TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Pulse generator for a scalable discharge plasma
source for the AWAKE experiment

Nuno Espanha Torrado da Silva

Supervisor: Doctor Jos¢ Fernando Alves da Silva

Co-Supervisor: Doctor Nelson Manuel Carreira Lopes

Thesis approved in public session to obtain the PhD Degree in

Electrical and Computer Engineering

Jury final classification:

Pass with Distinction

2025






TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Pulse generator for a scalable discharge plasma source for
the AWAKE experiment

Nuno Espanha Torrado da Silva
Supervisor: Doctor José Fernando Alves da Silva

Co-Supervisor: Doctor Nelson Manuel Carreira Lopes

Thesis approved in public session to obtain the PhD Degree in
Electrical and Computer Engineering
Jury final classification:
Pass with Distinction
Jury:
Chairperson:
Doctor Paulo José da Costa Branco, Instituto Superior Técnico, Universidade de Lisboa
Members of the committee:
Doctor Jos¢ Fernando Alves da Silva, Instituto Superior Técnico, Universidade de Lisboa

Doctor Ricardo Parreira de Azambuja Fonseca, Escola de Tecnologias e Arquitectura, ISCTE-
Instituto Universitario de Lisboa

Doctor Maria do Rosario Alves Calado, Faculdade de Engenharia, Universidade da Beira
Interior

Doctor Horacio Jodo Matos Fernandes, Instituto Superior Técnico, Universidade de Lisboa
Doctor Rui Manuel Esteves Araujo, Faculdade de Engenharia, Universidade do Porto

Doctor Sonia Maria Nunes dos Santos Paulo Ferreira Pinto, Instituto Superior Técnico,
Universidade de Lisboa

Funding institution: Fundagdo para a Ciéncia e a Tecnologia (FCT)

2025






Acknowledgments

First and foremost, I could not have undertaken this journey without the trust and guidance of my supervisor,
Nelson Lopes. Nelson introduced me to the AWAKE - Discharge Plasma Source project in 2019 when its double
pulse generator existed only as a few drawings and "PowerPoint engineering.” It was a tremendous honour to be
part of the development of such a technology. The support Nelson gave me and the dedication he showed to his
projects, as well as to his students, were nothing short of tireless and serve as an example I will always aspire to.

I would also like to express my deepest appreciation to Professor Fernando Silva, whose knowledge, guidance,
and presence were essential in achieving the many objectives of this PhD.

I have been part of IST and GoLP since my master’s, and I am extremely grateful to the people who assisted
in this project and for the resources I was granted to complete it. Thank you as well to FCT and CERN doctoral
programme for funding my PhD studies.

I am deeply grateful to Alban Sublet, who guided me through my year at CERN and provided endless encour-
agement, advice, and valuable feedback.

I also extend my gratitude to the many people at CERN who contributed to this project and, by doing so, made
this thesis possible. To name but a few: Mauro Taborelli, Paul Garritty, Matthew Watkins, Pedro Costa Pinto,
Wilhelm Vollenburg, Spyridon Fiotakis, Miguel Santos, Olivier Barriere, Emmanuel Said, and Benjamin Ninet.
Many thanks as well to the AWAKE members who supported the DPS run: Patric Muggli, Edda Gschwendtner,
Marlene Turner, Livio Verra, Michele Bergamaschi, Arthur Clairembaud, Jan Mezger, Eloise Guran, Jan Pucek,
Fern Pannell, Nikita van Gils, and Giovanni Zevi Della Porta. I would be remiss not to mention John Farmer,
Stewart Leith, Ricardo Barrué and Carlota Pereira for their friendship and support.

I want to express my deepest gratitude to my family: my father, for sharing his enthusiasm for learning and
discovery in every aspect of life; my mother, for demonstrating every day the strongest of wills; and Gongalo,
Pedro, and Sofia, for being my fellowship and the greatest gift I have ever received — you bow to no one! I am
also thankful to Avé Gigi, Avo Sio, Pi, and Mimi, for their love and support.

Last but not least, thank you to Carolina—my PhD partner, my desk partner, my partner in crime, and my life

partner. This thesis is as much yours as it is mine. I am forever grateful for your unwavering support and love.



vi



Resumo

Descargas eléctricas pulsadas podem gerar plasmas adequados para aceleracdo baseada em plasma. Esta tese
descreve o desenvolvimento e dimensionamento de um gerador de impulsos de alta tenséo e de alta corrente para
alimentar uma fonte de plasma para a experiéncia AWAKE, no CERN.

Uma fonte de plasma adequada ao AWAKE requer parametros Unicos de comprimentos (tipicamente 10 m),
densidade de plasma electronica (~ 7 x 1014 cm™?), reprodutibilidade, escalabilidade e uniformidade de densidade
(< 0.25%). Descargas em plasma por sua vez apresentam desafios a sistemas de electrénica de poténcia devido ao
comportamento dinamico e nao linear do plasma.

Para operar perante os requerimentos de comprimento, reprodutibilidade e densidade, o gerador de impulsos
utiliza dois impulsos de tensdo, o foco do primeiro impulso € a igni¢do do plasma e utiliza um impulso de tensao
de crescimento rapido para gerar o plasma com o minimo de variagcdo temporal; o segundo € um impulso de
aquecimento que, aproveitando a redu¢@o na impedancia, vai aumentar a corrente aplicada e a densidade de plasma,
de forma altamente reprodutivel. Adicionalmente, para estabelecer escalabilidade em comprimento, multiplos
plasmas em sequéncia e sincronismo podem ser produzidos utilizando bobinas acopladas de resposta em alta-
frequéncia, de modo a equalizar a amplitude de corrente de cada plasma.

Esta tese inclui o dimensionamento do gerador de duplo-impulso e das bobines acopladas para balanceamento
de correntes, simulagdes em PSpice do gerador de impulsos utilizando um modelo de plasma, e resultados experi-
mentais da fonte de plasmas baseada no gerador de duplo-impulso. Esta tese inclui adicionalmente uma descrigdo
da operacdo da fonte de plasma na sua primeira utilizacdo na experiéncia AWAKE, a aplicacdo para o qual foi

concebida.

Palavras-chave: fonte de plasma, gerador de duplo impulso, balanceamento de correntes pulsadas,

AWAKE, acelerador baseado em plasma
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Abstract

Pulsed electrical discharges can generate plasmas suitable for wakefield particle acceleration experiments. This
thesis describes the development and design of a semiconductor-based high-voltage and high current pulse gener-
ator topology for a plasma source for the Advanced WAKEfield Experiment (AWAKE).

A plasma source for AWAKE depends upon unique parameters regarding the length (typically 10 m), plasma
electron density (~ 7 x 10'* cm™=3), reproducibility, scalability, and density uniformity (< 0.25% over 10 m).
Plasma discharges present unique challenges for power electronic systems due to the highly non-linear plasma
dynamic behaviour.

To operate under the required length, reproducibility and density values, the pulse generator uses two voltage
pulses, the first for the processes of ignition, using a fast-rising high-voltage pulse to generate the plasma with
minimum jitter; and the second for heating, taking advantage of the lower impedance to boost the current and
consequently the plasma density with high reproducibility. Furthermore, to meet the scalability objectives multiple
neighbouring synchronised plasma discharges can be produced using high-frequency coupled inductors to equalise
the current amplitudes.

This thesis describes the double pulse generator design, component selection, the development of the coupled
inductors balancing modules, PSpice simulations of the pulse generator using a suitable plasma model, and the
experimental results of the discharge plasma source double pulse generator. Additionally, this thesis provides an

account of the plasma source operation in the AWAKE experiment, reporting its first use in its intended application.

Keyords: plasma source, double pulse generator, pulsed current balancing, AWAKE, plasma wakefield

accelerator
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CHAPTER

Introduction

Plasma wakefield acceleration (PWFA) is a method for accelerating particle beams using electric fields that can
be up to three orders of magnitude stronger than those found in conventional radio-frequency (RF) cavities. One
of the main components of a plasma wakefield accelerator is its plasma. This thesis focuses on the development
of an AWAKE (Advanced WAKefield Experiment - Figure 1.1) suitable plasma source, driven by double pulse

generators, with length scalability potential.

In this chapter, we present the motivation for the development of this plasma source and provide an overview
of PWFA and the AWAKE experiment. We also introduce the plasma source requirements, the thesis objectives,

and the structure of the thesis.

Figure 1.1: AWAKE Experiment at CERN



1.1 Motivation

1.1.1 Particle Accelerators

Particle accelerators use electromagnetic fields to increase the energy of charged particle beams. To investigate
the interactions between elementary particles, the accelerated charged particle beams are directed towards fixed
solid targets or against each other. The resulting interaction products are analysed using sophisticated detectors.
To achieve fundamental particle scientific breakthroughs, producing ever higher beam energies remains a central
goal in accelerator physics research.

Conventional accelerators rely on RF cavities to generate the longitudinal electric fields responsible for particle
acceleration. However, RF particle accelerating cavities face one main limitation: their maximum acceleration
gradients are limited to around 100 MV /m [1]. Consequently, linear colliders using RF technology always need
to increase in length to reach the required energies for high-energy physics. Circular colliders, on the other hand,
will be forced to go to higher diameters to overcome the energy loss by synchrotron radiation and beam rigidity.

To reduce the footprint and the cost of future accelerators it is necessary to develop alternative technologies with
higher accelerating gradients. Therefore, alternatives like muon colliders, energy recovery linacs (linear particle

accelerators), and plasma wakefield acceleration are being considered [2-9].

1.1.2 Plasma wakefield acceleration

The groundwork for plasma acceleration was laid in 1979 by Toshiki Tajima and John Dawson [6]. Using an
intense laser pulse or a relativistic charged particle bunch [7] as the driver, travelling through the plasma, the
electromagnetic field created will displace the plasma electrons but the plasma ions, much more massive than
the electrons, will remain almost immobile at the relevant timescale. The ions will provide charge-neutrality
restoring force that induces an oscillation of the plasma electrons in the wake of the driver. The local charge non-
neutrality will sustain electrostatic waves called wakefields [6, 7]. A following particle or bunch (the witness) will
be accelerated to high energies when travelling in the focusing and accelerating phase of the wakefields [7].

Typically, plasma wakefield experiments use plasma electron densities in the [10'* — 10'®] cm~2 range, with
maximum accelerating fields of up to 100 GV /m, a thousand times higher than those achievable in conventional
RF cavities [10, 11]. For this reason, plasma wakefield accelerators have the potential to reduce the size and cost
of future accelerators.

Different experiments are showing groundbreaking results in plasma acceleration: FACET, at SLAC was able
to demonstrate 42 GeV energy gain in a 1-meter long accelerator in 2007 [12], the highest energy gain achieved in
PWFA; BELLA, Berkeley Lab, US, accelerated electrons to 7.8 GeV in 20 cm, reaching the highest energy gain
with laser-based wakefield accelerators (LWFA) [13]; FLASHForward, DESY recorded energy-transfer efficien-
cies of over 40% [14].

Following these results, organisations like the EuroNNAc in Europe, the US Department of Energy (DOE),
and the international ALEGRO collaboration defined the R&D needs for future plasma-based accelerators and
colliders [2]. One of the objectives defined by the European Strategy for Particle Physics is length-scalable plasma

accelerators to allow electron acceleration up to the TeV level. This challenge is being addressed by the AWAKE



experiment.

1.1.3 AWAKE experiment and plasma sources

The AWAKE experiment at CERN (Figure 1.1) studies proton-driven plasma wakefield acceleration [15, 16].
AWAKE uses 400 GeV proton bunches delivered by CERN’s Super Proton Synchrotron (SPS), which are injected
through plasma creating a wakefield for electron acceleration [17, 18].

In its initial run, AWAKE relied on a short, intense laser pulse to generate the plasma in a rubidium vapour
source [19]. This laser pulse co-propagates with the proton bunch, creating a relativistic ionisation front that
reproducibly seeds the self-modulation of the trailing section of the 1 ns long proton bunch that, after this process,
can reproducibly drive the wakefield structure [20, 21]. However, AWAKE’s laser field ionisation plasma source is
not scalable to lengths significantly higher than 10 m. To achieve the targeted TeV-range energies, plasma sources
able to exceed the current 10 m limitation are crucial. This limitation led to R&D in scalable plasma sources [22].

AWAKE plasma sources must operate under strict requirements. The desired plasma must reach a precise
density in the range of [1x 101 —1x10'°] cm 2 with 0.25% longitudinal uniformity [18]. It must also exhibit high
shot-to-shot reproducibility across multiple discharges in both density (to achieve stable acceleration) and timing
(time synchronisation deviations - jitter - must be minimised relative to the incoming proton beam). Furthermore,
a valid alternative source must be able to reach unprecedented plasma lengths from the current 10 m to beyond
100 m.

Two technologies to produce length scalable plasmas are being considered, a helicon plasma source [23] and
a Discharge Plasma Source (DPS) [24] (Figures 1.2 and 1.3 respectively). Helicon plasmas are a type of plasma
heated by radio-frequency waves in the presence of a magnetic field, using a dielectric vacuum vessel, filled with
a low pressure gas, and an external wave excitation antenna [25]. Such sources are intrinsically scalable in length
and avoid the necessity for staging.

The discharge plasma source produces plasma with direct current microsecond pulsed discharges in low-
pressure gases. Its scalability may be achieved by stacking together multiple plasma sections using common

electrodes.

Figure 1.2: CERN Helicon Plasma Source



Figure 1.3: IST Discharge Plasma Source

The development of a scalable discharge plasma source suitable for AWAKE is the main objective of this thesis.

1.2 Discharge plasma sources

Plasma discharges refer to the application of electric voltage and current suitable to ionise gas mediums, releasing
electrically charged particles, typically in the form of ions or electrons, developing the gas into a plasma. This
phenomenon occurs when a high voltage is applied in a gap across electrodes, causing the gas to ionise and become
conductive [26]. There are several applications for this phenomenon including lighting, lasers, surge protection
devices, and materials processing [27-31]. Plasma sources based on plasma discharges are used in industrial,
environmental, and medical applications [32-34], but have also been commonly used in PWFA [35-37].

The voltage threshold needed to initiate the gas electrical breakdown is called ignition potential or breakdown
voltage. This value depends on the gas, the pressure, the gap width of the electrodes, and their material and shape.
Equation (1.1) describes this relation, where A and B are experimentally determined constants that will depend
on the gas and the electrodes, p corresponds to the pressure and d is the length between the electrodes [26]. From
(1.1), under a certain experimental setup, V; will depend only on the product of pressure and electrode distance

(pd). The experimental curves V;(pd) are called Paschen curves [38] - Figure 1.4.

