°C, 12.5%rh) in the range of pressures from
0.1 MPa to 0.35 MPa, for 8 inter-electrode gaps in the range
between 0.5 mm and 14 mm.

In these tests the point electrode was energised with
steadily increasing voltage of both polarities until spark
breakdown occurred. Figure 1 shows the experimental
design where a Glassman HVDC power supply (EH series
0-60 kV) was used to provide up to 60kV to the point
electrode via a 1 MQ charging resistor. The voltage
increase was controlled via a LabVIEW program
interfacing with a National Instruments DAQ (USB6008)
providing a ramped voltage with a stepped rate of
370 V/150 ms. When measuring pre-breakdown corona
discharge current the switch was grounded via a 100 kQ
shunt resistor, the voltage drop across this shunt resistor
was measured using a Tektronix P6015A HV probe
(1000:1), and a Tektronix TDS 2024 (200 MHz, 2 GS/s)
oscilloscope, Figure 1. Corona inception voltage was
determined as the voltage at which the corona current starts
to show a clear tendency to increase (start to be above
current noise fluctuations). Both positive and negative
corona current waveforms were digitally filtered using
adjacent-averaging procedure in Origin 8 software for clear
identification of corona inception voltage.

The spark breakdown voltage was measured in a separate
set of tests without the current viewing resistor, with the
plane electrode of the switch directly connected to the
ground. The breakdown voltage was identified at the
moment of the collapse of voltage this voltage was
measured using a North Star PVM-5 HV probe (1000:1)
and a Tektronix TDS 2024 (200 MHz, 2 GS/s) oscilloscope.

The localised field enhancement in the vicinity of the
sharp high-tension electrode is strongly dependent on the
radius of the point electrode, [15-18], and it is expected that
the radius of the point electrode can affect the switching
performance. Therefore, this paper investigates three
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different HV point electrodes: a tungsten rod with tip
radius 0.068 mm; a tungsten rod with tip radius 0.8 mm;
and a soft-tone gramophone needle with radius
0.036 mm, since it has a well-defined shape and is often
used in the power and pulsed power industries as a high-
tension point electrode, [20]. The sharp point tungsten
electrode with radius of 0.068 mm was used to create a
strong field enhancement. In contrast, the hemispherical
tipped rod with radius 0.8 mm creates ~7x lower peak
field, the peak field values in the point-plane topology
have been calculated using the expression from [15].
Therefore, it is expected that for the larger radius
electrode, corona current will be lower and space charge
effects will be less pronounced. The ground plane
electrode was a 50 mm diameter brass disk with rounded
edges. A cylindrical switch body was made of black
PVC.

The switch was set up with the desired point electrode
and inter-electrode gap, and a rotary vacuum pump was
used to evacuate the switch prior to filling with bottled
air. The pressure in the switch was accurately set and
controlled using a precision digital regulator Alicat PCD.
The switch was evacuated every time when changing gas
pressure, gap separation or electrode type.

Figure 2 shows typical pre-breakdown currents for
positive and negative energisation of the point electrode,
where the current waveform was obtained by division of
the voltage measured across the shunt resistor by the
nominal value of this resistor.

3 RESULTS AND DISCUSSION

Breakdown events were measured for all three point
electrodes, with inter-electrode distances between 0.5 mm
and 14 mm, and for air pressures between 0.1 MPa
and 0.35 MPa. The point HV electrode was stressed with
both positive and negative voltages and each breakdown
measurement was repeated 30 times to allow statistical
treatment of the results. Plotting the breakdown voltage as a
function of inter-electrode gap shows the differences
between breakdown voltages and corona characteristics for
positive and negative energisation. These graphs have been
plotted and analysed for all 7 pressures in 0.05 MPa
increments. Figure 3 shows an example of the analysis
conducted in the present study: this figure shows positive
and negative corona ignition and breakdown voltages at
0.3 MPa for each of the point electrodes used. Images of the
point HV electrodes were taken using an optical microscope
with 1000X magnification: no visible change in point radius
due to electrical erosion was visually observed after
breakdown tests.

It was found that the positive corona ignition voltage was
(slightly) higher than negative ignition voltage for all tested
pressures, distances, and electrodes.

As can be seen in Figure 3, in the case of negative
energisation, the spark breakdown voltage increases
with an increase in the inter-electrode spacing.
Experimental data on negative breakdown voltages as
functions of the inter-electrode gaps were fitted with
straight lines over the whole range of the tested inter-
electrode distances and for all pressures used in this
study. These lines are shown on Figure 3, together with
the analytical coefficients and goodness of fitting (R?)
values: R* values of 0.98-0.99 are typical for all 3
points.

Positive breakdown voltages, V,,, also increase with
an increase in the inter-electrode spacing, however
positive V,, demonstrates more complex behaviour as
compared with negative V,,. For sharper HV electrodes
(0.036 mm and 0.068 mm radii electrodes, Figures 3a
and 3b) experimental data on positive breakdown
voltage also have been fitted with straight lines in the
full range of the tested distances and pressures.
However, the gradient of these lines is lower than that
for the lines plotted thought negative breakdown data.
For example, in the case of 0.036 mm radius electrode
(gramophone needle, Figure 3a, the gradient of the line
of best fit is 2.24 kV/mm for positive breakdown
voltages compared to 4.7 kV/mm for the negative
breakdown data. The straight lines of best fit through
the breakdown data for positive and negative
energisation for 0.036 mm and 0.068 mm radius
electrodes (Figures 3a and 3b) intersect indicating that
there is a critical gap separation where the breakdown
voltage is identical for both polarities of energisation.
This gap length is referred to as d,,;, in this paper. The
low values of d,,;; observed with tip radii of 0.036 mm
and 0.068 mm (Figure 3a and b) mean that there is
insufficient data to draw conclusions as to whether the
positive and negative breakdown data follow an
identical trend over a range of gap lengths below d_,.;.

For the electrode with the largest tip diameter, the
tungsten rod with a 0.8 mm radius tip, the positive
breakdown voltage can’t be fitted with a single straight
line over the whole range of tested gap spacing’s. For
shorter distances, the values of the breakdown voltage
for both polarities of applied voltage are broadly
similar and the fitting line for negative voltages can
also be used to describe the functional behaviour of the
positive breakdown voltages. For larger gap distances
the positive breakdown voltages are lower than the
negative voltages and positive breakdown data in this
range from 5 mm to 14 mm were fitted with a second
straight line, Figure 3c. This line intersects the line of
the best fit for negative breakdown data and the
intersection point defines d..; for this 0.8 mm radius
electrode.
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It was found that for the electrodes with smaller tip
radii the standard deviation of positive breakdown
voltage for all distances and pressures are significantly
higher than those for negative energisation. This
difference is even more marked in the case of the HV
electrode with the largest tip radius (0.8 mm), where the
standard deviation for positive breakdown voltage was
an order of magnitude higher than for negative polarity,
+5 kV and +0.5 kV, respectively. Potentially this effect
(higher deviation in positive spark breakdown voltages)
can be a result of different mechanisms of initiation and
development of positive and negative corona discharges
in air: in the case of increasing of HV stress, the
development of positive corona discharges progresses
through different stages including a highly unstable and
volatile impulsive (flashing) corona stage, while the
behaviour of the negative corona discharges is more
predictable, typically negative corona current is a
combination of DC component and Trichel impulses,
[21].