A(pd)

Vo= —2PY
"7 B+lin(pd)’

(1.1)

The minimum of the Paschen curves will be at the pressure-length conditions where the ionisation is easier.
Before the minimum, for low pressure-length values, the breakdown voltage is higher because the distance between
electrodes, combined with reduced pressure, is shorter than the mean free path of the electrons (the average distance
an electron travels before colliding with a gas molecule) which decreases the probability of impact for the electrons

and reduces the probability of ionisation and charge multiplication.
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Figure 1.4: Paschen curves example for air with DC and ps pulses - produced using data from [39]

After the Paschen curve minimum, as pressure-length rises the breakdown voltage increases almost propor-
tionally. This is attributed to the shorter mean free path at higher pressures and to the decrease of the electric field
value with the length (for the same applied voltage).

When the applied voltage surpasses the breakdown threshold of the gas, an electron can trigger an avalanche
through impact ionisation. To improve the reproducibility in time, a steep-rise voltage is required to initiate a rapid
plasma ignition, thereby creating faster breakdown mechanisms that are less dependent on probabilistic events [40].
Typically, Paschen curves refer to DC-applied voltage (or very long pulses). To generate an arc in microseconds
comparatively higher voltages are required (Figure 1.4) [39, 41].

Furthermore, the typical V-1 characteristic curve of plasma discharges (Figure 1.5) contains two reduced
impedance regimes: glow and arc discharges. Glow discharges can occur when the threshold voltage is reached
and are characterised by low density currents (typically pA / cm® —mA / sz) spread over a larger area, resulting in
a diffuse appearance. Arc discharges operate at a higher current density (typically over 1 A/ cmz), and the current
emanates from small areas of the cathode (hotspots), producing intense localised heating and brightness [26]. The
arc regime is the only condition that induces a high ionisation fraction, crucial for achieving the AWAKE required

plasma electron density and uniformity.

Glow
Discharge

Arc
Discharge

Figure 1.5: Typical V-I characteristic curve of gas discharges - adapted from [26]



1.3 Double pulse generator and current balancing solutions

Reproducible timing is achieved using a voltage pulse with a rapid rise time to ignite the plasma quickly (~ 20kV).
Additionally, attaining the nominal density for AWAKE requires a high-current pulse (~ 500 A) [42]. Combining
these voltage and current requirements in a single, high-power pulse (over 10 MW) is impractical due to the power
limitations of the existing fast-switching semiconductors and concerns regarding compactness, efficiency, and cost.

This thesis details the development of a double pulse generator that addresses these challenges, taking advan-
tage of the gas incremental negative impedance to break the challenge using two pulse generator topologies for the
processes of plasma ignition and heating.

The first topology delivers a fast-rising voltage pulse for rapid ignition, while the second one delivers a lower
voltage but a much higher current pulse for efficient heating. Taking advantage of the plasma’s low-impedance
created by the ignition pulse, the heating pulse, generated by the second topology, can achieve a highly reproducible
(low time jitter and low current amplitude variation), high-current plasma lasting tens of microseconds [24]. This
double pulse approach offers a cost-effective and compact solution that meets the demanding requirements of the
AWAKE experiment [43].

Generally, pulsed power systems are composed of a power supply unit, an energy storage component, a primary
switch, and a load [44]. The energy storage can be either capacitive or inductive and its charging time depends
largely on the specifications of the power source, varying from microseconds to minutes. The simplest pulse
generator topologies are the basic capacitive discharge topology and the basic inductive discharge topology (Figure
1.6) [45].

In the basic capacitive discharge topology of Figure 1.6-A, the pulse will be applied to the load once the switch
turns-ON. For resistive loads, the pulse fall time depends solely on the time-constant (determined by the resistance
and capacitance values - RC constant). While theoretically, the rise time could be instantaneous, the non-ideal
components introduce unwanted parasitics, slowing down the voltage and current rise.
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Figure 1.6: A: Basic capacitive discharge topology; B: Basic inductive discharge topology

In the basic inductive discharge topology of Figure 1.6-B, the operation starts with a direct current through
the inductor. When the switch S; turns OFF, this current rapidly drops, generating a negative voltage across the
inductor, turning ON switch S» (a diode), delivering the resulting pulse to the load [44]. Inductive storage pulse
generator topologies can also take advantage of the step-up in voltage caused by the opening of charged inductor
circuits [45, 46].

An example (boost converter-based pulse generator) is shown in Figure 1.7. During the .S switch-ON time the
energy is stored in the inductor L. By opening the switch .S (turn-OFF), the energy stored in L is transferred to the

load Zy, resulting in load voltages that can be significantly higher than the supply voltage V. The magnitude of



this voltage depends on the values of Z, and I, and is limited by the maximum blocking voltage of the switch S.

Diode D can be omitted if the Z;, voltage drops to zero before the turn-ON of switch S.
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Figure 1.7: Boost converter-based pulse generator topology

Another voltage step-up strategy in pulse generators is using a pulse transformer [47, 48]. This has the ad-
vantage of allowing the use of lower voltage rating devices on the primary side while providing galvanic isolation
to the load. Examples of these are pulse generator topologies derived from forward and flyback power converters
[49]. The forward-type pulse generator (Figure 1.8-A) uses a capacitive storage that discharges through the trans-
former and to the load when the switch is turned ON. The flyback-type pulse generator topology (Figure 1.8-B)
combines the step-up properties of both the pulse transformer and the inductor switch-open, by taking advantage
of the transformer magnetising inductance.

The main difference between the two topologies is the polarity of the diode D, which leads to a completely
different operation. While the switch § is ON, the capacitive stored energy is not delivered to the load but remains
in the primary loop, storing the energy as core flux in the transformer magnetising inductance. The switch turn-
OFF will activate the diode generating a pulse in the load Z, [49]. The inductance switch-OFF combined with the

transformer ratio, steps up the voltage to the target values.
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Figure 1.8: A: Forward-type pulse generator topology; B: Flyback-type pulse generator topology

The flyback-type pulse generator presented in Figure 1.8-B can deliver a fast-rising voltage, limited by the
power of the pulse generator and the parasitics of the load, and is tolerant to shorted loads considering that the
switch is OFF during the output pulse. After the plasma breakdown, the remaining stored energy will discharge
through the plasma, sustaining it for hundreds of microseconds. This topology introduces the practical advantage
of confining the peak voltage to just a portion of the topology (transformer secondary, flyback diode, and output);
however, a snubber is still required on the primary side to sustain the turn-OFF overvoltage, especially in this ap-
plication, as the plasma does not form instantaneously. These characteristics make the flyback-type pulse generator
topology a suitable candidate for the double pulse generator ignition module.

The heater module of the pulse generator is a modified capacitive discharge topology. It will operate after the
ignition, when the plasma acts closer to a relatively small valued ohmic load with a parasitic series inductor. The

relatively low impedance of the plasma puts off the need for a voltage step-up, and, since the plasma impedance



variation is much smaller during the heater pulse, having the pulse during the switch turn-ON has minimal risk. The
low jitter requirements of both pulses, combined with the need for compactness and long lifetime of the system,
are obtained using solid-state switches in the ignition and the heater modules.

Furthermore, scalability to achieve longer plasma lengths can be obtained by connecting multiple plasma tubes
in a sequence using alternating common cathodes and anodes (Figure 1.9). Current balancing techniques are

essential to ensure uniform plasma properties across the extended length.

Common Anode Common Cathode Common Anode

Plasma 1 Plasma 2

Current
Balancing

Module

Double Double

Pulse Pulse
Generator Generator

Figure 1.9: Schematic of a two-plasma configuration

1.4 Objectives

This PhD aims to develop a novel pulsed electric discharge plasma source specifically tailored for the AWAKE
experiment. In this thesis we will explore how to develop such a plasma source and how it fits the application.

Therefore, the main objectives are:

- To design the pulse generators required to produce separate high-voltage ignition and high-current heating

pulses.
- To develop a PSpice model of the system for electrical simulations.
- To test the plasma source with a 10 m tube length.
- To analyse the electrical tests to optimise and improve the design for AWAKE compliance.
- To install and operate the DPS in the AWAKE experiment with the propagation of high-energy proton beams.
- To investigate the scalability of the source by connecting two plasma tubes in sequence.

- To publish comprehensive documentation and insights to guide future development of pulse generators and

plasma sources.
Three main methodologies will be employed:

1. Theoretical Design: Sizing and design of the entire pulsed generator and its components, as well as the

current balancing module for multiple plasmas.

2. Electrical Simulation: Using PSpice software to simulate the behaviour of the pulse generators and to study

its behaviour.

3. Experimental Validation: The designed pulse generators will be built and tested as a discharge plasma source.



1.5 Outline

Chapter 2 provides an overview of the current state of the art, focusing on pulsed power systems, current balancing
techniques, and the electrical modelling of plasmas. Chapter 3 describes the development and operation of the
double pulse generator. Chapter 4 outlines the design of the different components of the plasma set-up, the ignition
and heater modules, and the current balancing module. Chapter 5 presents the preliminary simulation and experi-
mental results obtained in the DPS laboratory at CERN. Chapter 6 details the experimental results acquired at the
AWAKE. The closing Chapter 7 summarises the findings of this thesis, offering a critical analysis of the outcomes

and outlining possible future developments.
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CHAPTER

State of the art on pulse generators and

current balancing

This chapter will provide a comprehensive review of the state-of-the-art on pulse generator technology, current
balancing techniques, and plasma impedance models for electrical simulations. It will serve as the basis for the

design choices and developments presented in Chapter 3.

2.1 Pulsed power

Pulsed power technology research typically develops in two main branches [45]. The first one focuses on technol-
ogy to push the limits on the power of the pulses and building facilities capable of producing pulsed currents and

voltages with the highest possible magnitude. These facilities contribute to research programs on subjects such as

Figure 2.1: Z-Machine in Sandia National Laboratories, Albuquerque, N.M. source: sandia.gov/z-machine/
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inertial thermonuclear fusion, the production of high-power lasers, X-rays, neutron pulses, etc. [50-52]. The
example with the highest power capability is the Z machine in Figure 2.1 [53], on Sandia National Laboratories,
capable of generating pulse powers over 100 T'W on the nanosecond scale [54].

The pulse generators of the second branch are based on power electronics, with a higher focus on performance,
particularly in power density and compactness, pulse repetition rate and lifetime. Power electronics-based pulse
generators provide a wide range of technological applications such as radiation, plasma, particle beam, laser tech-
nologies, communication, purification of wastes, water treatment, and sterilisation of tools and products [55-61].

Both branches are based on high-power voltage and current pulse generators, which typically operate around
energy storage (low-power, long-time input) and conversion during the final power amplification phase (high-
power, short-time output) [52]. As mentioned in section 1.3, pulse generators typically consist of a power supply
unit, an energy storage device, power switch modules, and a load. The fundamental principle of pulse generators
is taking electrical energy with lower power delivered (by the power supply unit) over a relatively long duration
(into the energy storage) and converting it (using one or more switch modules) into very short but much higher

peak power electrical pulses, a single one or a programmed repetitive sequence [44].

2.1.1 Pulse generator topologies

Pulse generators typically pursue design requirements such as voltage and current rating, pulse repetition rate,
rise and/or fall time, power density, reproducibility, reliability, and high flexibility and controllability [62—71].
These requirements, along with the characteristics of the load, determine the best-suiting pulsed power generator
topology for an application.

Classic pulse generator topologies like Marx Generators [72], Pulse Forming Line and Blumlein lines [73, 74],
Tesla Transformers [75], and Magnetic Pulse Compression [76, 77], are typically more common in the aforemen-
tioned first branch, with applications prioritising the voltage and current ratings. High-voltage pulse generators
of the second branch, based on power electronics, have attracted more research attention recently due to their
advantages on compactness, reproducibility, repetition rate, and lifetime [78].

Examples of power-electronics-based pulse generators include:

- High-voltage pulse generators derived from switched mode power topologies. The most used are DC/DC
modified isolated converters for their step-up capabilities. The forward and flyback-type pulse generator
topologies analysed in Chapter 1, belong in this category. Other examples include boost and buck-boost-
derived topologies as in [46, 79-81]. However, neither presents the advantages of the flyback-type pulse
generator selected: peak voltage confined only to the output and switch in OFF-state during the pulse pro-

tecting the semiconductors from load faults [49].

- Solid-state Marx Generators, which follow the same principle as the classical Marx generator but instead
of mechanical switches use power semiconductor devices [82, 83]. This topology performs a voltage step-
up without a transformer and is relatively easy to scale (increasing the number of capacitor and switch
modules); however, has the disadvantage of requiring multiple switches that require good synchronisation.
Developments on this topology include self-triggering configurations that require only one integrated driver
(Figure 2.2) [84] but still need a high number of components (diodes, switches, and capacitors) and a more

complex operation than the pulse generator topologies selected for the ignition and heater modules.
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Figure 2.2: Self-triggering Marx generator [84]

- Semiconductor Opening Switch-Based Circuits use semiconductor devices with high current density, high
voltage rating and short current cut-off time [85-88] and operate through carrier accumulation by the forward
current followed by extraction through the reverse current. This is possible with devices such as drift step
recovery diodes (DSRD) [89] and diode opening switches (DOS) [45] and allows for nanosecond jitters,
high response speed, and high power capacity (Figure 2.3). However, SOS diodes are not available off-the-
shelf, and the lack of manufacturers limits the use of this technology [90]. Furthermore, the absence of a

transformer limits the gain of this topology.

+ C D 508

Figure 2.3: Semiconductor opening switch inductive discharge topology

Beyond these conventional designs, other topologies are being developed to address specific challenges. A
common approach involves combining different topologies making use of their strengths to meet the application
requirements [91-93]. As technology advances, the development of these topologies and entirely new configura-

tions will continue. This ongoing evolution is driven largely by advancements in pulse generator switch technology.

2.1.2 Semiconductor power switches for pulsed power

Pulse generator switches are usually based on either reed switches, spark gaps or semiconductor switches. Reed
switches (Figure 2.4-A) consist of two ferromagnetic metal contacts enclosed in a glass tube filled with inert gas,
that operate based on the presence or absence of a magnetic field - when a magnetic field is applied, the contacts
are drawn together, closing the circuit [94]; spark gaps (Figure 2.4-B) comprise two electrodes separated by a small
gap, often filled with air or another insulating medium, which switch-ON by ionising the gap between electrodes
when a voltage above a certain threshold is applied; solid-state switches are made of semiconductor devices such

as transistors or thyristors, which can be turned ON or OFF electronically [95, 96].
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Figure 2.4: A: Reed switch example; B: Spark gap example

Solid-state switches offer advantages such as fast switching speeds, high efficiency, precise control, long life-
time, and ability to operate at high frequency, making them suitable for a wide range of pulsed power applications
[97], while reed switches (relatively slow switching speed, limited power handling capability, and mechanical wear
over time) and spark gaps (can handle high voltages and currents, with fast switching speeds, but may require high
triggering voltages and exhibit arcing) are preferred for specific applications based on their unique characteristics
and requirements.

The performance of pulse generators based on power electronics is linked to the capabilities of the power
semiconductors. There is a wide range of semiconductor devices that boast varying voltage, current, switch-
ing speed, and lifespan parameters. High-voltage diodes, thyristors, injection-enhanced gate transistors (IEGTs),
metal-oxide-semiconductor field-effect transistors (MOSFETSs), power junction field-effect transistors (JFETS),
and insulated-gate bipolar transistors (IGBTs), are some of the power semiconductors used in pulsed power appli-
cations. Each has particular operating principles, and different ranges of volt-ampere ratings and switching speeds
[83, 98-103].

Due to their high-voltage capabilities, semiconductors based on silicon carbide (SiC) structures are under
tremendous attention [65, 101, 104, 105], reaching now the 15kV range with SiC-IGBTs and SiC-MOSFETs
[106, 107]. Gallium nitride (GaN) is another promising alternative to SiC and Si for pulsed power and is being
explored for high-speed GaN-JFETs. These offer relatively fast switching (100 MHz, 10 ns) compared to existing
options, with cascode configurations reaching 10 kV blocking voltages [108, 109].

IGBTs are one of the most used semiconductor devices in pulsed-power technology. They can be viewed as
high-voltage PNP bipolar transistors controlled by a MOSFET; hence similar gate drivers can be used: IGBT is
switched ON if vg g exceeds the threshold value Vi gy, However, high-voltage IGBTs boast a reduced ON-state
voltage drop, compared to MOSFETs. This is achieved thanks to an extra P+ layer (either placed in the drain
side or replacing the N+ layer), introducing holes that enhance conductivity. IGBTSs experience a relatively slow
turn-OFF and exhibit tail currents, causing higher switching losses than in MOSFETs [110]. However, IGBTs
exhibit superior hold-off voltage and current characteristics compared to Si MOSFETSs, making them the preferred
choice in several high-voltage applications [111-113].

Stacking semiconductor devices in series enhances voltage rating, while parallel connections increase current
capability, allowing tailored switch design for specific control of high-power applications [96, 110]. For series
assemblies, maintaining the voltage balance both in steady-state and transient conditions across the semiconductor
devices is crucial. These devices cannot sustain voltages beyond their specified ratings, and the reverse currents and
recovered charges vary among devices, even those of the same type and manufacturer. Consequently, the device
with the smallest reverse leakage current will be exposed to a higher voltage. Voltage balance techniques include

resistors and Zener diodes for steady-state balancing, and resistor-capacitor and Transient-voltage-suppression
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(TVS) diodes for transient balancing [114].

For parallel assemblies, semiconductors with a positive temperature coefficient, like MOSFETSs and IGBTs,
typically do not require current balancing devices. It is important though to ensure symmetry to reduce stray
inductances and capacitances, and to maintain a balanced temperature across the junctions. Semiconductors with
a negative temperature coefficient (diodes, thyristors, bipolar transistors, etc), must resort to techniques like series

resistors, current-sharing coupled inductors, and current feedback control techniques [96, 115, 116].

Carefully designing the current paths for the stacked devices as well as pre-selecting and matching similar

devices are also techniques that reduce imbalances in series and parallel assemblies of semiconductors [117, 118].

2.2 Current balancing techniques

Some power electronics systems require current to be distributed equally across parallel paths, current balancing
techniques can be used to improve the robustness and efficiency of these systems. These techniques span diverse
applications, from multiphase converters minimising ripple in DC-DC conversion to battery management systems
safeguarding cell life further extending to photovoltaic systems maximising energy harvest and electric vehicle

chargers guaranteeing efficient grid integration [119-121].

Current balancing techniques typically split into passive, active, and hybrid methods. Passive strategies, such
as the use of resistors or inductors, offer simplicity but potentially lower performance [122]. Active approaches,
employing feedback-based control methods, achieve superior accuracy at the cost of increased complexity [114].
Hybrid methods aim to strike a balance between these two extremes [123]. Recent advancements in low-frequency
applications include wireless communication (enables decentralised balancing in intricate systems) [124] and ma-

chine learning (adaptive and optimised balancing strategies) [125].
Passive current balancing methods using coupled inductors, offer the advantages of simplicity and increased

power ratings and are therefore still adopted by many modern power electronic systems (Figure 2.5) [122, 126,

127].
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Figure 2.5: Example of passive current balancing method - coupled inductor for semiconductor current balancing in a pulsed power application
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Chapter 4 explores how coupled inductors were used to balance the pulsed current of two neighbouring syn-

chronised plasmas in the DPS [43].
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2.3 Plasma models for electrical simulations

The ability to understand and predict the behaviour of plasmas under various conditions is relevant to different
research subjects. Distinct plasma models [128—130] have been developed to analyse diverse plasma characteristics
that focus on parameters relevant to each application.

Particle-in-cell (PIC) simulations directly model the motion of charged particles under the influence of elec-
tromagnetic fields [128, 131]. PIC methods can handle a wide range of plasma conditions, including collisionless
plasmas, relativistic regimes, and multi-species systems. However, the fine resolution required for accurate par-
ticle tracking and field calculations leads to high computational demands, particularly for large systems or long
simulation times. PIC simulations are extensively used in plasma physics particularly in the study of plasma insta-
bilities and wave-particle interactions [132], modelling of laser-plasma interactions in inertial confinement fusion,
beam-plasma interactions in particle accelerators, and analysis of space plasmas and magnetospheric dynamics
[133].

Plasma models for electrical applications typically use macromodels for the plasma electrical impedance dy-
namic behaviour, as seen from the electrical circuits that interact with the plasma. As gas tube inductance and
capacitance are distributed parasitics, the main parameter to be modelled is the plasma resistance. The models de-
veloped show that the arc resistance is generally inversely proportional to some function of the arc current: inverse
integral equation forms [134-136], and inverse exponential equation forms [137-139]. These resistance models
consider (and neglect) particular physical effects of the plasma and were developed for very distinct test conditions
and applications [129].

Alternatively, black box models (that disregard the physical processes and focus solely on the electrical proper-
ties), employ differential equations to represent the arc impedance. The Cassie and Mayr arc models are examples
of plasma/arc black box models [140, 141] and are suitable for several applications from the development of spark
gaps to fault arc study [130].

Mayr’s model assumes constant arc cross-section and thermal conduction as the sole energy loss mechanism
[142] and describes the arc conductance (g) over time based on the power balance between the input energy and the
arc’s cooling. It can be described by the equation (2.1), where T is the arc time constant, P is the power applied to

the arc (the product of the arc current with its applied voltage), and Fj is the power loss constant (cooling constant).
1d da(l 1 /P
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Cassie’s model assumes constant arc temperature, current density, and electric field, while the arc cross-section

varies with current and time, and energy losses through thermal convection. Its focus is on the arc voltage v
rather than conductance, and it considers the arc as governed by a relationship between arc current and voltage.
The model is described by the differential equation (2.2), where Vj is a constant representing the arc voltage in

steady-state [130].
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Mayr’s model uses the logarithmic relationship of conductance and is more sensitive to energy dissipation.
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Cassie’s model uses a quadratic relationship for voltage, emphasising stability around a steady-state voltage. The
Cassie Arc Model was chosen for the plasma modelling and simulations of this thesis due to its suitability for

high-intensity currents and relatively steady behaviour. From (2.2) we obtain the (2.3):

s (G ) = (-G )i

Figure 2.6 represents the Cassie-arc equation using the PSpice library. The initial value of R is 120 k{2 repre-
senting the tube impedance before the plasma breakdown. The time-varying resistance is included in the model

using a voltage-controlled current source.
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Figure 2.6: Cassie Arc Model in PSpice
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Simulations using the model of Figure 2.6 were used for the design and development of the plasma source

pulse generator topologies and are explored throughout the thesis, particularly in the chapters 3 and 5.
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CHAPTER

Plasma source electrical design and

operation analysis

Based on the requirements established in Chapter 1 and the state-of-the-art designs explored in Chapter 2, the
design and operation of the semiconductor-based pulse generator for the AWAKE plasma source are explored in

this chapter.

3.1 AWAKE plasma source requirements

To analyse the requirements and challenges of the pulse generator, it is necessary to study the characteristics of
gas discharges and the behaviour of the plasma, considering the particular parameters of length, diameter, gas,
pressure, etc.

A discharge plasma source for AWAKE requires a pulse jitter of a few nanoseconds (to ensure synchronisation
with the incoming proton beam), a 10 m length, and pressures between 1 — 50 Pa to reach the target plasma
densities [18, 22]. Analysing the Paschen curves for microsecond pulses [41], a low-jitter ignition requires a pulse
rise-time (to ~ 20kV) under 1 us. Furthermore, to reach the plasma density target of 7 x 10'* the discharge
must have a current density ~ 100 A/cm2 which, for a 25 mm diameter tube, results in a current of ~ 500 A
[42, 43]. Combining the necessary voltage for low-jitter ignition and current for plasma heating requires one high-
power pulse of over 10 MW. The power limitations of the existent fast-switching semiconductors combined with
considerations related to compactness, efficiency, safety, and cost, prompt the adoption of two distinct pulses for
the plasma ignition (high-voltage) and heating (high-current) processes. The heating pulse can take advantage
of the low-impedance plasma created by the ignition pulse to obtain a highly reproducible high-current plasma,
lasting tens of microseconds.

Preliminary experiments revealed that ignition discharge jitters under 10 ns can be obtained with 20kV peak
voltage pulses, with a rise time of ~ 1 us [24]. After the breakdown, this voltage will fall sharply again due to
the low impedance established in the plasma. It is important that the ignition pulse source stores enough energy to

maintain a stable plasma (I > 10 A) until the activation of the heater pulse.

19



The heater pulse must be able to supply the target current of 500 A but will require a lower voltage pulse.

Preliminary results indicate that a 5 — 8 kV heater pulse can reach the target current for a 10 m plasma.

3.2 Double pulse generator development

The ignition and the heater pulses will be delivered by two pulse generators with different topologies, the ignition
and the heater [24]. Each has specific parameters considering the distinct objectives of each pulse, as explored in
section 1.3. The ignition module is based on the flyback-type pulse generator presented in the simplified schematic
of Figure 1.8-B. The heater module is a negative pulse capacitive discharge (Figure 3.1) adapted from the more

basic topology in Figure 1.6-A.
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Figure 3.1: Capacitor discharge negative-pulse generator

Through the simplified schematic of Figure 3.2, it is possible to understand the fundamental concept of the
double pulse generator. The two modules are familiar pulse generator topologies that will produce the ignition and
the heater pulse following the requirements explained in section 1.3. The merger of both topologies (ignition on
the right-hand side and heater on the left-hand side) is possible with the inclusion of a coupling diode allowing a

seamless operation of the double pulse generator.
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Figure 3.2: Merger of flyback-type pulse generator and negative-pulse capacitive discharge with the discharge plasma as load
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To analyse the double pulse generator operation a more complete schematic (Figure 3.3) that includes the
protection elements is required. The ignition switch and the heater switch will turn-OFF charged inductances
(magnetising inductance of the ignition transformer L, and the parasitic inductance of the heater loop respectively),
to avoid an overvoltage spike a snubber is paramount. A resistor-diode (RD - R, and D;,) snubber is used for
the ignition pulse generator and a resistor-capacitor-diode (RCD - R} 4;5, Chsn and Dyg,) for the heater pulse
generator. We forgo the inclusion of a capacitor in the ignition snubber to reduce the output voltage rise time.

After ignition the plasma acts like an incremental negative impedance (dropping further with the current rise),
to avoid overcurrent during the heater pulse a series resistor R, is included to limit the current value. The inductor
Ly, prevents an overcurrent in the heater charging loop after the heater switch turn-OFF. The return path of the
plasma load contains an anode cage to establish field distribution uniformity - maintaining the plasma density

uniform in length and cylindrically symmetric [24].
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Figure 3.3: Main schematic of the double pulse generator and the plasma, with the relevant elements, voltages and currents, as well as the three
current probes used experimentally

3.3 Double pulse generator operation

The operation of the double pulse generator may be analysed considering six steps, corresponding to different

switch and gas/plasma states.

First step
The first step happens when the switches of both modules (S;4,, and Sj) are OFF, and both capacitors charge

to the voltage set in the correspondent source (Vg,, and V74,), as represented with solid lines in Figure 3.4.

Second step

The second step is initiated by the turn-ON of the ignition switch S;g,, (lasting ts;gnon). Due to the reverse
bias position of the ignition diode (D;4,,) on the secondary side, the charge in C;4,, will flow through the primary
winding of the transformer, storing magnetic energy in the transformer’s magnetising inductance L,, (solid lines in

Figure 3.5).
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Figure 3.5: Second step of double pulse generator operation - schematic

The power supply V4, high-value series resistance scarcely contributes to the inductor charging current r,,,,
with most of the needed energy being supplied from capacitor Cjgy,. The ideal primary circuit, disregarding the
ignition switch ON-resistance, switching time, leakage inductances and parasitic capacitances, can therefore be
considered an undamped resonant circuit, with impedance Z,, = \/m and resonance frequency w, =

1/y/L,Cign. Since wytgignon << 1, the current i, (Figure 3.6) and the voltage Vigy, (Figure 3.7) can be
approximated as

. wgn . sz n
irp = = sin(wret) = Ip, (i=tottsigmon) & - 18ignON 3.1
2 I
wrtSi nON 2
Veign = Vigncos(wit) = Veign(t=to+tsignon) = Vign (1 — %) ) (3.2)
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Figure 3.7: Second step of double pulse generator operation - voltage waveforms

Third step

In the third step, by turning OFF the ignition switch (S;gs,), the snubber D;,,, and the ignition diodes (D;4)
become forward-biased (solid lines in Figure 3.8). This means the voltage spike generated from the switch turn-
OFF is applied to both the snubber and the load on the secondary (the latter multiplied by the transformer ratio
N3/Np). Nevertheless, plasma generation does not occur instantly. The increase in current on the secondary
side is constrained by the transformer’s leakage and circuit stray inductances, as well as the charging of the tube
parasitic capacitance before gas ignition (C4— gpqr). Therefore, in this step, the ignition snubber on the primary

side absorbs some of the stored energy that cannot be transmitted to the secondary, thus setting the voltage spike

as
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VisnMaz = _ILuRisrm (3.3)

and, consequently, the switch hold-OFF voltage as

VSignMaz = V;Jgn — VisnMaz- (34)

The peak voltage applied to the secondary side of the transformer will be approximately

Vplasma ~ ‘/isnMaxNZ/Nla (35)

This step lasts between .S;4;, turn-OFF and plasma ignition. This period (called ignition lag - t;44) ranges from

1 ps to 2 us and depends on the plasma tube/gas parameters (length, gas type, pressure value) and the V;4,, voltage

setpoint.
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Figure 3.9: Third step of double pulse generator operation - current waveforms
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Figure 3.10: Third step of double pulse generator operation - voltage waveforms

Figure 3.9 shows the snubber current rising until the plasma breakdown occurs. Figure 3.10 shows the plasma
voltage rising proportionally to the voltage across the snubber resistance. The coupling diode must hold-OFF the
voltage applied to the plasma in this step.