As discussed in Introduction, the critical gap, d,;, in
air-filled gap is defined by complex processes in the
ionisation and transport zones in the inter-electrode gap
including sheath formation and space charge screening.
In the present section the existence of the critical gap has
been confirmed experimentally. It was shown that for
shorter gaps (d <d.,) there is no substantial difference
in the positive and negative spark breakdown voltages
(in such gaps positive and negative ions produce similar
effect on the electric field). However, for larger gaps
(d>d.), the corona discharge under negative
energisation injects an order of magnitude higher current
as compared with positive energisation which results in
more pronounced space charge effects and higher
negative spark breakdown voltage.

The observed values of the critical gap, d., depend on
the pressure of the gas in the gap and the radius of the
electrode tip. These critical distances have been plotted as
functions of air pressure for all 3 electrodes, Figure 4. It can
be seen that as the pressure is increased, d.; becomes
smaller. The critical gap for the 0.8 mm radius point
electrode reduces from ~10 mm at atmospheric pressure
down to ~8 mm at 0.15 MPa, a 20% reduction in critical
gap with an increase of pressure of 0.05 MPa. However,
with further increase in pressure up to 0.2 MPa, the
reduction in d.,;, is smaller, ~2.5%. This trend continues and
d..; appears to reach a constant value for higher pressures,
~0.35 MPa. The critical gaps for the gramophone needle
(0.036 mm radius) and tungsten point electrode (0.068 mm
radius) were similar to each other and significantly smaller
than the critical gap for the 0.8 mm radius point electrode.
However, the same trend in reduction of the critical gap for
both of these sharp electrodes was observed: for
gramophone needles, the gap reduces by ~51%, from
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Figure 4. Critical inter-electrode gap at which positive energisation
breakdown voltage reduced below negative energisation breakdown
voltage as a function of pressure for 3 point electrodes in compressed
air. Diamonds — hemispherical tipped tungsten rod, radius 0.8 mm;
Stars — soft tone gramophone needle, radius 0.036 mm; Circles —
sharpened tungsten rod, radius 0.068 mm.

1.6 mm to 0.78 mm, with an increase of air pressure from
0.1 MPa to 0.2 MPa.

It was found that the critical distance reduces as the
radius of the electrode increases, which can be explained by
in the lower geometrical field enhancement which results in
reduced corona induced space charge screening. Lower
field enhancement at the tip of the point electrode means
larger gaps are required to initiate corona discharge prior to
breakdown. As the breakdown voltage in large gaps is
strongly dependent on corona discharge, the critical gap is
larger with larger radius. It is expected that electrode
material will not have a significant impact on the critical
distance because corona ignition voltage is not strongly
dependent on electrode material, [2].

The appearance of detectable pre-breakdown corona
current was used to record the corresponding corona
ignition voltage. Negative corona current increases very
gradually starting from a few nA (which is the detection
limit in the present set-up) to a few pA as the voltage is
increased. The negative corona discharge could start to
impact the breakdown voltage from a low energisation
level. In contrast, the positive corona current usually
appears suddenly, transitioning from no detectable level to
a few pA, [S].

Examining the corona ignition voltage (indicated by open
symbols in Figure 3) prior to complete spark breakdown
shows that complete breakdown of the gap is not always
preceded by intensive corona activity. The conditions where
corona discharge occur prior to complete breakdown
depend on applied voltage polarity, gas pressure and the
radius of the point electrode, [22].
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In these experiments, it was found that at shorter gaps
(depending on pressure and electrode radius) there was no
detectable pre-breakdown current that would be indicative
of noticeable corona discharge for either positive or
negative energisation. For example, in the case of the
0.036 mm radius HV electrode (Figure 3a), there was no
corona discharge at 0.5 mm inter-electrode spacing for
pressures equal to and below 0.2 MPa.

In the cases where corona discharges appeared prior to
spark breakdown, it was observed that negative energisation
would produce detectable corona discharge at smaller gap
spacing, whereas positive energisation leads directly to
spark breakdown under similar conditions. Figure 3a shows
corona ignition voltages (open symbols) for negative
energisation starting from 1 mm, however positive corona
was not detected appearing until an inter-electrode spacing
of 2 mm.

The probability of corona discharge appearing before
complete breakdown was dependent on the air pressure in
the switch. As pressure is increased, the probability that
corona will precede spark breakdown increases for the
sharp point electrodes. For example, at 0.1 MPa, using a
0.036 mm radius HV electrode, no corona was detected for
0.5mm, I mm or 2mm electrode gaps. At 0.35 MPa,
negative corona discharges precede complete breakdown in
all inter-electrode gaps; while corona activity starts at 2 mm
for positive energisation.

The appearance of corona discharge before breakdown is
also highly dependent on the radius of the point electrode.
The sharper electrodes produced corona discharges prior to
breakdown under both polarities of energisation for similar
gap distances (1-4 mm). In the case of the 0.8 mm radius
electrode, corona discharge before breakdown was
observed for smaller gap distances (~5 mm) under negative
energisation as compared with positive energisation (~10
mm). This can clearly be seen in Figure 3¢ where negative
corona discharge is observed before breakdown for gaps
greater than 5 mm while positive corona discharge is only
observed for a gap of 14 mm.

Comparison of positive and negative breakdown voltages
shows the effect of such corona activity: due to the
development of volumetric space charge the breakdown
voltage is higher for negative energisation as compared
with positive energisation in gaps greater than d.,,, and this
difference increases with an increase in the inter-electrode
spacing, Figure 3. For distances shorter than d.;, the
difference in the behaviour of the positive and negative
breakdown voltages is not well pronounced; potentially this
is a result of presence of the positive and negative charges
which in short gaps produce comparable space charge
effects. With an increase in the gap, the effects produced by
the volumetric negative space charge continue to govern the
negative breakdown voltage behaviour (almost linear
increase in Vj with an increase in the gap spacing).

Voltage (kV)

pd(mm.MPa)

(a) Gramophone needle, radius 0.036 mm.

Voltage (kV)

0.1 1
pd (mm.MPa)

(b) Sharpened tungsten rod, radius 0.068 mm.

Voltage (kV)

pd (mm.MPa)

(c) Hemispherical tipped tungsten rod, radius 0.8 mm.

Figure 5. Self-breakdown voltage as a function of pressure and inter-
electrode gap, pd for 3 different point electrodes along with a classic
Paschen curve from literature [25]. Crosses with line — Paschen curve [25];
Black markers — negative energisation; White markers — positive
energisation.
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However, in the case of positive energisation the field
screening effect produced by a weaker positive space
charge is not so effective as the positive corona current for
this range of distances and electrode radii is significantly
lower that the negative current at the same level of the
applied voltage. Thus, the rate of rise of the positive
breakdown voltage with an inter-electrode distance
decreases. In the case of 0.8 mm gap, no positive corona
current was observed for gaps shorter than 14 mm which
results in deviation of the positive breakdown voltages from
the negative ones at longer inter-electrode gaps (larger
critical distance, Figure 3c).

It is common to display breakdown voltages of gaseous
dielectrics as a function of the product of gas pressure and
inter-electrode separation, pd, [1, 2, 10, 23, 24]. The
breakdown voltage of uniform topologies can be predicted
given the inter-electrode gap and gas pressure using
Paschen’s law, [22, 23].