Fourth step

The fourth step starts as the plasma ignition occurs; the stored energy is diverted from the snubber to the
secondary due to the rapid drop in load impedance (solid lines in Figure 3.11). The plasma current will experience
a sudden spike during the ignition and afterwards stabilise, decreasing slowly as the magnetic energy is discharged
through the plasma (Figure 3.12), and the plasma voltage will drop rapidly with the plasma resistance (Figure 3.13).
The maximum ignition plasma current will be determined by the ignition transformer ratio Ipqsma < I, N1/Na.

The level of plasma ionisation after ignition will depend on the plasma current value during this step. A higher
ignition plasma density will improve the reproducibility of the heater pulse; therefore, the choice of transformer

ratio must be a compromise between the required voltage value in the third step and a suitable current value in the

fourth.
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Figure 3.11: Fourth step of double pulse generator operation - schematic
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Figure 3.13: Fourth step of double pulse generator operation - voltage waveforms
Fifth step

After the plasma is established, the fifth step is initiated by turning ON the heater switch Sj,. The negative pulse
capacitive discharge enforces a plasma voltage of approximately Vjiasma = —Ven, With Vp, being the voltage
charged in the capacitor, equal to V}, at the beginning of this step (solid lines in Figure 3.14). The low impedance
set before allows the current to rise to 500 A with minimum jitter, increasing the plasma electron density to the

values required.
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Figure 3.14: Fifth step of double pulse generator operation - schematic

During this step, the voltage applied by the heater pulse will invert the polarisation of the diode D; g, effec-
tively turning it OFF. This will activate the ignition diode D, causing the current from the ignition transformer
magnetising inductance to be diverted to it. On the other hand, the diode D, will activate during this step
allowing the heater pulse to be delivered to the plasma. This combination allows the independent operation of the

heater module.

Ideally, the plasma would have a constant R,jqsmq, the heating capacitor Cj, would have an approximately
infinite capacitance, and there would be no parasitic inductance Lyj,smq. In these conditions, and neglecting the
tube parasitic capacitance C'4 g pqr, the heater pulse would be a square pulse until the switch turn-OFF (that starts
the sixth step). However, these ideal conditions do not apply, and the shape of the heater pulse will be affected by

the heater capacitance, the plasma tube inductance and the plasma resistance variation.

Dcoupl Rc YV Lplasma

Cy

N S i Rplasma

Figure 3.15: Simplified heater capacitive discharge in an RL load

To understand the effect of these elements in the heater pulse we consider the simplified schematic of Figure
3.15. The equations in (3.6) describe the behaviour of the capacitive discharge [143], considering ¢ the current

through the circuit and v¢ the capacitor voltage:

di .
Ve :La + (Rc + Tplasmaﬁ
di _UC - (Rc + Tplasma)i
dt B Lplasma (36)
dv, 71’
dt C
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Figure 3.16: Comparison between the heater pulse shape with a constant resistance (with and without parasitic inductance) and a plasma model

Even after ignition, the plasma resistance (7'piasmq) Varies up to an order of magnitude as the plasma density
increases significantly under the influence of the heating pulse. As discussed in the Chapter 2, there are several
methods to predict and model plasma resistance [129, 142]. The Cassie arc model is described by the differential

equation (2.3). This equation can be computed as (3.7), to obtain an expression for dr/dt:

ot (1 _ (“é?f) . 3.7)
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Figure 3.17: Fifth step of double pulse generator operation - current waveforms
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Using PSpice simulations it is possible to observe how the introduction of this variable resistance affects the heater
pulse shape (Figure 3.16).
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Figure 3.18: Fifth step of double pulse generator operation - voltage waveforms

Figure 3.17 shows the heater pulse shape, obtained by the Cassie arc model, and the reactivation of the snubber
diode. In some conditions the stored energy in the magnetising inductance may be depleted before the end of the

heater pulse which will cause a faster drop in the snubber current. Figure 3.18 shows the voltage rise across the

ignition switch and the snubber resistor, caused by the heater pulse.
Sixth step

In step six, the heater switch (Sy) is deactivated. The capacitive and inductive parasitics of the plasma will

prevent it from dropping to zero immediately (Figure 3.16). Therefore, the current in this step will be affected by

the rate of discharge of these parasitic elements and the variation of plasma resistance.
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Figure 3.19: Sixth step of double pulse generator operation - schematic
When the plasma voltage falls below the voltage of the secondary winding, the ignition diode is reactivated,
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causing the magnetising inductance current, which was previously directed to the ignition snubber, to be diverted
to the plasma. Consequently, if there is residual magnetic energy from the transformer remaining, it will discharge
through the conductive plasma.

Turning OFF the heater switch S;, will also activate the heater snubber (due to parasitic inductances on the
current path) damping the overvoltage and protecting the heater semiconductors, the inductor Ly, limits the current
rise through the charging diodes. Once the stored energy is insufficient to sustain the plasma, the load ceases to be
conductive and the remaining stored energy discharges again through the ignition snubber.

Figure 3.20 and Figure 3.21 show the expected theoretical waveforms for all the double pulse generator opera-

tion steps.
~
<
S
=
o
=
=
o
1 ISign
[_,p,max [
Isn
\‘L
Time (us)
Figure 3.20: Sixth step of double pulse generator operation - current waveforms
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Figure 3.21: Sixth step of double pulse generator operation - voltage waveforms
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In Chapter 4 the design of the plasma setup and the sizing of the different pulse generator elements is presented,
taking into consideration the application objectives and the operation described in this chapter. In Chapter 5, the
simulation and experimental traces are analysed and compared to the theoretical prediction from Figures 3.20 and

3.21.
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CHAPTER

Discharge plasma source development

This chapter outlines the design and sizing of the key components that make up the DPS, including the plasma
setup, pulse generator, and current balancing modules. It provides the foundational design considerations necessary

for the development of the DPS, ensuring its readiness for testing and integration into the proton beam experiment.

/ Tube connection
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] 1t |
Gas
: 1 'Injection

Figure 4.1: DPS geometry

4.1 Plasma setup design considerations

Different applications will require plasma to be generated under very distinct conditions. These conditions (pres-
sure, gas, geometry, etc.) affect the plasma quality and are set by application requirements or technical/physical
limitations. The AWAKE requirements, introduced challenges regarding the plasma electron density and the pulse

generator reproducibility that motivated the use of the double pulse design, analysed in the previous chapter.

Plasma length

The plasma is generated between two electrodes, inside a dielectric tube. The maximum length between the
electrodes (and the tube length) was set as [z, = 10 m, which is currently the AWAKE acceleration length. A
discharge plasma length can be altered simply by changing the position of the electrodes. Since varying the plasma

length allowed for relevant diagnostics in the AWAKE experiment, the DPS was designed to have a degree of
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flexibility in the positioning of the electrodes (as in Figure 4.1). The DPS tube has the capacity for three different
plasma lengths: 10m - full length, [p; = 3.5m and [py = 6.5 m. Due to the AWAKE experimental restrictions,
the plasma scalability potential will be assessed by combining lengths [ p; and [ ps to determine the possibility of

operating two neighbouring synchronous plasmas.

Electrode design

An AWAKE-suitable plasma source must be able to let particle beams cross its length. Therefore, the electrodes
must not block the passage of the proton bunches. The anode used is a metallic cylinder at one end of the tube.
Connected to the anode is the anode cage: four wires connected to the anode that extend along the tube up to a

short distance from the cathode (Igqp = 25 cm) in a l.qge = 25 cm metallic square centred by the tube.

P2 P1
Cath()de C athode
Single-Plasma Double-Plasma Anode

T

Figure 4.2: Cathode and anode geometry

During the discharge, electrons are delivered to the plasma through the cathode. In an arc discharge, the cathode
will develop hotspots. A cylindrical design similar to the anode would result in an undefined and unpredictable
hotspot location. Therefore, the cathode is designed with two tungsten pins. Preliminary tests revealed that a
single-pin configuration produces non-uniform plasma distribution near the cathode. A coupled inductor is used
for current balancing to ensure equal plasma generation across both pins. In a shared cathode (for two-plasma
configurations) the plasma pins are assembled alternatively. The Figure 4.2 represents the electrode geometries

described.

Cabling, grounding and parasitic components

The electronic equipment used in the AWAKE experiment must be screened from the radiation emitted in the
proton beam line. Consequently, the pulse generators, the power supplies and the control systems were separated
by a concrete wall from the plasma. The power cables are connected to the plasma through gaps below the wall.
The 6.5 m and 3.5 m plasma lengths used 8.5 m parallel-pair cables, and the 10 m length used two similar cables,
combined by an extension box. Before connecting to the plasma, the cables connect to the CBM box, containing
the current balancing modules and the ground connection of the setup. Figure 4.3 is a scheme of the connections

described.
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Figure 4.3: Configuration of the plasma source connection to the power input, with parasitic elements

The overall equivalent inductance of the full plasma current path was estimated to be Lpjqma ~ 24.5 uH. The
parasitic capacitances were measured between the tube electrodes and the CBM box (Cpqr = 393 pF), in each
set of cable pairs (Ceqpie = 577 pF), and in the extension box (Ceytpor. = 203 pF). For simplicity, we consider a
single parasitic capacitance of C4_gpqr = 1.75nF for the 10 m configuration, and C'a— g per = 0.97 nF for the

6.5 m and 3.5 m configurations (no extension box and only one cable pair).

Gas system

The gas types used for the DPS were noble gases: helium, argon and xenon. Most discharges were performed
using argon, which can reach the nominal AWAKE plasma electron density. Helium is a lighter element, used
to observe the effect of ion motion in the self-modulation instability of the plasma. Xenon reached the highest
value of plasma electron density. The DPS operates at relatively low pressures (1 — 100 Pa). These pressures are
appropriate for the AWAKE experiment requirements, particularly for argon and xenon (closer to the minimum of

the Paschen curves for the 10 m configuration).

Plasma Tube

Pressure
Gauge

Injection Vg/&
Gas

Isolation

Valves \7 \/ \/ Pump
/\ /\ Valve

He Ar Xe Vacuum
Pump

Figure 4.4: DPS gas injection system

Tube Isolation Valve

The gas injection system is composed of a vacuum pump, three gas bottles, one for each gas, valves and a
pressure gauge (Figure 4.4). Before starting the tube discharges, the gas and pressure must be set. The first step
is to empty the tube and injection lines with the vacuum pump, then the gas isolation valves are used to select the
gas type to be used. The injection and pump are variable proportional valves used to tune the required gas pressure

(that is measured in the pressure gauge).
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4.2 Double pulse generator design considerations

Having outlined the double pulse generator and its operational principles, as well as the application requirements
and the experimental set-up characteristics, this section focuses on the specific considerations for its essential
components design: ignition step-up transformer, energy storage capacitors, snubber circuits, IGBT switches, and

ignition and coupling diodes.

4.2.1 Ignition step-up transformer

One of the essential elements of the ignition module flyback-type topology is the step-up transformer (Figure 4.5).
The design of the ignition transformer differs from a typical transformer design since it operates as a magnetic
energy storage device. Therefore, the magnetic inductance is the main parameter to consider. The transformer
must also step up the ignition switch-OFF voltage and have a frequency bandwidth appropriate for the desired

voltage rise-time.
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Figure 4.5: Ignition step-up transformer in the double pulse generator

The selection of the magnetic core and the number of primary turns (/V1) is dependent on the desired inductance
(L,) and energy storage [24, 144]. From Faraday’s Law, considering ¢ the magnetic flux in the core of the
transformer, V4, the power supply voltage applied to the primary winding of the transformer, and I, the current

across the same winding:

d¢ _ 1/ _ VignAt
Nlﬁ - ‘/ZQ” = ¢= ?Vl L/AIL/L
dlp, _ _ VignAt 1
L= = Vign = I, = =~

The ideal maximum magnetic flux within the core can be expressed as the product of the core’s cross-sectional

area (Ap.) and the saturation flux density (Baz) = ¢ = ApeBmag:

LHILH

Ap.B = & ="
Frefmaz Nl AFeBmaz

4.2)

The magnetising inductance is a function of the core magnetic cross-section, magnetic path length () ;), magnetic

permeability (1), and the number of turns squared:
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(4.3)

Ap
L, = uN?==<,
12 lu 1 Mgl

Replacing N; from (4.2) in (4.3), and rearranging the terms, an equation relating the core dimensions, core flux

density, and magnetic permeability to the maximum magnetising inductance energy (W) is obtained:

L, Iy,
L, = et od
. a (AFeBmax

2
Ape
) 3
2 gt (4.4)
Mgl FEBmaw 1 2
g al=Wr
Using equation (4.4), it is possible to select the pulse transformer energy rating, defined as the product of
the core volume (Ap.My) to the core ratio B2,,,/(2u). The magnetic core energy rating must be equal to

the maximum magnetising inductance energy L, I " /2. Therefore, it is possible to identify a suitable core (or

combination of cores).

The equation (4.2) can be used subsequently to obtain the required number of primary turns. The voltage step-
up will be determined by the value of R;,, and the transformer ratio (No/N7). Designing a transformer with a

high step-up ratio requires careful consideration due to the associated increase in leakage inductances and parasitic

capacitances.
4.2.2 Ignition and heater capacitors
The ignition storage capacitor (in blue in Figure 4.6) value is obtained by solving (3.2) to obtain (4.5):
t2;
SignON ( 4. 5)

= Vcign
2L,(1 - 7‘2” )

ign
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Figure 4.6: Ignition and heater capacitors in the double pulse generator
The heater storage capacitor (in green in Figure 4.6) is sized according to (4.6):
Intsnon
= (4.6)

Ch - A‘/h )
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where AV}, is the allowed variation of the heater capacitor voltage during one pulse and ¢ 5,0 is turn-ON time of

the heater switch.

4.2.3 Ignition snubber resistor

Topologies similar to the ignition module, based on the opening of inductive current paths, typically use snubbers
as semiconductor protection circuits. This is an essential element due to the overvoltage caused by the high value of
the current derivative at the turn-OFF. Snubbers will offer an alternative path to the current, limiting the overvoltage
to a safe value for the semiconductors.