The breakdown voltages in non-uniform topologies
obtained in the present study also have been plotted as
Vi(pd) functions for all pressures and electrode radii.
Figure 5 shows the obtained breakdown voltages of each of
the three electrodes as a function of the product of pressure
and distance (pd) alongside the right branch of conventional
Paschen breakdown curve (at values of pd above the
Paschen minimum). Conventional Paschen data for air were
taken from the literature, [25] in order to compare the
results obtained in the present paper with already published
Vi(pd) data. Figure 5 shows that, the data obtained in the
present work closely follows the conventional Paschen’s
law, and there is a strong scaling 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.

4 CONCLUSION

In this paper, an air-filled plasma closing switch with a
highly non-uniform and variable point-plane topology has
been developed in order to investigate its performance
under positive and negative ramp voltage stress. Corona
ignition and spark breakdown voltage have been obtained
for pressures in the range of 0.1-0.35 MPa, and the switch
was energised using a computer-controlled high-voltage
system until breakdown occurred. Three different point
electrodes were used: tungsten rods with radii 0.068 mm
and 0.8 mm, and a gramophone needle with radius
0.036 mm.

It was observed that negative breakdown voltage
increases linearly with increasing inter-electrode gap
throughout the range of gaps tested. At very short gaps
(depending on radius of point electrode), positive
breakdown voltage is comparable to negative breakdown
voltage. For larger gaps, with an increase in intensity of
pre-breakdown negative corona discharges, and as a result
more pronounced negative space charge, the positive

breakdown voltage becomes lower than the negative
breakdown voltage, and the rate of its increase with the
distance reduces. The critical distance, d..;, at which
positive and negative breakdown voltages deviate from
each other has been identified for all tested pressures and
electrode topologies. The negative pre-breakdown corona
discharges initiate at much smaller gaps than positive
corona discharges, causing stabilisation in the switch
operation at much smaller gaps, [2].

It was found that the critical distance is dependent on the
HV point electrode radius and the gas pressure. With the
larger radius needle, 0.8 mm, the critical distance at
atmospheric pressure (0.1 MPa) is ~5-fold larger than the
critical distance for the sharper electrodes. It was found that
as the gas pressure is increased the critical distance reduces.
This is likely due to the increased pre-breakdown corona
activity at shorter gaps that is present at higher pressures.
The critical distance and corresponding pressure can be
used for identification of operational regimes in which
corona stabilisation is necessary or vice versa — regimes
when it is desirable to achieve the identical operational
characteristics of the switch for both polarities, positive and
negative. The results obtained and discussed in this paper
aid in the design, development and optimisation of the
performance of HV systems whether breakdown is desired
or not: for example, plasma closing switches require
breakdown at predictable levels, whereas designers of
compact high-voltage/pulsed power systems require
experimental data to ensure the avoidance of unwanted
breakdown.
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ABSTRACT

Gas-filled plasma closing switches are widely
used in pulsed power technology for generation
of short high voltage impulses. There is a
growing tendency environmentally
friendly gases such as air, oxygen, nitrogen or

to use

their mixtures in such devices instead of the
traditional insulating gaseous switching medium,
sulphur hexafluoride, due to its high cost and the
environmental issues associated with this gas.

The present study is focused on the analysis of
performance of self-breakdown plasma closing
switch with corona pre-ionisation electrodes.
The following aspects of switch performance
have been investigated: the self-breakdown
voltage and its spread. This paper presents
evidence that the use of a pre-ionisation

electrode can reduce the voltage spread.

1. INTRODUCTION

Plasma closing switches are used in range of
applications from the Z-R machine at Sandia
National Laboratories in America [1], generating
X-rays used in fusion and in devices such as the
Linear Transformer Driver (LTD) in the Institute
of High-current Electronics (IHCE) Tomsk,
Russia [2]. The Z-pinch machine at Sandia
National Laboratories has over 100,000 plasma
closing switches [3] and therefore life time and
running costs become important. The insulating

gas of choice for switching media has in the past
been sulphur hexafluoride (SFs) which is a
greenhouse  gas, posing a  significant
environmental issue. As a result research into
plasma closing switches has been reignited with
the aim of developing compact switches that
operate with cheaper, more environmentally
friendly gases such as oxygen, nitrogen and their
mixtures.

Corona discharge electrodes have been used in
plasma closing switches for stabilising the
breakdown voltage in high frequency breakdown
switches [4,5]. The corona delays the breakdown
to allow impurities in the dielectric from
previous breakdowns to disperse. This reduces
the pre-fire rate which defines the number of
early breakdowns. The same process may be
used to stabilise the self-breakdown voltage and
reduce the range of breakdowns [6].

The purpose of this research is to develop a
compact self-triggering switch that operates at
below 40kV in dry air. The parameters under
investigation include the DC self-breakdown
voltage and its spread with different electrode
configurations. Comparisons are made between
the switch before and after the inclusion of
corona pre-ionisation electrodes at 0, 1 and
1.5bar (gauge).

There are 4 main switches currently in operation
in LTD and high voltage/current machines [7].
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The Institute of High Current Electronics in
Russia, Sandia National Laboratories in America
and Kinetech LLC have all produced switches.
The switches differ in shape and size. Attempts
to improve switching jitter, inductance, life time
and pre-fire rates have led to the development of
multi-stage  electrode  configurations and
attempts to promote multi-channeling to reduce
inductance during discharge.

All of the switches have been designed to use
compressed air as the dielectric medium and the
electrodes are machined out of copper-tungsten
to withstand 10,000s of breakdowns. In this
work the switch is being designed to operate at
much lower voltage with far less corrosion to the
electrodes. Therefore, the copper-tungsten alloy
is not required in the initial testing stages.

2. EXPERIMENTAL SYSTEM

The experimental section of the present paper is
focused on the investigation of self-breakdown
parameters of dry air (1.5%, relative humidity)
stressed with high voltage DC. Three electrode
configurations (sphere-sphere, cone-plane, and
plane-plane) were investigated with and without
the addition of corona pre-ionisation electrodes.

The experimental procedure employed for this
paper involved DC voltage applied to the one
electrode and ramped up until spark breakdown
occurs. In the cone-plane topology the voltage is
applied to the cone electrode and the plane
electrode is grounded. Where corona pins were
used they were at the same polarity and potential
as the HV electrode.

The breakdown procedure involved applying
step-wise increasing voltage to the switch
electrodes until breakdown occurred. Each
voltage step has a magnitude of 66.7 V and
duration of 10 ms, and this can be approximated
by a ramped linear increased voltage stress with
a rate of 667 V/s. The experimental set up
consisted of a Glassman EH series HVDC power
supply (0-60 kV) and a plasma closing switch
containing the electrode topology and gas

insulator (dry bottled air 1.5%rh). A 1labVIEW
program was used with a DAQmax (SBC 68) to
control the output of the Glassman HVDC power
supply and to record the self-breakdown voltage.

Computer (LabVIEW)
Bottled dry air (1.5%rh)

Exhaust 1 I § ’:
] i
-
-

sl

Plasma closing switch

| ER=1=K] |

Glassman high voltage DC power supply, 60kV.

Fig. 1, Schematic diagram of the experimental system including
power supply and control and pneumatic pressure control. Double
line, two way communication, single black line, HV connections;
grey line, pneumatic tubing.

The switch design was developed to minimize
inductance, operate at pressure up to 2bar and
self-breakdown at below 40 kV. The switch’s
brass end plates hold the electrodes which can be
screwed out for easy changing. Each electrode is
machined from brass and are designed such that
when sealed the distance between the electrodes
is 5mm. The spheres used had a diameter of
19 mm, the plane electrodes are circular with
19 mm diameter and the tip of the cone has a
of 0.15mm. The pre-ionisation
electrodes are soft tone gramophone needles that

diameter

sit 3 mm lower than the tip of the main electrode
with a tip diameter of ~0.09 mm. The corona
electrodes are positioned 8§ mm out from the
center of switch.

For each electrode configuration including the
addition of corona pre-ionisation electrodes,
positive and negative applied voltages were
investigated with 50 measurements per
configuration.

3. RESULTS AND DISCUSSION

switch is
Both
polarities of voltage were applied to a sphere-
sphere, plane-plane and cone-plane electrode

Ramped voltage applied to the

increased until breakdown occurs.

configurations.



Statistical analysis has been conducted using
shots 21-50 as a result of a conditioning period
in the first 20 shots. The voltage spread has been
investigated using the standard deviation and
visual analysis using normalized histograms.
Fig. 2 and Fig. 3 show the positive and negative
breakdown voltage standard deviation, o, for
each topology with and without corona pins with
respect to pressure (bar gauge).

Fig. 2 and Fig. 3 show that the inclusion of
corona pre-ionisation electrodes has an
improvement on the voltage breakdown spread
in dry air at atmospheric pressure. In most
configurations of topology (cone—plane
excluded) and polarity energisation at
atmospheric pressure the inclusion of corona
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Fig. 2, Positive energisation DC breakdown voltage standard
deviation, o, of the sphere-sphere, plane-plane and cone plane
topologies with respect to pressure. Sphere-sphere, up triangles;
plane-plane, down triangles; and cone-plane, squares. Open
symbols, no pre-ionisation, closing symbols, with pre-ionisation.
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Fig. 4, Normalised histogram showing the negative energisation
voltage breakdown spread on the sphere-sphere topology without
pre-ionisation at atmospheric pressure. All 50 measurements were
used.

pre-ionisation has reduced the standard deviation
of self-breakdown voltage. Therefore, narrowing
the self-breakdown voltage spread. Reducing the
standard deviation is important because it is
directly related to the breakdown jitter in
triggered switching regimes.

The normalised histograms in Fig. 4 and Fig. 5
show how the spread of self-breakdown voltage
has narrowed and a larger number of
breakdowns are occurring closer to the mean
breakdown voltage where the maximums range
is reduced from 0.9 to 0.3 about the average
breakdown voltage.

While the inclusion of pre-ionisation corona
electrodes has shown to reduce the breakdown
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Fig. 3, Negative energisation DC breakdown voltage standard
deviation, o, of the sphere-sphere, plane-plane and cone plane
topologies with respect to pressure. Sphere-sphere, up triangles;
plane-plane, down triangles; and cone-plane, squares. Open
symbols, no pre-ionisation, closing symbols, with pre-ionisation.

] §§

Counts

6 \
. NN
0 @ 1

T T T T T
094 095 096 097 098 099 1.00 1.01 1.02 1.03

Breakdown voltage/Average breakdown votlage
Fig. 5, Normalised histogram showing the negative energisation
voltage breakdown spread on the sphere-sphere topology with pre-
ionisation at atmospheric pressure. All 50 measurements were
used.



voltage spread in most cases at atmospheric
pressure, it has not been as consistent at higher
pressures. At 1 bar (gauge) the standard
deviations for most configurations, positive and
negative, are ~0.1 kV. It was noticed that the
standard deviation was overall best at pressure of
1 bar than at either 0 or 1.5 bar (gauge).

When examining the effects of corona using
histograms it was noticeable that the best results
were achieved using the sphere-sphere topology
where the cone-plane and plane-plane topologies
showed conditioning effects during the first 20
measurements.

4. CONCLUSION

Tests have been completed on three electrode
configurations: sphere-sphere, plane-plane and
cone-plane with and without corona pre-
ionisation electrodes. Negative and positive
energisation were used at pressure of 0, 1 and
1.5 bar gauge. Dry air was used as the switching
medium. In the case of 0 bar pressure tests, the
histograms and standard deviations of the self-
breakdown voltage with the inclusion of corona
electrodes showed a reduced voltage spread.

This is comparable to a similar investigation in
SFs [5] where it is shown that improved self-
breakdown voltage stabilisation can be achieved
using corona pre-ionisation. At higher pressures
it was found that corona pre-ionisation has a less
desirable effect on the voltage spread.

However, the standard deviation converges
around 0.1 kV at 1 bar pressure showing an
improvement over 0 and 1 bar for most
topologies. Pressures above (1.5 bar) and
pressure below (0 bar) have larger spread out
and higher standard deviations. This shows there
may be an optimal pressure range for DC self-
breakdown with regards to reducing voltage
spread.
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Abstract

The breakdown voltage of air in highly divergent
electric fields in not very short gaps (a few mm and
above) is typically higher for negative energisation
compared to positive energisation. Volumetric
negative space charge, created by attachment of
electrons to electro-negative molecules in the case of
negative energisation, reduces the field in the vicinity
of the sharp cathode, resulting in higher breakdown
voltages. This paper investigates self-breakdown
voltages in short, mm and sub-mm gaps formed by
point and plane electrodes and filled with
atmospheric air at pressures 0.5-3.5 atm (abs). It is
expected that space charge effects will change self-
breakdown voltages for positive and negative
energisation modes resulting in their different
functional behaviour as compared with larger inter-
electrode gaps.

I. INTRODUCTION

The breakdown voltage of air in highly divergent
electric fields in not very short gaps (a few mm and
above) is typically higher for negative energisation
compared to positive energisation [1]. In an
electronegative gas a volumetric negative space
charge develops between the electrodes, screening
the electric field and increasing the hold-off voltage
in the case of negative energisation. This is utilised in
repetitive breakdown switching modes such as
corona stabilised plasma closing switches [2] to
increase the hold-off voltage and decrease time
between impulses to full voltage recovery after
previous breakdown.

In electronegative gases the electron attachment
process results in the creation of negative ions that
move slowly compared with electrons due to their
significantly higher mass. In a highly diverging field,
such as the field developed in a point-plane topology,
negative ions are created in a localised region in front
of the sharp electrode. This space charge screens the
electric field and reduces the field at the point
cathode. In the case of the positive energisation mode
the effect of space charge in significantly reduced
and, as the result, the required voltage to reach the
breakdown is lower than in the case of negative
energisation. This is accurate for most applications
where the inter-electrode gap is relatively large, a

978-1-4673-5168-3/13/$31.00 ©2013 IEEE

few mm and above. However, in the event of shorter
gaps (~4 mm and below) it has been observed that
the breakdown voltage is higher for positive
energisation [3]. In this paper a comprehensive study
of self-breakdown voltages in the point-plane
topology stressed with a slowly rising voltage
(230 V/s) has been conducted. Short inter-electrode
gaps of 0.25 mm, 1.5 mm, 2 mm and 3 mm have
been used. This research also compares breakdown
voltages data for positive and negative energisation.

Breakdown voltage as a function of electrode
separation, d, and gas pressure, p, is often displayed
in the form of a Paschen curve. A Paschen curve
shows the breakdown voltage against the product of
pressure and inter-electrode distance, pd. First
proposed by Friedrich Paschen in 1889 [4] using a
uniform field with varying distances and pressures
breakdown voltages can all fitted around one non-
linear curve which exhibits a minimum in the
breakdown voltage. Paschen curves have become a
common method for displaying breakdown data for
different gases [5]. Two branches of the Pashen curve
(on the left and right hand sides from this minimum)
shows that the breakdown voltage increases for larger
and smaller values of pd. The Paschen curve shows
the specific gap/pressure configuration to achieve
breakdown at the minimum voltage [4]. At
atmospheric pressure, the breakdown strength of air
is ~30 kV/cm.