For this application, besides serving as protection, the snubber must also contribute to setting the gain value
VisnMaz/ Vign (VisnMaz 18 the peak snubber voltage) after the S;4, turn-OFF. Therefore, the snubber topology

used is a resistor and a diode in series (Figure 4.7). The parallel capacitor, typically used in these snubbers, was

excluded to improve the Vjqsmq rise speed. The resistance value is obtained from equation (4.7):

‘/isn axr
Ry, = —nMoz 4.7)
IiSn

where I;g,, is the current across the RD-snubber. The required V;spnrq. value comes from the target Viigsma

divided by the transformer ratio Ny /Nj.

Figure 4.7: Ignition snubber in the double pulse generator

4.2.4 Heater RCD snubber and charging protection inductor

Due to the long length of the plasma and the pulse generator output cables, the heater module will have a high
parasitic inductance (Lpjqsmaq). Consequently, the heater switch turn-OFF generates a voltage spike. The purpose
of this snubber is to protect the heater semiconductors from this transient. The snubber capacitance is obtained
from the expression (4.8), where Vsparq. 1S the maximum voltage applied to Sy, and I 74, 1S the maximum
current from the heater pulse.

S Eptasmal? = 5ChanViuntas = Chon = W (48)

The resistor R 4;s sets the snubber time constant value and should be at least five times lower than a full
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operation period (RC < T'/5), allowing a safe discharge of the snubber capacitance.

The Lj, heater charging protection inductor prevents the turn-OFF voltage spike from turning ON the charging
diodes. The L; inductor will limit the voltage rise to no more than Vgp s, While the heater snubber is active
(Atpsp)- Therefore, the inductance value comes from the equation (4.9):

dIpen L, = Vshataz Athsn

Vs =L
St g dt IDchMa:r

) 4.9

where Ip.p, is the current on the charging diodes. The values of Ry, C, and L; must have a damping coefficient

high enough that the charging of the capacitor is non-oscillant.
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Figure 4.8: Heater snubber and protection inductor in the double pulse generator

4.2.5 Switch and diode modules

Fast-switching semiconductors typically do not have voltage ratings above 5 kV. However, it is possible with series
and parallel assemblies to distribute the voltage and current (respectively) through several devices, increasing the
overall power rating mostly without affecting the switching speed. Each individual semiconductor device will
show a particular behaviour, and strategies are required to assemble them in series or in parallel. For the double
pulse generator, the focus is mainly on silicon carbide (SiC) Schottky diodes for the snubber, ignition and coupling
diodes and Insulated Gate Bipolar Transistors (IGBTs) for the ignition and heater switches.

The diodes chosen must have suitable switching times and current and voltage ratings. The variation of the
forward voltage with increasing temperature is typically negative. Therefore, it is inadvisable to connect diodes
in parallel without recurring to current balancing techniques which introduce parasitic elements and complexity
to these modules. Thus, the current rating of the diodes should be selected to avoid using a parallel assembly.
However, since the applied voltages exceed the capabilities of a single device, multiple diodes are connected in
series to achieve the required voltage handling.

The number of series diodes is determined from the expression (4.10) [95], where n is the number of diodes,

Vap 18 the applied reverse voltage, Vr g is the maximum repetitive reverse voltage, and ¢ the margin factor:

Vap
n >
CVrrM

A parallel resistor (Rpq;) should be included to assure a balanced voltage through every series diode. The

(4.10)
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voltage through each resistor due to reverse current should not exceed the Vrpras of each diode. The reverse

voltage Vg in n diodes is given by (4.11):

Vip — CV,
VRz%, @.11)

and the value of the balancing resistors is determined from the expression (4.12):

V -V V r — V.,
Ryl < Mmqow — Ryt < %RerFﬂ (4.12)
Vr Vap — CVRRM

where the equivalent diode-OFF resistance (R.,0rF) is the value of the maximum repetitive reverse voltage di-

vided by the reverse current I rating.

The ignition switch is activated during the second step and is turned off on the transition to the third step.
The turn-OFF must be done swiftly since the time reproducibility of the plasma breakdown is dependent on this
transition. Like with the series assembly of diodes (expression 4.10), the number of IGBT devices in series or in
parallel must be high enough that the sum of the maximum ratings of voltage and current, respectively, is larger
than the maximum applied value, with a proper margin. Unlike the diodes, the IGBTs have a positive temperature
coefficient which allows them to be assembled in parallel directly. Nevertheless, symmetric assembly conditions,
reduced parasitic inductance and isolated gate driving are crucial to guarantee safe operation in parallel. The IGBT
series connections will have voltage balancing resistors and overvoltage protection TVS diodes, sized to hold-OFF

a smaller voltage per stage than the limit of one single IGBT.
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Figure 4.9: Main semiconductor modules in the double pulse generator

There are two main concerns regarding the driving of the switch modules: the first is that the switching must
be simultaneous in all IGBT devices to avoid overvoltage/current at one stage and to reduce the pulse jitter. On the
driving level, this is pursued by using one single high-voltage pulse distributed to all IGBT stages through a 1:1
galvanic isolation transformer unit. The second is the susceptibility to noise, inherent to pulsed power technology,
particularly with loads that are non-linear and prone to parasitic elements. To mitigate this, switch trigger driving

is made via fibre optics, ensuring isolation from the main double pulse generator circuitry.
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Figure 4.10: Switch driver simplified schematic

The drive electronics for both switch modules are therefore composed of the stages presented in Figure 4.10:
1) signal module; ii) driver circuitry; and iii) high-power switch module. Each driver as a turn-ON and a turn-OFF

signal that activate the IGBT gate and the MOSFET gate, respectively.

4.3 Current balancing modules design considerations for two-plasma con-

figuration

One of the main requirements for an alternative AWAKE plasma source is scalability in length. The current bal-
ancing module (CBM) addresses this requirement by allowing the generation of a series of neighbouring plasmas
with shared electrodes, aiming for uniform plasma formation and density across each length. Due to the dynamic
plasma impedance and high voltages and currents involved in the plasma generation, the current balancing is per-
formed by a passive technique: high-frequency differential mode magnetic chokes (DMC) [122], consisting of two

coupled inductors (Figure 4.11), each linked to one plasma.

Figure 4.11: Representation of a differential mode choke - with similar currents the magnetic fluxes will cancel out

The initial approach for scalability is to have two synchronous parallel plasma with one DMC. Using a two-
plasma configuration the best setup has the common cathode in the centre (where the highest voltage amplitude is
applied) and the plasma anodes on each ends. Under this setup, each coupled inductor would be connected to one
plasma anode (Figure 4.12), to equalise the current between the common cathode and each anode.

Constraints from the AWAKE experiment led to the asymmetric configuration represented in Figure 4.12, with
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plasma lengths of 3.5 and 6.5 m. This asymmetry affects the design of the DMC drastically. Under similar plasma
lengths, the main design focus of the coupled inductor would be reducing leakage inductances and guaranteeing a
good frequency response and good coupling between the windings.

With asymmetric lengths, the contrast in plasma resistance will cause much higher current differences, par-
ticularly during the heater pulse. Therefore, the coupled inductors of the DMC must present inductance values
significantly higher, enough to induce the required voltages to balance the two currents.

Common Cathode
Ip

Anode | fl | Anode
Pl P2

Ipy

T

Figure 4.12: Double plasma configuration with current balancing coupled inductors

Figure 4.13 represents the current balancing coupled inductors, under steady-state, after the ignition pulse. The
two plasma sections act like two separate resistive impedances (R?,; and Ry3). From Kirchoff’s Law, instantaneous

voltages of the pulse generators (vg1 and vg2) are given by (4.13):

Vg1 = V1 + Rplil (4 13)

Vg2 = V2 + Rpgig.

+Vi- R,

W\~

s

éj@) gc) +v,—

Figure 4.13: Current balancing coupled inductors in steady-state

With two windings and a similar number of turns, the flux linkage (¢); and ) for each one is:
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1 = Lyiy — Lpgio

Yo = =Ly + Loio,

4.14)

where L) is the coupling inductance, and Ly and Lo are the self-inductance of each winding. Using the same
number of turns Ly = Lo, from equation 4.14, if the current on both inductors is similar (in amplitude and
orientation) the magnetic flux on the DMC core will cancel out (Figure 4.11) and the winding impedance will be

defined only by the leakage elements.

Neglecting parasitic capacitances and resistances, the application of Faraday’s Law for coupled inductors is:

@
dt’

v =

4.15)

where v is the winding instantaneous voltage, 7 is the instantaneous current, and ) is the instantaneous flux linkage.

The voltage difference between the two windings is expressed by 4.16:

dio

.
vr = Lo'g = L gt

diy  di
_ , = u-v=( +LM)(d—;—d—f). (4.16)
vy = —Lp 4 4 Ly 2

Any discrepancies in the current through the two windings will generate opposing self-induced voltages within the
coupled inductors. These self-induced voltages act to cancel out the current difference, ensuring similar currents

in the two branches and, consequently, balanced currents in the plasma lengths.

Considering vg1 = vg42 and Ly; = kL1, an expression for the required coupling inductance is obtained from

4.13 and 4.16:

; . di di
Rysiz = Ryvia = Lk + (5} = 22)

Ryoia — Ryiin
(k+1)4 (i —ip)

4.17)

= Ly =

4.4 Application of design considerations to the AWAKE discharge plasma

source

The required plasma parameters presented in Chapter 1 (namely 10 m length discharges, 7 x 10'* cm~2 plasma
density, synchronisation with the proton beams) and the double pulse generator operation described in section 3.3,
combined with the limitations of the electrical devices, set the system specifications on the Table 4.1. The design
of the pulse generator will take into account these values for the different elements of both the pulse generators

and the current balancing module.
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Table 4.1: System Specifications

Parameter Symbol Value Unit

Target ignition voltage Vplasma 20 kV
Target primary current I, 60 A
Maximum primary current Iru 130 A
Ignition secondary current Range Lsece 10 — 25 A
Heating current range Iy 200 — 1200 A
Heating current target Iy, 500 A
Ignition switch-ON duration range | tgignon 5—12.5 us
Ignition switch-ON duration typical | tgignon 10 us
Heater switch-ON duration range tshoN 25 — 50 us
Heater switch-ON duration typical tshoN 30 s
Target ignition lag time tlag 2 us

Ignition and heater power supply units

The power supplies selected for the ignition and heater pulse generators were the Utravolt 6C24-P30 (Vignraz =
6kV, P = 30W, Lyutrmar = 5mA) and 8C24-P250-I5 (Vignmaz = 8kV, P = 250W, Lyinmax = 25mA).
They were selected due to their compactness, relatively low ripple (< 1%), and simple control interface. The

repetition rate of the pulse generator operation (~ 0.1 Hz) allows for relatively low charging currents.

Ignition WY P
SC24-P.

T

Figure 4.14: Ignition and heater power supply units

The DPS was designed to operate in a wide range of configurations (different plasma lengths, pressures, and
gases). To allow for a large operation range, the ignition and heating pulse generators were designed to operate

below the maximum voltage of the power supplies for the target voltage and current values. Therefore, the typical
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supply voltage values are V;4, = 3.5kV and V}, = 6.0 kV. However, the sizing of the pulse generator components

must always consider the maximum ratings of the power supplies.

Step-up transformer and ignition snubber resistor

Considering the standard operation ignition voltage (V;4,, = 3.5kV), to reach the target primary current I, =
60 A in the typical switch-ON time of tg;gnon = 10 us, from (3.1) the required transformer primary magnetising
inductance is approximately L, ~ 580 uH. Considering the maximum ignition power supply voltage (Vg =
6.0kV) and switch-ON time tg;gnon = 12.5 us, the primary current value obtained is Ir,, ~ 130 A.

From (4.4), to obtain the required 5J of magnetic energy (L, = 580 uH and I, = 130A) the selected
transformer core is a combination of four Micrometal’s toroidal powder cores, two 7400-18 and two T400-52. Both
models have the same dimensions (Mg = 25cm, Ap. = 3.46 cm?) and approximately the same B, ~ 1.5T,
but different bandwidths. Therefore, the 7400-18 cores improve the high frequency response and the 7400-52
presents a higher permeability. Considering the combined cores to be equivalent to parallel inductors and their
permeability values at the relevant frequencies to be about 118 = 550 and pse = 75, for T400-18 and T400-52
respectively, the target energy of 5 J is reached. The number of turns to reach the required inductance comes from

(4.2), obtaining N7 =~ 36.

Figure 4.15: Testing ignition pulse generator components using the 5 m plasma in the IST DPS Lab

The low-jitter plasma ignition requires over 20 kV in standard operation, since the ignition power supply de-
livers 3.5kV, the diode resistor snubber and pulse transformer must provide a step-up ratio of around 6. Pulse
transformers show increasingly high leakage inductances and parasitic capacitances for high step-up ratios, both
should be minimised to allow a fast rise of the load voltage. Therefore, moderate pulse transformer step-up ratios,
like Ny /N7 = 3.5, should be considered [47] resulting in No = 126. This value would also enable a high enough

secondary current (~ 20 A theoretical maximum in standard operation) to set the plasma to a low impedance arc
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state.

Considering a transformer ratio of No /N7 = 3.5, for an output voltage of Vj,jsme = 20kV and a I Ly =60A,
a maximum ignition snubber current of I;5,, = 30 A is expected (considering a part of the inductor current is used
to charge the parasitic tube capacitance C'a_ g pqr). From (4.7) the required value of the ignition snubber resistor
is Risn ~ 200€2. From (4.7), considering I, = 130 A and a I;s,, = 65 A, we determine the maximum output
voltage Vpigsma =~ 46 kV.

Figure 4.15 is a photograph of the ignition step-up transformer being tested in the IST DPS-Laboratory.

Semiconductor devices selection and design

The diodes and the switches are an essential part of the pulse generators operation. They must sustain rela-
tively high voltages and currents, and be able to switch in nanoseconds. As mentioned in Chapter 2, to enhance
their voltage or current ratings they can be assembled in series and/or in parallel (respectively). Assembling the
semiconductors this way entails some complications due to the possibility of imbalances between devices and the
required switch synchronisation. Different strategies to mitigate these effects were employed. One strategy was the
use of parallel resistors (for the diodes) or TVS diodes (for the switches) to balance the voltage between the semi-
conductors. To reduce the imbalance even further different components of the switches were tested and grouped
with those of more similar performance, the components included the driver transformer cores and MOSFETSs
(Figure 4.10), the balancing TVS diodes, and the IGBT switches. The diodes and the switches were assembled in
printed-circuit boards (PCBs) that were designed to have reduced parasitics (particularly in the driving circuitry)
and similar layout for all the semiconductor devices. A separate board receives the fibre optics triggers and delivers

the driving pulse to the IGBTs (Figure 4.16).

series
assembly

Fibre optics
receivers

Figure 4.16: Driving signal board (bottom) connected to the ignition switch board (top) through galvanic isolation transformers

The ignition snubber diode must hold-OFF the power supply maximum voltage (6.0 kV) and have a switch
time below 10 ns. The available device was GeneSiC’s GD60MPS17H, with a Vrgrys = 1.7kV. To hold-OFF
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safely the voltage these diodes must be assembled in series. Considering a margin factor of ( = 0.6, the appropriate
number of series diodes for the ignition snubber diode is 6.