There are limitations to the conventional Paschen
curve. The original curve is relevant for uniform
fields achieved in simple topologies such as plane-
plane and Rogowski profiles. Therefore, care must be
taken when comparing the conventional Paschen
curve [4] with any breakdown data collected from
experiments with non-uniform fields. Literature also
shows that when investigating very small inter-
electrode air-filled gaps (below ~10 um) the Paschen
curve is not accurate and experimentally obtained
breakdown voltage decreases with the decrease in pd
at atmospheric pressure [6].

This research investigates an air-filled point-plane
topology at a range of pressures (0.5 bar gauge to
3.5atm abs) at gaps 3 mm, 2mm, 1.5 mm and
0.25 mm. It is shown that in breakdown of short gaps
positive energisation can have a higher breakdown
voltage than negative energisation breakdowns. It is
also shown that breakdown voltage changes linearly
with air pressure and can be plotted near the right



hand side of the conventional Paschen curve for
atmospheric air.

II. THE EXPERIMENT

This experiment required high voltage DC to
energise a point-plane topology with a rate of
230 V/s until self-breakdown has occurred. The
distance between the point electrode and the plane
electrode is 3 mm, 2 mm, 1.5 mm and 0.25 mm and
the pressure of the gaseous dielectric (bottled air)
ranges from 0.5 atm (abs) to 3.5 atm (abs) in 0.5 atm
increments. Bottled air was used for all experiments
in this paper.

The experimental schematic can be seen in
Figure 1 where a Glassman high voltage DC power
supply (EH series, 0-60kV) energised the point
electrode via a charging resistor (1IMQ). The voltage
out of the HVDC power supply is controlled by a
LabVIEW [7] program that interfaces with the power
supply via a National Instruments DAQmax
(SCB 68). The voltage across the switch is measured
using a Tektronix HV probe (P6015A) and a
Tektronix TDS 2024 oscilloscope (200 MHz,
2 GS/s). The breakdown voltage was measured as the
highest value before the collapse of voltage.

The LabVIEW program is designed to increase the
voltage across the switch with a stepwise increase of
voltage ramping up from 0 V till breakdown occurs.
A 0-10 V signal from the DAQmax proportionally
outputs a 0-60 kV from the HVDC power supply. For
this experiment the voltage is increased at a rate of
23V every 10 ms with gives a smooth rise of
230 V/s. A feedback from the power supply allows
the LabVIEW program to monitor the actual voltage
outputted and when the voltage collapses the
program identifies this as breakdown and stops the
voltage increase.

Resistor

HVDC w
| HV |
| Probe |
I !
| \/
F——t—— Test cell

I
| PC(LabVIEW) | Oscilloscope C )

L. N

Figure 1. Experimental schematic.

The point-plane topology used in this experiment
required a specifically designed test cell that could
hold pressures up to 4 atm (abs) and set sub-mm
inter-electrode gap spacing accurately. Therefore, a
digital depth micrometer (RS, resolution 0.001 mm,
accuracy £0.003mm) was used to lower the electrode
from a calibrated point. The control mechanism of

the depth gauge sat outside the test cell and the end,
to which the HV point electrode was attached, was
inside a pressurised chamber. The point electrode
was tungsten rod with a hemispherical point
(radius = 0.8 mm) and the plane electrode was a
piece of machined brass with a diameter of 40 mm.

ITII. RESULTS AND DISCUSSION

Displaying the results has been broken down into
different methods. The breakdown voltage as a
function of pressure is discussed with respect to the
linearity and energisation polarity. The results are
compared with the conventional Paschen curve for
atmospheric air [§]. Each data point is an average of
30 measurements; all figures were plotted using
Origin Pro 8.6 graphing software.

A. Breakdown voltage as a function of pressure
Figure 2, Figure 3, Figure 4 and Figure 5 show
the breakdown voltage as function of dielectric
gas (bottled air) pressure with gaps 3 mm, 2 mm
and 1.5 mm and 0.25 mm respectively. Self-
breakdown for 3 mm, 2mm, 1.5mm and
0.25 mm all show positive energisation mode to
have higher breakdown voltage. This has also
been identified in other publications [9] where
there are regions where positive is higher than
negative on Paschen curves in similar
experimental conditions. In larger gaps (above
few mm) filled with an electronegative gas it is
known that the breakdown strength for non-
uniform electric fields is higher for negative
energisation due to the development of a
volumetric negative space charge. However, in
this experiment the breakdown strength of air in
the case of positive enegisation is higher for
almost every pressure and distance. Therefore it
is expected that for larger gaps there will be a
point at which the breakdown voltage curves for
two energisation modes converge and cross
over.

The breakdown voltage in the case of negative
stress also has a much smaller standard deviation as
compared with positive energisation. As mentioned
above, each data point in the present work is an
average of 30 measurements of breakdown voltage
and from that the standard deviation has been
calculated, the values of standard deviation for each
breakdown voltage are shown in Figures 2-7 as
vertical error bars.
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Figure 3. Breakdown voltage as a function of
pressure for a 2 mm gap. Open symbols — positive,
closed symbols — negative.

For negative energisation the standard deviation, o,
is quite consistent across all the pressures and
distances with an average value of 0.1 kV (2.5%).
This value is lower compared with an average
standard deviation for positive energisation, 0.45 kV
(6.1%). Standard deviation for positive energistion
varies significantly between pressures and inter-
electrode gaps. Therefore, it can be said that
breakdown behaviour in the case of negative
energisation is more predictable over a range of air
pressures (0.5-3.5 atms): the breakdown voltage in
the case of negative stress is much more consistent as
compared with the positive energisation.

Paschen curve

Cumulative Figure 6 displays the breakdown data
obtained in this study. The experimental points have
been fitted with the analytical power fitting lines
using Origin Pro 8.5 graphing software.
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Figure 4. Breakdown voltage as a function of
pressure for a 1.5 mm gap. Open symbols — positive,
closed symbols — negative.
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Figure 5. Breakdown voltage as a function of
pressure for a 0.25 mm gap. Open symbols —
positive, closed symbols — negative.

This graph shows breakdown voltage is
proportional to (pd)", where n=0.8 for positive stress
and n=0.77 for negative stress.

Figure 7 shows the comparison between the
breakdown data obtained in the present study with
the conventional Paschen data available from
literature [8]. All of the results gathered in this
experiment are positioned on the right hand side of
the Paschen curve.
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It can be seen that the experimental breakdown
voltages obtained in the present work are located
slightly below the conventional Paschen curve which
potentially can be attributed to a highly non-uniform
topology used in the present tests. However, the
slope of the conventional Paschen curve is similar to
the slope of the V,(pd) curves obtained in the present
study.

IV. CONCLUSIONS

The self-breakdown voltages of bottled air in
highly non-uniform electric field have been obtained
for both, positive and negative energisation modes
with varying electrode separations and gas pressures.
It has been shown that for larger inter-electrode
distances the difference between negative and
positive breakdown voltages increases. For shorter
distances the positive breakdown voltage can be
higher than the negative breakdown voltage.

This paper has presented evidence that the negative
energisation self-breakdown voltage is more stable
than positive even in a pd region where the
breakdown voltage is lower than the positive
energisation. For positive energisation the self-
breakdown standard deviation (average) is
significantly higher at 6.1% of the breakdown
voltage compared with 2.5% for negative
energisation. It has also been shown that breakdown
voltage increase with pressure almost linearly for the
range of parameters used in the present paper. The
breakdown voltage in the case of highly divergent
electric field have been plotted as a Paschen curve
and compared with a traditional Vp4(pd) data for
uniform electric fields. It has been also shown that
the breakdown voltage as a function of pd can be fit
with a power fit with coefficients 0.8 and 0.77 for
positive  and negative  energisation  modes
respectively.
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ABSTRACT

This paper presents an experimental
investigation into operation of a triggered, two
electrode switch energised with a HV impulses
superimposed over a DC charging voltage. A
sphere-sphere topology with an electrode
separation of 2 mm was DC energised to 6 kV,
7 kV and 8 kV and triggering impulses of
varying dV/dt have been used. Breakdown
voltage, time delay to breakdown and jitter
have been measured for air, nitrogen and a
60% nitrogen/40% oxygen mixture. It is
shown that higher dV/dt and higher DC
energisation provide more stable and shorter
time delays to breakdown.

1. INTRODUCTION

Plasma closing switches are widely used in the
power and pulsed power industry because they
can operate at high voltage and high current with
fast closing times and low jitter. In recent times
there has been a renewed interest in plasma
closing switches with low jitter and low
inductance filled with environmentally friendly
gases, [1].

A gas which is traditionally used in high voltage
and pulsed power engineering as an insulating or
switching medium, sulphur hexafluoride (SFg), is
known to be a greenhouse gas, [2]. Also this gas
is expensive to source and to reclaim. This
research focuses on identifying environmentally
friendly, low cost gases to replace SFg in plasma
closing without detrimental effects to their
performance.  Many systems using plasma
closing switches such as linear transformer
drivers require rapid current rise after closure
and therefore, therefore inductance of the switch
and plasma channel should be minimised, [1].
This research introduces a new triggering

mechanism for plasma closing switches using a
single gap switch.

Plasma closing switches can be subdivided
according to their triggering modes of operation:

self-breakdown, field distortion  switches,
trigatrons and laser triggered switches.
Self-breakdown switches only require 2

electrodes and operate when the breakdown
strength of the electrode geometry is exceeded.
The breakdown strength can be exceeded by
different methods such as: reducing the inter-
electrode gap by moving electrodes or by
reducing the gas pressure inside the switch.
Reducing the gas pressure to trigger a self-
closing switch is commonly used to trigger
pulsed power generators such as Marx
generators.

Field distortion triggering requires a more
complex circuit and switch than the basic two
electrode switches. A third floating trigger
electrode is positioned between the primary DC
electrodes along the equipotential surfaces. A
DC energised switch is triggered when a trigger
pulse is applied to the trigger electrode,
increasing the local field strength in the region
on one of the primary electrodes, initiating a
breakdown. This form of triggering is used in
large pulsed generators such as linear
transformer drivers where switches are charged
to £100kV DC and as many as 100 000 switches
are triggered at the same time, [1].

Trigatron switches also incorporate a third,
trigger electrode and a triggering circuitry. A
complete breakdown (switch closure) in a
trigatron switch is initiated by creating a plasma
channel between the triggering electrode and one
of the primary electrodes. This initial plasma
generates charge particles and UV photons which



lead to the switch closure (complete breakdown
between the main electrodes). Trigatrons can
operate in repetitive modes and are often used for
high repetition triggering applications such as
pulsed UV lamps, [3].

In laser triggered switches a laser impulse is used
to form a plasma channel between two
electrodes, For example, UV laser triggering is
used for the 6MV multi-stage switch at Sandia
National Laboratories, [4].

Each of the triggering mechanisms discussed
have advantages and disadvantages. Laser
triggering is very complex and costly and as such
is not used often, multi-electrode switches
complicate the switch adding inductance and
creating issues with electrode erosion decreasing
switch life time and performance. The self-
breakdown switches are low effective devices
which in main cases do not provide required
degree of controllability over the switching
operation.

This paper investigates operation characteristics
of a DC energised two electrode switch which
can be triggered by superimposing an impulse on
top of the DC level to force a self-breakdown. In
this work different environmentally friendly
gases were used as switching media: air, nitrogen
and a nitrogen/oxygen mixture (60%/40%) with
a view to replace the SFg¢ in plasma closing
operations using the superimposed switching
mechanism.

2. EXPERIMENT

The switch which is consists of two spherical
brass electrodes (9.5 mm diameter) is DC
charged to a voltage which is lower than the
static breakdown threshold. Then an impulse of
the same (negative) polarity is superimposed on
the DC level, resulting in switch closure by
creating an overvoltage.

The switch was filled with air, nitrogen and a
nitrogen/oxygen  (60%/40%)  mixture  at
atmospheric pressure. The breakdown voltage
and time to breakdown were registered and the
jitter and time to breakdown with respect to DC
energisation level and impulse over voltage were
analysed. The experimental set up is shown in
Figure 1. The switch is pre-stressed with DC
voltage through a charging resistor, a HV

impulse with a 270 ns duration is generated by a
Blumlein pulsed power system.

Charging Decoupling
resistor Diode capacitor :
L [ Blumlein
N | Generator
HVDC
2mm gap

Figure 1. Experimental schematic.

The switch is energised to 6 kV, 7 kV and 8 kV
DC using a Glassman EH series (0-60 kV)
HVDC power supply via a 1 MQ charging
resistor. A double Blumlein charged from a
Glassman EH series (0-100 kV) HVDC power
supply provides an impulse of up to 55 kV with a
rise time ~60 ns. The Blumlein is triggering by a
trigatron (SAMTECH Itd) operated by a pulse
generator. The Blumlein outputs a peak voltage
~1.33x the DC charging level. The rate of
voltage rise and the peak voltage depends on the
charging voltage of the Blumlein generator.

As shown in Figure 1, the triggering impulse
circuit is connected to the switch via a
decoupling 212 nF capacitor to allow the impulse
to pass but block the flow of current from the DC
energising circuit. The DC circuit is connect to
the switch via a 6HV50k HV diode (HVCA.com)
which blocks most of the energy from the
impulse flowing into the DC energisation circuit
for protection.

The switch used in this experiment is a simple
compact design with two spherical electrodes
placed 2 mm apart. The spheres are 9.5 mm
radius brass spheres. A Tecktronix TDS 2024
(200MHz, 2GS/s) oscilloscope and Northstar
PVM-6 high voltage probe were used to measure
the charging voltage to the switch and to the
Blumlien. The DC power supplies are left at the
fixed voltage for the duration of the test to keep
the conditions consistent.

3. RESULTS AND DISCUSSION

This  experiment  investigated  triggered
breakdown of a sphere-sphere topology switch
filled with 3 different gases: air, nitrogen and a
nitrogen/oxygen mixture (60% nitrogen/ 40%
oxygen) at atmospheric pressure. To analyse



switch performance the time delay to breakdown
results had to account for misfire (non-
breakdowns). Misfires were assumed to have
occurred because the impulse length was not
long enough and it was assumed that the duration
of the impulse (270 ns) provides a minimum
value for pre-breakdown time delay in the case
of misfires. 30 breakdown events were measured
for each combination of DC and impulsive
voltages.