The heater snubber diode also uses GeneSiC’s GD60MPS17H. It must hold-OFF the power supply maximum
voltage (8.0kV), support up to 600 A of current and have a switch time below 10ns. To hold-OFF safely the
voltage these diodes must be assembled in series. Considering the same margin factor of ( = 0.6, the number of
series diodes for the heater snubber diode is 8.

For the coupling diode module, the available device was GeneSiC’s GD60MPS17H as well. This module must
hold-OFF the ignition voltage during steps 3 and 4 and will be activated during the fifth step. As the variation of
the forward voltage with increasing temperature is negative it is not advisable to connect diodes in parallel directly,
without recurring to current balancing techniques. Since the coupling diode module must sustain the heater pulse
high current, the first criterion for the diode selection was the forward current rating, which is Ipgy, = 3kA.
The coupling diode module must sustain the maximum ignition voltage 46kV. Since the diode voltage rating is
Vrry = 1700V and considering a margin factor of ( = 0.6, from (4.10) the number of series devices is n = 45.

The ignition diodes available were GeneSiC’s GBOSMPS33-263, these were chosen due to their short switching
time (¢ < 10ns), and voltage and current ratings of Vrry = 3300V and Irpgp = 50 A (¢, = 10 ms) respec-
tively. The ignition diode module will hold-OFF the voltage during the second step of the operation, while the
ignition switch is ON, and the transformer inductance is being charged. Considering the maximum ignition source
voltage Vj4, = 6kV, the maximum voltage that can be applied to the diode is Vpign = ViignNo/N1 = 21KV
Since the fast breakdown of the plasma is highly dependent on the power delivered by the ignition pulse, in an
attempt to reduce the on-resistance of D;g,, the margin factor used was ¢ = 0.8. Therefore, the number of series
diodes is n = 8. The ignition diode must sustain a current up to ~ 37 A (I, - Ny /N2).

The diode modules have voltage balancing resistors calculated from the expression (4.12), the values chosen for
the ignition diode and the coupling diode were 20 M€ (HV733ATTE2005F) and 750 k) (RCV2512750KFKEGAT).

The ignition switch was designed to sustain up to 13kV of collector-emitter voltage at the turn-OFF, and a

current up to 130 A. From the available IGBT devices, the one selected was IXYS’ IXYX25N250CV 1, featuring a

Figure 4.17: Coupling diode PCB
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collector-emitter voltage limit of Vi gimqee = 2500 V), and a continuous collector current Iy = 235 A. The cur-
rent rating proves adequate for the application, eliminating the requirement for parallel association. However, the
IXYX25N250CV1’s voltage rating of 2500V is insufficient, leading to the use of 15 IGBTs in series. The required
fast turn-OFF of the ignition switch justifies a conservative margin factor. To ensure precise static and dynamic
voltage balancing across the 15 stages, each IGBT incorporates a series of TVS diodes (Comchip Technologies

ATV50C351J-HF) assembled in parallel, along with resistors Rg = 1 M(2 (Bourns’ CHV2512-FX-1004ELF).

Figure 4.18: Heater switch PCB

The heater switch was designed to withstand up to 1.2kA. The chosen IGBT device for this application is
IXYS’ IXYX40N450HVO0, featuring a collector-emitter voltage Vopma, = 4500V, and a peak collector current
Icnmr = 350 A. To meet the specified current demands safely, the switch requires a parallel association of 7
IGBTs (using a 0.5 margin). In contrast to diodes, IGBT semiconductors exhibit a positive variation of conduction
voltage with increasing temperature, reducing the necessity for intricate current balancing techniques. At turn-
OFF, the heater switch must sustain up to ~ 17kV of collector-emitter voltage (equation (4.8)). To satisfy voltage
requirements (with a 0.5 margin), an 8 IGBT series association is used. To ensure the voltage balancing across the

series stages we use a similar protection circuit of TVS diodes and parallel resistors.

Charging protection inductor and current limiting resistor

The L;, inductor prevents the heater turn-OFF voltage spike from activating the charging diodes. Considering
Vsharar = Vh = 8kV, the duration of the snubber activation Atjg, = 6 us and a maximum allowed current of
Ipenmaz = 0.5 A, from (4.9) the inductance obtained is L;, = 100 mH. With these values of Ry, C}, and Ly, the
damping coefficient is high enough that the charging of the capacitor is overdamped.

Since the plasma does not have a constant resistance (tends to a low value as the current rises), the limiting
resistor will prevent the heater current from rising above the semiconductor devices limits. Considering the maxi-
mum power supply voltage of 8.0kV and a minimum plasma impedance of ~ 3 (2, a resistance of 3.3 Q2 will limit

the current to the maximum value ~ 1.2 kA.
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Current balancing coupled inductors

The coupled inductors that balance the current between the two plasma sections must be sized to allow the
minimum current variation. As a result of constraints from the AWAKE experiment, the first experimental run of
this technology will employ an asymmetric configuration with plasma lengths of 3.5 m and 6.5 m [22, 24]. In this
situation, the winding voltage difference is mainly determined by the length difference (proportional to the plasma
resistance). We can expect the main contributor to the current balancing to be the inductor connected to the 3.5 m
plasma, which will induce a higher voltage to compensate for its less resistive node. Therefore, we expect the

maximum value of the coupled inductor voltage difference to be v1 — va = vg(Rp1/Rp2).

Considering the maximum power supply voltage vz = 8kV, a maximum allowed current variation of 4%
(for I, = 500 A), a pulse duration of 50 us, and a coupling factor & = 0.5, from (4.17) the minimum coupling

inductance value is Ly, = 7.2 mH.

The selected cores used for the coupled inductors were Vacuumschmelze’s 760006-L2050-W565. To reach
the inductance required and avoid core saturation N, = 20 cores were stacked, with N; = 8 turns the expected
coupling inductance is Lj; = 12.8 mH. This margin (0.6) was used to mitigate other potential imbalances (cable

distribution, inductor coupling, pulse generator and plasma parasitics, etc.).

Table 4.2: Ignition pulse generator component values

Parameter Symbol Value | Unit Reference
Ignition power supply Vign 0—-6 | kV 6C24-P30
Ignition voltage typical Vign 3.5 kV 6C24-P30
Ignition power supply resistor Rign 50 kQ -
Ignition transformer magnetizing inductance L, 580 nH 3.1
Ignition transformer number of primary turns Ny 36 - 4.2)
Ignition transformer ratio No/Ny 3.5 - -
Ignition storage sapacitor Cign 2 uF 4.5)
Ignition snubber resistor Risn 200 9] 4.7
Ignition diode maximum reverse voltage VRRM —ign 3.3 kV | GBO5SMPS33-263
Ignition diode maximum forward current Irsnr—ign 50 A GBO5SMPS33-263
Ignition diode number of series devices NDign 8 - (4.10)
Ignition diode balancing resistor Rya 20 MQ 4.12)
Ignition snubber diode maximum reverse voltage VRRM —isn 1.7 kV GD60MPSI7H
Ignition snubber diode number of series device NDisn 6 - (4.10)
Ignition switch IGBT maximum collector-emitter voltage | VoEmaz—ign 2.5 kV | IXYX25N250CV1
Ignition switch IGBT maximum collector current Ichm—ign 235 A IXYX25N250CV1
Ignition switch number of series IGBTs NignIGBT 15 - (4.10)
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Table 4.3: Heater pulse generator component values

Parameter Symbol Value | Unit Reference
Heater power supply Vi, 0-8 | kV 8C24-P250-15
Heater power supply resistor Ry 100 kQ -
Heater storage capacitor Ch 4 uF (4.6)
Heater charging protection inductor Ly, 100 mH (4.9)
Heater snubber capacitor Chsn 100 nF 4.8)
Heater snubber discharge resistor Rpais 100 k) -
Heater snubber diode maximum reverse voltage VRRM —hsn 1.7 kV GD60MPS17H
Heater snubber diode maximum forward current ITrsn—hsn 600 A GD60OMPSI17H
Heater snubber diode number of series device N Dhsn 8 - 4.10)
Heater switch IGBT maximum collector-emitter voltage | Vogmaz—n 4.5 kV | IXYX40N450HV0
Heater switch IGBT maximum collector current Ieyvi—n 350 A IXYX40N450HV0
Heater switch number of parallel IGBTs NpIGBT—h 7 - -
Heater switch number of series IGBTs NsIGBT—h 8 - (4.10)
Heater current limiting resistor R, 3.3 Q -

Table 4.4: Coupling Diode and Current Balancing Module Component Values

Parameter Symbol Value | Unit Reference
Coupling diode maximum reverse voltage VRRM —coup 1.7 kV GD60MPSI7H
Coupling diode maximum forward current Irsv—coup 600 A GD60MPS17H
Coupling diode number of series device N Dcoup 45 - (4.10)
Coupleng diode balancing resistor Rpai 750 kQ (4.12)
Current balancing module mutual inductance Ly 12.8 mH “4.17)
Current balancing module number of stacked cores N, 20 - T60006-L2050-W565
Current balancing module number of turns Ny 8 - T60006-L2050-W565
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CHAPTER 5

Experimental results of the double pulse

generator

This chapter presents the simulation and experimental results of the developed double pulse generator. The simu-
lations were done in PSpice and the experimental data was collected in the CERN DPS-Laboratory (Figure 5.1),
using the setup described in Chapter 4. The pulse generators include current sensors (Pearson’s current monitor
3972) to measure the ignition switch, snubber, and output (plasma) currents. Additionally, a high-voltage probe
(Tektronix’s P6015A) was installed to measure the voltage across the plasma. These results contribute to the

characterisation of the system and enhance the understanding of the plasma behaviour.

Figure 5.1: Plasma discharge in CERN DPS laboratory - Xe, p = 16 Pa, I}, = 500 A, ljqsmae = 10m
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5.1 Analysis of a standard DPS discharge - simulation and experimental

results

Firstly, we study a standard discharge, with argon at p = 24 Pa and a target heater current of I;, = 500 A.

Simultaneously, we analyse a PSpice simulation using a Cassie arc plasma model, described in Chapter 2.

In the simulation and experimental current and voltage waveforms from Figures 5.2 to 5.4, it is possible to

observe the six steps of operation described in Chapter 3 and validate the design considerations from Chapter 4.

600
— Primary Current - Experimental
=== Primary Current - Simulation
5004 Snubber Current - Experimental
=== Snubber Current - Simulation
—— Plasma Current - Experimental
—==Plasma Current - Simulation
400 -

Current (A)
(9%
<3
S

200 -

100

Time (Us)

Figure 5.2: Simulation and experimental current waveforms; Ar, p = 24 Pa, I}, = 500 A, lp145mae = 10 m - Sim: Vign=3.5 kV, Vh=6.9 kV;
Exp: Vign=3.5 kV, Vh=6.08 kV

Analysing Figure 5.2, the model shows only a small difference in the heater plasma current (~ 1.4% difference
at the current maximum). However, observing the detail in Figure 5.3, it is noticeable that the ignition pulse plasma
current difference between the simulation and the experimental measurements is more significant (~ 10.1% at
t = 10 us), demonstrating that the model loses accuracy for lower current values. Furthermore, at the plasma
ignition (after the ignition switch turn-OFF) the simulation plot presents a current spike that is not present in
the experimental measurements. This is due to the sudden variation in plasma resistance, further supporting the
higher accuracy of the plasma model during the heater pulse, when plasma resistance changes more gradually. For
the plasma voltage (in Figure 5.4), the differences between simulation and experimental results follow the same
pattern, being higher in the plasma ignition (~ 20% difference in the maximum voltage) and lower during the

heater pulse (~ 7% difference in the heater pulse maximum).
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Figure 5.3: Simulation and experimental current waveforms (detail); Ar, p = 24 Pa, I}, = 500 A, l1q5mq = 10m - Sim: Vign=3.5 kV,

Vh=6.9 kV; Exp: Vign=3.5 kV, Vh=6.08 kV
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Figure 5.4: Simulation and experimental voltage waveforms; Ar, p = 24 Pa, I, = 500 A, l1qsmq = 10 m - Sim: Vign=3.5 kV, Vh=6.9 kV;
Exp: Vign=3.5 kV, Vh=6.08 kV

A typical discharge will operate as described by the design equations of Chapter 3. Testing different parameters

and their effect is essential to further analyse the behaviour and operation range of the pulse generator.
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5.2 No-load ignition pulse discharge

When the gas breakdown voltage is reached, and the plasma ignites, the output voltage drops rapidly. Thus, to
characterise the voltage waveform of the ignition pulse without the influence of the plasma ignition, discharges
were conducted under conditions where plasma breakdown does not occur. For an argon pressure lower than

0.1 Pa the plasma does not breakdown at the standard operation ignition output voltage.
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Figure 5.5: Output voltage waveform for ignition pulse without plasma breakdown, V;gn, = 3.5kV, Vpeqr, = —21.86kV, the voltage rises

with a slope of dV/dt = —8.66kV /us
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Figure 5.6: Primary, snubber and output current waveforms for ignition pulse without plasma breakdown, V;4,, = 3.5kV
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Therefore, at these pressure values the ignition system will operate without initiating plasma formation. Under
these conditions, the output voltage reflects only the contributions of the parasitic components, including the tube,
cabling, voltage probe, and oscilloscope. Figure 5.5 illustrates the (negative) voltage rise following the ignition
switch turn-off (¢ = 0). The pulse reaches a peak voltage of Ve, = —21.9kV, consistent with the design
specifications described in Chapter 3 (equations (3.3) and (3.5)) and the specifications of Chapter 4 - specifically,
the target ignition voltage and the lag time (¢;,4, = 1.96 us).

The current traces from Figure 5.6 also give insights into the behaviour of the pulse generator. Even with no
conditions to ignite a plasma, there is a current on the secondary to charge and quickly discharge the C'a— g par
tube capacitance. The peak current in the secondary is equal to I,.;,, X N1/N2 &~ 17 A. As the capacitor starts
discharging, the current diverts back to the snubber. The snubber current reaches a peak value of I;5, = 28.8 A

and slowly discharges as the magnetising inductance energy gets depleted.

5.3 Plasma breakdown voltage - pressure scan

For slightly higher pressures it is possible to breakdown the plasma and the ignition pulse will operate differently.