The self-breakdown voltage level of the switch
filled with air is 8.32+0.09 kV. Initially the
switch was filled with air, energised to 6 kV,
7 kV and 8 kV and then stressed with an impulse
from the Blumlein generator. The Blumlein
generator was charged to 19 kV, 25kV and
35 kV, which resulted in the peak output voltage
without breakdown of 25 kV, 35 kV and 55 kV
respectively. The rate of rise (dV/dt) of the
impulses changed from ~0.3 kV/ns at 19 kV
charging voltage to ~0.7 kV/ns for 25kV
charging voltage and ~0.9 kV/ns for 35 kV
charging voltage. The change in rate of rise had a
significant impact on the misfires rate, the time
delay to breakdown and the jitter of the switch.
Figure 2 shows that the time delay to breakdown
significantly reduces as the dv/dt (Blumlein
charging voltage) is increased.

Impulses generated by the Blumlein generator
charged to 19kV were unable to cause
breakdown at 6 kV DC stress level. When the
Blumlein energisation level (and dV/dt) was
increased the time delay to breakdown reduced
and the switch operation became more stable. At
35 kV Blumlein charging voltage the time delay
to breakdown converged for each DC charging
level providing the most reliable operation and
shortest time delay to breakdown, therefore
35 kV charging voltage was used in all further
tests.
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Figure 2. Time delay to breakdown in atmospheric pressure air as
a function of Blumlein charging voltage (dV/dt).

Using the Blumlein charging voltage of 35 kV
air, nitrogen and a nitrogen/oxygen mixture were
investigated: time delay to breakdown, and jitter
as a function of DC pre-energisation (6 kV, 7 kV
and 8 kV) were obtained.

Figure 3 shows the time delay to breakdown as a
function of DC pre-energisation level. Using the
same Blumlein charging voltage (dV/dt) the time
delay to breakdown for all gases reduces when
the DC pre-energisation level was increased.
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Figure 3. Time delay to breakdown in air, nitrogen and a 60%
nitrogen/ 40% oxygen mixture as a function of DC charging voltage
using a 35kV charged Blumlein triggering impulse.

It can also be seen that with all charging voltages
air has the shortest time delay to breakdown at
8.6 ns when DC energised to 8 kV. Figure 5
displays the standard deviation of the time delay
to breakdown data, showing stabilisation as the
DC charging level is increased.
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Figure 5 shows jitter for all gas mixtures, the
jitter decreases with an increase in DC pre-
energisation indicating higher  stability of
switch operation at higher levels of DC stress.
For air the jitter improves marginally however it
is 83% lower than for nitrogen for 6 kV DC
stress. The jitter for nitrogen and the
nitrogen/oxygen mixture reduces significantly
with increased DC energisation level, 34%
reduction from 6 kV to 8 kV DC stress level.

4. CONCLUSIONS

This paper described experimental performance
of a gas filled, two electrode switch, energised
and triggered using a DC pre-stress and a short
superimposed HV impulse. A sphere-sphere
topology was used in the switch which was filled
with air, nitrogen and a nitrogen/oxygen mixture
(60% nitrogen/ 40% oxygen). Time delay to
breakdown and jitter have been obtained for
different levels of DC and impulsive stresses and
all 3 gases.

It has been found that higher rates of voltage rise,
dv/dt, for HV impulses provide the shortest time
delay to breakdown and lowest jitter in the case
of atmospheric air. It was found that charging the
Blumlein generator to 35 kV (which produces
HV impulses with a rate of rise ~0.9 kV/ns)
results in the shortest time delay.

Using this Blumlein charging voltage and 6 kV
DC pre-energisation it was shown that
atmospheric air results in 83% lower jitter as
compared with nitrogen at the same

(atmospheric) pressure. As DC switch pre-
energisation is increased to 8 kV the time delay
to breakdown reduces to ~50-70 ns for all gases
tested, a 68% reduction for nitrogen. The
stability (jitter) of the switch, has been shown to
be lowest for air and best for all gases at 8 kV
DC pre-energisatioin.

It has been shown that using superimposed DC
stress and HV impulses a two electrode switch
can be used in the triggered regime. Higher
rising rates of triggering HV impulses result in
reduced time delay to breakdown and jitter. It
has also been shown that the use of atmospheric
air as a switching medium provides a lower time
delay to breakdown and smaller jitter as compare
with nitrogen or the 60% nitrogen/40% oxygen
mixture. Jitter as low as 8 ns has been recorded
using the superimposed triggering regime.
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ABSTRACT

This paper presents the results of analyses of the
transient resistance and inductance of spark plasma,
parameters which have been obtained using the
hydrodynamic approach described in [2], and a new
model for plasma resistance. A lumped RLC model to
represent the transient process in the spark-discharge
plasma has been built and solved wusing PSpice
simulation software. The dynamic plasma resistance,
R(?), and inductance, L(?), have been used in the lumped-
element circuit.

Index terms — Plasma, dynamic, resistance, inductance,
hydrodynamic, PSpice.

1 INTRODUCTION

This paper presents a PSpice-based solution of the
hydrodynamic equations which describe the dynamic
electrical properties of spark-discharge plasma. The
properties of spark-discharge plasma have been under
investigation for over a century [1]. The transient resistance
and inductance of plasma in the first quarter-cycle of the
current wave-form (rise to peak current) is of particular
interest in the pulsed-power community, for applications
such as linear transformer drivers (LTDs) where current
magnitude and rise-time are critical. Designers of LTDs
seek maximum current magnitude and the fastest possible
rise-time, both of which are directly affected by the plasma
resistance and inductance.

This paper presents the results of analyses of the transient
resistance and inductance of spark plasma, parameters which
have been obtained using the hydrodynamic approach
described in [2], and a new model for plasma resistance. A
lumped RLC model to represent the transient process in the
spark-discharge plasma has been built and solved using
PSpice simulation software. The dynamic plasma resistance,
R(f), and inductance, L(7), have been used in the lumped-
element circuit. PSpice solves the time-dependant circuit
equations and allows a transient solution to be obtained for
complex spark-plasma models. Different equations which
describe R(f) and L(7) for spark-plasmas have been obtained
from the literature [1-8] for use in the present analysis, and
these equations have been solved and compared with
experimental data.

Using PSpice simulations and experimental results, an
advanced model of spark-plasma parameters has been
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developed. This model will aid further analysis of the
transient processes in spark-discharge plasmas.

2 PLASMA RESISTANCE MODELS

There are several models for the simulation of plasma
resistance, by Toepler [1], Braginskii [3], Rompe and
Weizel [4], Barannik ef al. [5], Popovic et al. [6], Demenik
et al. and Kushner et al. [8]. In this paper, models by
Toepler, Braginskii, Rompe and Weizel, and Barannik are
considered. The equations for channel resistance considered
in this paper have been derived from the energy balance
equation and in some cases theoretical reasoning supporting
their choice of coefficients has been provided [4]. In the
models proposed by Toepler, Rompe and Weizel, and
Barannik, the spark resistance is inversely proportional to
the integral of the current that flows in the channel. The
Braginskii model uses the plasma channel radius, a(?).

Braginskii’s hydrodynamic equation for plasma radius is
also used by other authors and has been proved to provide a
reasonable fit to experimental data [3,5, 9, 10]. For the
purpose of continuity and comparison with literature results,
equation (1) is also used in this paper:

1/ t
) 3f i%/3dt [um]
0

where a(?) is the plasma channel radius, i is the channel
current, ¢ is time, p, is the initial gas density, o is the
conductivity, and { is a constant.

In the literature, plasma-resistance models have been
reviewed and compared using a numerical method deriving
circuit equations without the use of PSpice [2].