It is important to confirm that the pulse generator can operate at the required pressure range for AWAKE.
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Figure 5.7: Plasma voltage waveforms of ignition pulse for different pressure values; Ar, lyjqsme = 10m, Vign = 3.5kV

According to Paschen’s Law [38], the breakdown voltage of a gas discharge varies as a function of the product
of the electrode gap distance and the gas pressure (pd). Still, factors like the geometry of the discharge and
the electrodes also affect the breakdown value. For the first Paschen curves, the gas pressure and gap distance
was varied between parallel metal plates. However, the discharge plasma source has distinct electrode and tube
geometries that justify a new experimental study of its threshold voltages. Furthermore, typically the Paschen
curve studies are performed for DC voltage (or long pulses) and the DPS requires fast plasma ignition, which

significantly increases the breakdown voltage measured [41].
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To study the effect of changing the pd in the DPS setup, discharges were performed for different argon pressure

values, using the same ignition pulse. In Figure 5.7 it is possible to observe the effect that different pressures have

on the plasma ignition.

Plasma Voltage (kV)

715_

~10 -5 0 5 10 15 20 25 30
Time (US)

Figure 5.8: Plasma voltage waveforms of ignition pulse for different pressure values; Ar, ly1q5ma = 10m, Vign, = 3.5kV - 25 discharges
per pressure, 10 s repetition rate, average ¢;,4 = [8.8,2.9,2.2,3.7] us
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Figure 5.9: Voltage breakdown vs pressure for helium, argon, and xenon; lp;45mq = 10m, Vig, = 3.5kV

For higher pressures (100 Pa) the breakdown voltage is relatively higher than for the standard 24 Pa used in

most of the tests, likewise for lower pressures like 2 Pa. For even lower pressures 0.5 Pa the plasma breakdown
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only occurs after Vjqsmq reaches its peak and stabilises, causing the lag between ignition pulse and plasma break-
down to be much longer for such pressures. Furthermore, we can see in Figure 5.8, that when the breakdown occurs
after the rising edge it causes an increase in the ignition jitter. For this reason, the DPS will operate under voltage
and pressure conditions that lead to the plasma breakdown occurring in the rising edge of the ignition pulse, thus
relying on faster breakdown mechanisms, less dependent on probabilistic conditions.

Plasma breakdown voltage tests were performed for helium and xenon as well. Figure 5.9 shows how the
plasma breakdown voltage evolves with the pressure for each gas, in a 10 m length. This study, combined with
the plasma density requirements of the AWAKE, determined the pressure values most suitable for the experiment.
We conclude from Figure 5.9, that xenon can be operated with better performance at 16 Pa. Argon should be used
in pressures between 8 Pa and 24 Pa. In this range, lower pressures present the advantage of a lower breakdown
voltage, but higher pressures benefit from higher reproducibility. Helium must operate at higher pressures than the
other gases used, with 45 Pa being the most balanced.

For lower-pressure xenon, in Figure 5.9, there is a plateau at ~ 21 kV. This value is the peak voltage of the
ignition pulse and signals that the breakdown occurred after the rising edge. However, these low pressures are
not suitable to obtain the AWAKE plasma densities. Thus, the operation range between [8, 24] Pa for argon and

xenon, and [30, 45] Pa for helium, are adequate for the application objectives.

5.4 Primary peak current effect on ignition pulse

From equations (3.3) and (3.5), the shape of the ignition pulse is determined by the following parameters ignition
snubber resistance (R;sy,), transformer’s turn ratio (N2 /N7 ), and the maximum primary current (I, ). The primary

current can be tuned by varying the ignition power supply voltage (V) and ignition switch-ON duration (¢;4,0 N).
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Figure 5.10: Ignition pulse current waveforms - V; g, scan; Ar, p = 24 Pa, l1q5mq = 10m

57



Figure 5.10 represents the ignition switch, ignition snubber, and plasma currents for four different values of

ignition power supply voltage, the Figure 5.11 shows the plasma voltage waveforms for the same parameters.

These results demonstrate how the ignition supply voltage affects the ignition output. As expected, the plasma
current is proportional to the primary peak current, and so is the snubber maximum current. Higher primary peak
currents will also result in a larger plasma breakdown voltage. This increase in breakdown voltage is caused by a

faster voltage rise and consequent reduction in plasma ignition lag - Table 5.1.

Table 5.1: Primary current effect on ignition output

Vign [V] | I, [A] | Vplasma [KV] | tiag [s]
2 24.9 9.4 4.1
2.5 33.7 -11.0 2.85
3 44.9 -13.7 2.03
3.5 59.6 -15.6 1.72
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Figure 5.11: Ignition pulse plasma voltage waveforms - V4, scan; Ar, p = 24 Pa, l145ma = 10m

In Figures 5.12 and 5.13, the ignition switch-ON time varied, but the ignition supply voltage was adapted to
preserve a similar primary peak current in each discharge. For the same peak primary currents, we obtain similar
output plasma voltage pulses (Figure 5.13 - with a peak voltage variation < 3.5%). These results demonstrate that

the primary peak current value defines the output pulse shape, regardless of the ignition switch-ON time.
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Figure 5.12: Ignition pulse current waveforms - At; gy, scan; Ar, p = 24 Pa, lyjqsmae = 10m, Vig, = [4.2,3.0,2.5,2.0] kV
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Figure 5.13: Ignition pulse plasma voltage waveforms - At;g,, scan; Ar, p = 24 Pa, lyjqsma = 10m, Vig, = [4.2,3.0,2.5,2.0) kV

5.5 Primary peak current effect on heater pulse

After the ignition pulse, the plasma resistance drops substantially, enabling the start of the heater pulse. However,
the shape of the ignition pulse affects the shape and reproducibility of the heater pulse. Using the same ignition

pulse parameters of Figure 5.10, but including the heater pulse we obtain the current increase up to I, = 500 A. We
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can observe in Figure 5.14 how the heater pulse current rise is slower for lower-power ignition pulses due to their
initial lower plasma resistance. Figure 5.15 shows how the snubber current during the heater pulse drops faster for

lower ignition voltages. This is because the stored energy in the ignition transformer magnetising inductance is

depleted faster.
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Figure 5.14: Double pulse current waveforms - Vg, scan; Ar, p = 24 Pa, I}, = 500 A, l145mq = 10m, V}, = 6.1kV
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Figure 5.15: Double pulse plasma current waveforms - V¢, scan; Ar, p = 24 Pa, I}, = 500 A, [ 1q5mq = 10m, V}, = 6.1kV (detail)

Higher power ignition pulses reduce the heater pulse jitter and the maximum current variation. By analysing

60



the results from Table 5.2 we conclude that to have a current variation below 1% and a jitter below 20 ns an

Ir, > 44.9 A is required.

Table 5.2: Heater pulse current reproducibility as a function of Vjg,, and I, for 25 discharges with 10 s repetition rate

Vign [V] | I, [A] | I variation [A] | Iy, variation [%] | Iy, jitter [ns]
2 24.9 11.53 2.25 25.6
25 33.7 5.62 1.12 25.6
3 44.9 4.88 0.97 19.2
3.5 59.6 2.93 0.53 19.2

5.6 Measurements of the plasma resistance during the heater pulse

The plasma resistance still varies significantly during the heater pulse due to the increase in plasma electron density.
Dividing the voltage measurements with the current values during a discharge it is possible to determine the plasma
resistance evolution along the heater pulse period (bold lines in Figure 5.16). Before and after the heater pulse
(faded lines in Figure 5.16), the voltage and current traces are highly susceptible to noise due to their relatively
lower values, making the resistance measurement inaccurate.

In Figure 5.16 we can observe the variation for different heater pulse peak currents. As expected, a higher
current density leads to reduced plasma resistance: the I;, = 200 A and the I, = 500 A pulses have a minimum
plasma resistance of 6.8 2 and 2.8 €2 respectively. The minimum plasma resistance does not decrease proportion-
ally with the increase in current, suggesting that for higher current densities and, consequently, higher ionisation

fractions, the plasma resistance tends to an asymptotic limit, under the experimental conditions practised.
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Figure 5.16: Plasma resistance during the heater pulse - Iy, scan; Ar, p = 24 Pa, lpjqsmq = 10m, V3, = [3.20,4.32,5.36,6.40] kV
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5.7 Double plasma configuration - 3.5 m + 6.5 m

It is possible to test the current balancing module (CBM) sized in Chapter 4, by changing the configuration to
the two-plasma setup (Figure 4.1). The experimental objectives of AWAKE required the possibility of using three
distinct lengths of plasma (3.5 m, 6.5 m, and 10 m). The asymmetric two-plasma configuration was a consequence
of this requirement. For this experiment, we measure the voltage across each winding and the current of each

plasma section. As explored in chapters 2 and 4, the CBM is composed of coupled inductors and must be able to
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Figure 5.17: CBM winding voltage - two-plasma configuration; Ar, p = 24 Pa, I, = 500 A, Ipjasma = (3.5 4 6.5) m, Vign, = 3.0kV,
Vi, =4.6kV

compensate for the different impedances of the two different lengths (3.5 m/6.5 m). Discrepancies in current
generate opposing self-induced voltages in the CBM windings. Even without the different lengths, the differences
in the parasitics of the current path of each winding and plasma length create current imbalances every time there
is a fast current transient, causing flux differences and inducing voltages in the CBM windings. In Figure 5.17, we
observe that during the plasma ignition process (¢t = 0), and the switching of the heater (switch-ON at ¢t = 7.5 us
and switch-OFF at t = 37.5 us) there are voltage spikes in both windings. At the plasma ignition the voltage
reaches a higher absolute value in the winding corresponding to the 3.5 m section (V,—3.5,, = —5.34kV and
Vw—6.5m = 3.32kV), to compensate for the lower threshold voltage required in this section. During the heater
pulse the voltage in the winding corresponding to the 6.5 m section tends to stabilize in a relatively low value while
the winding for the 3.5 m plasma has a higher voltage induced (with a maximum at V,,_3.5,, = 1.68kV) due to
the lower resistance of the section.

Figure 5.18 depicts the current and voltage traces across each CBM winding. These results indicate a maximum
current difference of Al = 16.5 A during the heater pulse (average variation value within 10 discharges), with
the higher current on the shorter length (3.5 m) plasma. The heater pulse voltage waveforms in Figure 5.18,

indicate that the voltages applied to both plasmas were modified to mitigate the current unbalancing to a suitable
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level. Given the lower impedance of the 3.5 m plasma, its corresponding winding experiences a higher increase in
voltage, thus decreasing the 3.5 m plasma applied voltage, to attain current balancing with the higher impedance

branch (6.5 m).
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Figure 5.18: CBM plasma current - two-plasma configuration; Ar, p = 24 Pa, I, = 500 A, lyigsma = (3.5 4+ 6.5) m, Vg, = 3.0kV,
Vi, =4.6kV

We conclude that the CBM was able to distribute the plasma currents with a 3.3% difference, even under

asymmetric plasma sections.

The results of this chapter, along with plasma density measurements performed in parallel, qualified the plasma

source design and served as preparation for the installation and operation of the DPS in the AWAKE experiment.

63



64



CHAPTER

AWAKE Run 2b results with the discharge

plasma source

After successful testing and characterisation of the discharge plasma source (DPS) using the double pulse gener-
ator, it was possible to install and test the new plasma source in the AWAKE experiment, with the propagation
of high-energy proton beams. This was part of the AWAKE Run 2b [22] and was the first time a length scalable
plasma source prototype was tested in the AWAKE experiment. The main objective of this test was to demonstrate
the DPS potential as an alternative plasma source by observing the self-modulation instability (SMI) of the proton

bunch [42].

Figure 6.1: Plasma discharge in the AWAKE experiment - Ar, p = 24 Pa, I}, = 500 A

The double pulse generator operation range allowed the use of different plasma lengths (3.5 m, 6.5 m, and 10

m) and gases (xenon, argon, and helium). Furthermore, by adjusting the discharge current and its timing relative
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to the arrival of the proton beam, a broad range of plasma electron densities could be investigated [42]. Addi-
tionally, the double plasma configuration was successfully tested using simultaneously 3.5 m and 6.5 m plasma
lengths. Although the total plasma length was limited to 10 m by the experimental setup, the ability to develop two
simultaneous plasmas was an important step in the pursuit of obtaining plasma length scalability.

Since the heater pulse was the most relevant for the physics studies of AWAKE, the ¢ = 0 in the plots of this

chapter shifted from the start of the ignition pulse to the start of the heater pulse (heater switch-ON).

6.1 Discharge plasma source performance in AWAKE

The DPS experiment in the AWAKE lasted three weeks (from May 1°¢ to May 21°%), generating over 21 thousand
plasmas. The DPS was installed in AWAKE replacing the 10 m rubidium plasma source temporarily. The proton
bunches are extracted from CERN’s Super Proton Synchrotron (SPS) accelerator and have an energy of 400 GeV.
Proton extraction occurs every 15 — 30's, and they travel through the plasma from the cathode to the anode in the
10 m single plasma configuration. In the two-plasma configuration, the protons travel from the anode of the 3.5 m

to the anode of the 6.5 m.
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Figure 6.2: Distribution of plasma discharges in time during the AWAKE DPS-experiment

Figure 6.2 displays the plasma discharges performed over the three weeks. The colours represent the different
setups and parameters used in the experiment. The 10-meter configuration was the most used (from the 15¢ to the
9" day and from the 18" to the 21°%) with 11 678 discharges. Argon was the most used gas (7 163 discharges),
and most discharges (14 589) were made at I}, = 500 A. The days 4, 10, 11, and 17, were days without protons
where only a few test discharges were done. The change from the single plasma to the two-plasma configuration
was made on the 10" and 11", and on the 17", it was changed back from the two-plasma to the single plasma

configuration.

6.2 Double pulse generator operation range

The parameter flexibility of the DPS allowed the study of a variety of effects in the propagation of the proton beam

in plasma, that benefited from the plasma being contained in a glass tube [145], the wide density range [146], and
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the different gas types [147] and plasma lengths [148]. However, the different configurations lead to small changes

in the shape and characteristics of the pulses.

Figure 6.3: Photographs of plasma discharges with argon using 3.5 m, 6.5 m and 10 m configurations on the left and of plasma discharges with
10 m length using helium, argon and xenon, on the right - at the AWAKE experiment

6.2.1 Plasma length comparison

Considering plasma discharges in argon at p = 24 Pa, with a maximum current of I, = 500 A, for the three
plasma lengths, we obtain Figure 6.4. The variation in plasma length primarily affects the plasma resistance
following ignition. Consequently, achieving the same peak current value of 500 A requires a lower applied voltage
for shorter lengths (Vi_3.5m, = 4.22kV, Vi_g5m = 5.07kV, and Vj,_19,, = 6.32kV). This difference in

impedance, and hence the required applied voltage, is reflected in the heater pulse waveforms shown in Figure 6.4.

500 —— Primary Current
Plasma current - 3.5 m
—— Plasma current - 6.5 m
400 —— Plasma current - 10 m
= 300
c
Q
|-
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1001
0 *"A ¥ . : .
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Figure 6.4: Primary and plasma currents - Ar (24 Pa) in 3.5 m (V}, = 4.22kV), 6.5 m (V}, = 5.07kV) and 10 m (V}, = 4.22kV lengths
Plasmas with lower impedance reach the 500 A current target more quickly - plasma current maximum instant
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for the 3.5 m, 6.5 m, and 10 m respectively is: t;q. = 12.9 us, timee = 13.4 us, and t,,4, = 16.9 us; however,
due to the reduced charge in the capacitor C}, (from the lower heater voltage applied) the pulse current decreases
more rapidly in the shorter plasmas compared to the longer ones (the plasma current at the heater turn-OFF is

Thorr = 3206 A, Inopr = 357.4 A, and I, opp = 319.7 A, for the 3.5 m, 6.5 m and 10 m plasmas respectively).

6.2.2 Gas-type comparison

The gases used in this experiment were helium, argon and xenon. Helium, as the lighter gas, must be at a higher
pressure to ignite as observed in Chapter 5. Even at higher pressures, helium discharges still require a higher
ignition voltage to obtain a consistent plasma discharge, as shown in Figure 6.5 where the primary current used for
helium was I, = 60 A, while for argon and xenon I, = 45 A was sufficient.

The difference in plasma resistance after ignition in these three cases is minimal, producing more similar shapes
for each heater pulse, when compared with the plots from Figure 6.4. However, the different gases produce very

different plasma electron density evolutions and ionisation fractions [42].

500 Primary current - Helium
Plasma current - Helium

—— Primary current - Ar/Xe

400 —— Plasma current - Argon

Plasma current - Xenon
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Figure 6.5: Primary and plasma currents for 10 m length in He (45 Pa, V;, = 6.56 kV), Ar (24 Pa, V}, = 6.32kV), Xe (V}, = 6.83kV)

6.3 Effect of the proton beam on the plasma current

In addition to the various configurations, a large range of densities was accessible by varying the beginning of
the discharge with respect to the arrival of the proton beam, allowing to probe different moments of the discharge
[42]. The proton beam travelling through the plasma can further ionise it (impact ionisation). In this section we
will analyse how the plasma heater current is affected by the proton beam, using different gases. To visualize the
passage of the proton bunch in the current plots we introduce the signal of a photo-diode, installed at the exit of

the plasma source and used to detect the light emitted by the proton beam (red line in Figure 6.6).
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Figure 6.6: Plasma currents for 10 m length in He (45 Pa, V}, = 6.56 kV) with and without proton
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Figure 6.7: Detail of plasma currents for 10 m length in He (45 Pa, V}, = 6.56 kV) with and without proton

Ideally, the effect of the proton beams on the electrical system would be minimal. However, helium experiences
a significant reduction in plasma resistance after the passage of the proton beam. This reduction is evident in Figure
6.7, with the sudden increase in current after the proton beam. The effect of the impact ionisation is noticeable
due to the lower ionisation fraction associated with the helium plasmas, which generates a current increase of up

to 3.9 A between plasmas with and without proton.
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Figure 6.8: Detail of plasma currents for 10 m length in Ar (24 Pa, V}, = 6.33 kV) with and without proton
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Figure 6.9: Detail of plasma currents for 10 m length in Xe (16 Pa, V3, = 6.75kV) with and without proton

This effect is much less noticeable in argon (Figure 6.8 - 0.76 A difference in discharges with and without

plasma), and completely neglectable in xenon (Figure 6.9) which presents the highest ionisation fraction of the

three gases used.
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6.4 Current reproducibility analysis

To assess the performance of the DPS in the AWAKE experiment, it is essential to evaluate the reproducibility
of the heater pulse current. This analysis provides insight into the stability of the system operation under experi-
mental conditions. Reproducibility is examined following the methodology outlined in Chapter 5, which involves
measuring both the jitter and the variation in maximum current. Additionally, particular attention is given to the
reproducibility at the point of proton beam passage, as this is a critical parameter for the success of the experiment.

As an example, we will analyse the discharges done in 24 Pa Ar, with the 10 m setup, on the 3"¢ of May. Figure
6.10 presents the current waveforms of 300 discharges overlapped. Analysing these waveforms, we determine that
the difference between the highest and the lowest heater pulse maximum current was 4.39 A (from an average of
500.04 A) giving a maximum-current variation of 0.88%. It is also relevant to determine what was the current
variation during the passage of the proton beam. Considering the moment of highest density (determined in [42]),
the current variation was 2.7 A (average value 457.2 A) translating into a 0.59% variation.

The rise of the heater pulse has a time jitter (with respect to the trigger) of 25.6 ns. However, since the plasma
generated must be synchronised with the passage of the proton bunch, it is more relevant to determine the heater
rise jitter with respect to this event. This is possible using the photodiode signal, and the jitter calculated was

19.2 ns.
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Figure 6.10: Plasma currents for 10 m length in Ar (24 Pa, V}, = 6.32kV) - 300 discharges overlapped

This analysis was repeated with other configurations and settings, the results are presented in Table 6.1.

Discharges conducted in helium exhibited lower reproducibility when compared to other gases, primarily due to
two factors: the significant impact of proton bunches on current variation and the helium higher breakdown voltage,
which leads to lower power in the ignition plasma which affects the plasma electron density and resistance prior
to the heater pulse, causing an increased jitter and a larger pulse magnitude variation. In contrast, the other plasma

configurations demonstrated consistent reproducibility, with jitter remaining below 20 ns and current variation
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below 1%. The variations that occur are possibly also attributed to physical effects such as pressure and temperature

fluctuations over time and are further constrained by the resolution limits of the current measurement system.

Table 6.1: Heater pulse current reproducibility results

Length | Gas-type | Pressure [Pa] | I, average [A] | I,, variation [A] | I}, variation [%] | I}, jitter [ns]
10 m argon 24 500.04 4.39 0.88 19.2
10 m xenon 16 499.16 2.20 0.44 19.2
10 m helium 45 502.22 5.37 1.07 32.0
6.5m argon 24 499.66 1.71 0.34 12.8
3.5m argon 24 498.33 2.69 0.54 19.2

The DPS operation in the AWAKE experiment demonstrated its potential as an alternative plasma source for

plasma wakefield experiments. The DPS measured good electrical reproducibility (jitter < 20 ns, and current

< 1% for argon and xenon plasmas), robustness, and wide operational range. These qualities facilitated a variety

of physics studies, providing valuable experimental results. These studies have contributed to advancing our un-

derstanding of plasma acceleration and of SMI in proton bunches, reflected in multiple articles at various stages of

publication: [42, 43, 145-147]. It also demonstrated that helium was the least adequate gas tested (for an AWAKE

plasma) due to its reproducibility values, sensibility to the proton beam, lower ionisation fraction, and plasma

density measured. This experiment also demonstrated the potential for length scalability beyond the current 10 m

limit. The outcomes of this experiment lay the foundation for future advancements in scalable plasma source tech-

nologies, paving the way for their continued development and integration into large-scale accelerator experiments

[149].
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CHAPTER 7

Conclusions

This thesis deals with the development of a semiconductor-based double pulse generator for the ignition and heat-
ing of a discharge plasma source for the AWAKE experiment. The pulse generator was designed and developed in
IST, tested and validated for AWAKE compliance in CERN, and finally, it operated successfully in AWAKE for
a three-week experiment that included the propagation of high-energy proton beams and discharges with multiple
plasma tubes, producing valuable results and contributing to further advancements for plasma wakefield accelera-
tors and high-energy physics [42, 43, 145-147]. Therefore, we conclude that the objectives defined in Chapter 1

were met.

7.1 Summary

The design of the pulse generators involved selecting the appropriate topologies and their switches. The devel-
opment of the pulse generator also benefits from electrical simulations which require a suitable plasma model.
Lastly, the two-plasma configuration requires current balancing. In Chapter 2, we analysed different pulse genera-
tor topologies and switches, as well as current balance techniques and plasma models for electrical simulations.

The double pulse generator was developed based on two distinct topologies: a flyback-type generator for
the high-voltage, fast-rising ignition pulse (20kV) and a capacitive negative discharge topology for the high-
current heating pulse (> 500 A). In Chapter 3, we analyse this selection concerning the AWAKE plasma source
requirements, and how both topologies were integrated in the double pulse generator. We also analyse the six step
operation of the double pulse generator and the interaction between its different components.

With the double pulse generator operation detailed, it was possible to design its different components: IGBT
switches, high-power diodes, step-up transformer, overvoltage snubbers, current balancing coupled inductor, etc.
Chapter 4 presents the component sizing and selection, along with some relevant DPS plasma setup design consid-
erations. PSpice simulations were conducted using a custom plasma model based on Cassie’s Arc Model, to assist
in the development and characterisation of the pulse generator.

Chapter 5 presents the main (electrical) results of the tests performed at the CERN DPS laboratory. The pulse
generator operation can be observed as described, and the PSpice model currents were compared. The plasma

current differences between simulation and experiment are more significant for the lower current associated with
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the ignition pulse (presenting a 10% difference after stabilising) than for the heater pulse (with 1.4% difference at
the current maximum), thus demonstrating a lower accuracy of the model under lower plasma currents.

Discharges without plasma gave insights into the ignition pulse voltage shape. It demonstrated that it could
produce a voltage pulse of Vyigsme = 21.86kV with a rise-time of ¢;,4 = 1.96 us, using a power supply voltage
of Vign = 3.5kV and an ignition switch-ON time of ¢;g,o0n = 10 pus.

Analysing the plasma breakdown voltage at different pressures also assisted in the characterisation of the
discharges with different gases, demonstrating that the ignition pulse can generate a plasma under the required
pressure range for the AWAKE plasma densities [8, 24] Pa for argon and xenon and [30, 45] Pa for helium.

A study of the ignition primary current shows how the current magnitude affects the ignition pulse and con-
sequently the output pulse characteristics. Lower ignition power supply values lead to slower plasma breakdowns
(tiag = 4.1 ps for Vg, = 2kV and ¢4y = 1.72 ps for Vjg, = 3.5kV) under a lower voltage (V3 = 9.4kV for
Vign = 2kV and V4, = 15.6kV for Vg, = 3.5kV).

It was also possible to observe how the ignition power affects the heater pulse, particularly its reproducibility,
showing that to meet the objectives of current variation < 1% and heater rise jitter < 20ns only 3kV or 3.5kV
pulses are viable (demonstrating a current maximum variation of 0.97% and 0.53% respectively, and a jitter of
19.2 ns).

The plasma resistance during the heater pulse was measured, comparing the effect of the heater current pulse
value and the gas pressure. For the relevant argon pressures the plasma resistivity is approximately proportional
to the pressure value. However, the effect of the different currents suggests that the plasma resistivity should
progressively vary less for higher current densities.

Lastly the double plasma configuration was tested showing the performance of the current balancing module,
allowing two plasma sections with a length difference of 53% to operate simultaneously with currents with only
3.4% variation. These results (along with the plasma density measurements performed together [42]) demonstrated

the adequacy of the pulse generator for the AWAKE experiment.

The double pulse generator demonstrated significant flexibility, enabling experiments with different plasma
lengths (3.5 m, 6.5 m and 10 m plasma setups, as well as a two-plasma 3.5 + 6.5 m configuration) and gases (he-
lium, argon and xenon under different pressures between 1 — 45 Pa). Furthermore, the plasma density evolution in
a discharge allows for a relatively simple way to use different plasma densities, by adjusting the timing of the dis-
charge relative to the proton beam arrival, allowing a wide range of experimental parameters. These characteristics
lead to the installation of the DPS in the AWAKE experiment. Chapter 6 details the performance of the double
pulse generator in AWAKE.

The DPS operated for 21 days, generating over 21 thousand plasma discharges. The different plasma lengths
used demonstrated significant differences in the plasma resistance following ignition, made evident by the values
of heater supply voltage (Vi,—3.5m = 4.22kV, Vi _¢.5m = 5.07kV, and V},_19,, = 6.32kV) and the current rise
speed of the heater pulse (t,,42—3.5m = 12.9 S, timaz—6.5m = 13.4 ps, and t,40—10m = 16.9 us). In comparison,
the different gases did not show a relevant difference in plasma resistance, but helium required a higher ignition
voltage for a stable operation (V;4, = 3.5kV and Iy, = 60A) than argon and xenon (Vj4, = 3.0kV and
I, = 45A). Helium also demonstrated a higher sensibility to the proton beam, presenting a current spike of

3.9 A after its passage, argon only suffered a shift of 0.76 A and xenon did not measure any effect. The current
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reproducibility was also determined by measuring the heater pulse rise jitter and the heater current maximum
variation for the different gases and configurations. Only helium measured a jitter above 20ns (32ns) and a
current variation above 1% (1.07%).

The DPS flexibility facilitated the study of relevant phenomena in proton beam propagation through plasma,
including the development of transverse filamentation instability [146], the influence of ion motion on the SMI
[147], and (enabled by the DPS glass tube) light diagnostics [145]. The two-plasma configuration was also tested,

supporting the further use of coupled inductor current balancing for plasma length scalability.

7.2 Recommendations and future work

The pulse generators developed for the DPS demonstrated the ability to meet the AWAKE requirements of length,
plasma electron density, and reproducibility. It was also possible to observe proton bunch self-modulation insta-
bility (SMI) signatures similar to the ones obtained with the AWAKE standard laser field ionisation plasma source,
which was an essential part of the AWAKE DPS experiment, although not in the scope of this thesis.

However, the constraint of using asymmetric plasma lengths for the two-plasma configuration limited the
AWAKE results under this setup. The current balancing module performed as expected and demonstrated its ability
to have a viable two-plasma configuration, but future work must encompass symmetric plasma configurations to
consolidate the knowledge acquired in length scalability of discharge plasma sources. To increase the plasma
length to hundreds of meters, configurations with more than two plasmas must also be designed and tested.

The plasma model used was an essential tool for the development of the double pulse generator. However, due
to the differences observed for lower currents, the development of a plasma model suitable for a wider range of
currents is advisable for applications such as this one.

It was also observed the effect of temperature and pressure variations in the plasma density reproducibility,
showing that future developments of the DPS must involve an accurate control of both these parameters, to achieve
even better plasma density reproducibility results. Temperature control of the semiconductor components and
the resistor . may also prove beneficial to further improve the current reproducibility. Increasing the ionisation
fraction of the DPS plasmas could potentially have an effect on the reproducibility, by reducing the effect of small

current variations in the plasma density.
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