For this purpose, it is necessary to use simple RLC
circuits to simulate plasma properties, as circuit equations
have to be derived. The approach in this paper can use
complex circuits attached to plasma RLC models, which
would be unrealistic to derive by hand, because PSpice
solves the circuit equations.

4

m2pofo

(1

a0 =



3 PLASMA MODELLING USING
PSPICE

3.1 PLASMA RLC MODEL

Plasma is modelled using an RLC lumped-element model,
representing the plasma resistance, inductance and
capacitance. An RLC model is the standard approach to
modelling plasma. By adding in a basic pulsed-power circuit
to this model, a transient analysis of plasma can be
conducted. Figure 1 shows the basic RLC plasma model, the
closure of the switch (U1) initiates the plasma breakdown.

1 2
Ui
L1
0.1nH
= c1
1p R2
0.1

Figure 1. RLC lumped element plasma model. C/, L] and R2 represent the
plasma capacitance, inductance and resistance respectively.

In this paper, the resistor R2 in Figure 1 will be replaced
by a dynamic resistance that is dependent on the current, by
solving hydrodynamic equations for plasma resistance.
Ultimately this paper will show that the plasma inductance
can also be simulated simultaneously with resistance.

3.2 DYNAMIC PLASMA RESISTANCE

In this paper, a time-varying dynamic plasma resistance
which is controlled by hydrodynamic models for resistance
is used. Voltage-controlled current sources are used to
represent a plasma resistance. Using the analogue behaviour
modelling (ABM) package in PSpice, the hydrodynamic
equations are solved, to control the voltage-controlled
current source configured to represent a dynamic resistance.
Figure 2 shows how a voltage-controlled current source is
configured to represent a dynamic resistance.

G1
IN+OUT
IN- OUT
GVALUE

V(%IN+, %IN-)/r(t)

Figure 2. Voltage-controlled current source representing a dynamic
resistance, R(?), controlled by function r(z).
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Including the dynamic resistor (Figure 2) as the resistive
component of plasma in the RLC model, time-varying
plasma resistance is considered. Where the resistance model
uses current to calculate resistance, R(?), the current-
controlled voltage source is used to provide a signal
representing time-dependent resistance in this calculation.
This method was used to simulate the hydrodynamic models
mentioned in Section 2 [1, 3-5].

3.3 DYNAMIC PLASMA INDUCTANCE

This paper also presents a model for simulating the
dynamic plasma resistance and inductance using PSpice.
Using the ABM package, equation (1) for plasma channel
radius can be used to calculate inductance. By assuming that
the inductance of a filamentary plasma channel is similar to
that of a conductive wire, the inductance can be
calculated [11]:

L(t) = 2d [ln (%) - 0.75] [nH] )

where: L(?) is the time-varying plasma inductance, d is the
discharge length and a(?) is the time-varying plasma channel
radius. The inductive voltage drop is obtained as:

_d[L@®)i(1)]
a dt

= L(Y) d;(tt) i 2O

2 d(t)

A3)

where L(?) is the inductance and i is the circuit current. The
ABM package is used to solve equations (1-3) and the
inductance is implemented as a voltage-controlled voltage
source. A model, which includes both dynamic inductance
and resistance, has been solved (Figure 4).

4 RESULTS AND DISCUSSION

This paper presents PSpice solutions to hydrodynamic
models of plasma resistance and as such the resistance
curves are compared against the other models and
experimental data taken from literature [3, 10]. For this
comparison, the inductance is assumed to be a fixed value
of 10 nH. To create a voltage impulse, an 80 nF capacitor
was charged in parallel with a 120 kV DC voltage source.
The output current pulse has been manipulated, by
introducing circuit inductance (1 pH), to be similar to that of
Akiyama et al. (peak current of ~20 kA and rise time of
~0.5 ps).

The equation coefficients have been selected from
Engel ef al. [2] for comparison with their simulations and to
compare with the experimental data from Akiyama et al. [9].
Engel et al. normalised the resistance curves to be equal to
the measured curve at time /=0.5 ps. Braginskii’s model was
not solved by Engel ef al, but similar experimental
parameters were used in this paper. The integrator in the
model by Rompe and Weizel required an initial condition
which was set to 1 X 107°. Figure 3 shows the resistance
curves for each model alongside an experimental curve.



—=—Toepler [1]
—— Braginskii [3]

—— Rompe and Weizel [4]
—— Barannik [5]
—=— Measured [9]

Plasma resistance ()

100.0

100.2 100.4 100.6

Time (us)
Figure 3. Plasma resistance taken from PSpice simulated hydrodynamic
equations for resistance.

Shown in Figure 3, the plasma resistance curves for
Toepler, Braginskii, Rompe and Weizel, and Barannik are
compared against experimental data. Figure 3 shows that
PSpice can be used to solve hydrodynamic equations for
plasma resistance in a self-consistent model. The results are
similar to the measured resistance at /=0.5us for the models
by Toepler and Barannik ef al. However, the model by
Rompe and Weizel was an order of magnitude different. The
results for Toepler and Barannik models are similar to the
results shown by Engel er al., confirming the PSpice
approach with traditional approaches to solving plasma
resistance.

Using PSpice has the advantage that it could allow for
much more complex pulsed power circuits which include
the dynamic plasma resistance to be modelled. Performance
of large advanced systems such as LTD’s can be affected by
plasma-resistance and high precision models which included
plasma resistance would be useful for optimisation of
characteristics of such systems.

Using the method described in Section 3.3, the dynamic
inductance of plasma is included in Braginskii’s model
alongside the dynamic plasma resistance. Figure 4 shows the
plasma-resistance curve alongside the voltage and current
wave-forms for Braginksii’s equation for plasma
resistance [3].

— With dynamic inductance
—— Without dynamic inductance
Measured [9]

0.1

Plasma resistance (€2)

0.01

99.9 100.0 100.1 100.2 100.3 100.4 100.5 100.6 100.7

Time (us)
Figure 4. Comparison of plasma resistance from Braginskii’s model [3]
with and without dynamic inductance.
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Using the dynamic plasma resistance and inductance,
Figure 4 shows the plasma resistance with and without time-
varying dynamic inductance alongside the measured plasma
curve. This simulation shows that the dynamic resistance
and inductance properties of plasma can be simulated
simultaneously. The plasma-resistance curve from the model
with dynamic inductance is closer to the measured plasma
resistance.

5 CONCLUSION

In this paper, the plasma-resistance models in literature
have been simulated using PSpice utilising the analogue
behavioural modelling (ABM) package. It has been shown
how dynamic resistance and inductance of a plasma channel
can be simulated using voltage-controlled current sources
and voltage-controlled voltage sources. Various models
from the literature have been implemented using the PSpice
approach. The results have been compared to determine
which model provides the closest fit to an experimental
curve taken from the literature.

The results of the PSpice simulations have been
compared with different approaches to modelling the same
hydrodynamic models and it has been shown that the PSpice
model provides similar results and can be assumed to be a
viable method for simulating plasma resistance.

An advanced model for simulating plasma properties was
developed with dynamic resistance and inductance
simulated simultaneously. Comparing Braginskii’s model
for plasma resistance with a fixed inductance and with a
dynamic inductance showed that using time-varying
inductance can increase the accuracy of plasma-resistance
simulations.

Future work in this area will include further investigation
of different plasma-resistance models in literature, dynamic
inductance included in all models, comparison between the
advanced models with dynamic inductance and fixed
inductance, and comparison with previously published
results. A new model for plasma resistance could be
developed using new experimental data and the results from
the PSpice simulations.
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