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Abstract

Particle accelerators are vital tools for discovery in the fields of medicine, engineering, life
sciences and physics. These machines, however, are becoming increasingly large, technically
challenging to construct, and uneconomical. Laser wakefield accelerators (LWFAs) provide
immense accelerating fields, and offer the potential to reduce the size of particle accelerators
by a factor of 1000, though several challenges are yet to be overcome. One such challenge is
the development of a low density plasma waveguide capable of guiding high-intensity laser
pulses of distances up to a metre to form the basis of a multi-GeV LWFA stage. It has
been shown that Hydrodynamic Optical-Field-lonsied (HOFI) plasma channels can support
low-density LWFA stages operating at a high repetition rate (fiep, 2 1 kHz).

This thesis focuses on the development of low density, HOFI plasma channels through
experiments and simulation. Optical guiding is demonstrated of laser pulses with a peak input
intensity of 6 x 10'” W cm~2 through 100 mm long plasma channels with on-axis densities
measured to be as low as ng = (1.0 & 0.3) x 10" cm™3. It is found that the attenuation
lengths of HOFI plasma channels were limited by the channel depth and radial extent to
Ly < 100 mm.

To account for this, a new method for extending such plasma channels to the metre-scale
is proposed. Through transverse interferometry measurements taken as the guided pulse
arrives, it is shown that a neutral collar of gas which surrounds the initial HOFI channel
is ionised by the guided pulse. The attenuation length increased instantaneously from
Ly = (15 £ 8) mm to Ly = (0.42 £ 0.01) m. Particle-in-cell simulations demonstrate that
the leading edge of a conditioning pulse injected into this structure ionises the neutral gas in
its transverse wings, forming a deep plasma channel which guides the bulk of the pulse with
low propagation losses.

Design of an experiment employing a metre-scale CHOFI plasma channel and of electron

acceleration to the multi-GeV level is presented, including a novel gas cell design. Simulations



demonstrating propagation and electron acceleration in CHOFI plasma channels for the
first time are discussed. Two different injection mechanisms capable of injecting electrons
without significantly increasing experimental complexity are considered — ionisation injection,
and density transition injection. It is shown that electron bunches with peak energies
AW = 3.57 GeV with a relative energy spread of just 2.5% can be generated.

It is clear that CHOFI plasma channels are likely to be very well suited to high repetition

rate, multi-GeV LWFA stages.



Acknowledgments

It is without doubt that the past four years have been the most interesting and challenging
of my life. First and foremost, | thank Simon for being such a brilliant supervisor and mentor,
and for giving me so many great opportunities. The countless discussions via zoom, in-person
and email, and late-night phone calls whilst on experiment have taught me so much about
laser-plasma physics, and how to become a better scientist. Even through some strange
circumstances, you have consistently gone above and beyond. | must also thank Roman in
the same way, for providing such great insights and discussions, especially when | tried my
hand at simulations.

A highlight of my time in the Oxford LPA group has been the great people | have had
to work with along the way. Back when | first joined, | am indebted to Rob and to Chris
for mentoring me and helping me get off the ground running in my first months. There
have been so many late night shifts and 4pm tea breaks made better by everyone who |
have worked with in the Oxford LPA group — Laura, Jimmy, Aaron, James Cowley, James
Chappell, Rob, Chris, Jakob, Alex VB, Aimee, Oscar, Warren, Emily and Linus. It's been an
absolute pleasure to work alongside every one of you.

| also acknowledge useful discussions and experimental help from all the people I've
collaborated with over the last four years — Howard, Bo and Linus from the University of
Maryland, Laura, Harry and Lewis from the Liverpool group, Stefan, Andreas and Katinka
from the Munich group, and Nicolas and Chris Thornton at RAL. My thanks go out to
everyone in the field who I've had such fruitful discussions in places ranging from the Lamb
and Flag to the beach in Elba. Matt Streeter, Charlotte Palmer, Stuart Mangles, and
Stefan Karsch have all been so helpful in teaching me experimental skills, and improving my
understanding.

To my mum, my dad, my Grandad, and everyone else in my family, | thank you for always

being supportive and helping me get through the last four years. To my friends Gav, Niki



and Andrew, | thank you for being there always and almost as long as | can remember. |
hope that | can repay you over the years to come. To all the friends I've made in Oxford,
Ben, Laure, Silas, Guy, Rob H, Samvida, Anna, you've made my time in this lovely city so
brilliant and full of excitement. To Oscar and Ben, my running buddies, thanks for getting
me out of bed in the morning and for the many kms.

Above all, thanks to Ria for being the most amazing and wonderful person, and for being

so caring and thoughtful every step of the way.



List of Publications

Shalloo, R. J., Arran, C., Picksley, A., Boetticher, A. Von, Corner, L., Holloway, J., Hine,
G., Jonnerby, J., Milchberg, H. M., Thornton, C., Walczak, R., Hooker, S. M. Physical
Review Accelerators and Beams, 22(4), 41302. (2019)

“Low-density hydrodynamic optical-field-ionized plasma channels generated with an axicon
lens”

https://doi.org/10.1103/PhysRevAccelBeams.22.041302

Ross, A. J., Alejo, A., von Boetticher, A., Cowley, J., Holloway, J., Jonnerby, J., Picksley,
A., Walczak, R., and Hooker, S. M. Journal of Physics: Conference Series, 1596, 012049.
(2020)

“Numerical modelling of chromatic effects on axicon-focused beams used to generate HOFI
plasma channels”

https://doi.org/10.1088/1742-6596/1596/1/012049

Picksley, A., Alejo, A., Cowley, J., Bourgeois, N., Corner, L., Feder, L., Holloway, J. Jones,
H., Jonnerby, J., Milchberg, H. M., Reid, L. R., Ross, A. J., Walczak, R., and Hooker, S. M.
Physical Review Accelerators and Beams, 23(8), 81303. (2020)

“Guiding of high-intensity laser pulses in 100mm-long hydrodynamic optical-field-ionized
plasma channels”

https://doi.org/10.1103/PhysRevAccelBeams.23.081303

Picksley, A., Alejo, A., Shalloo, R. J., Arran, C., von Boetticher, A., Corner, L., Holloway,
J. A., Jonnerby, J., Jakobsson, O., Thornton, C., Walczak, R., and Hooker, S. M. Physical
Review E, 102(5), 53201. (2020)

“Meter-Scale, Conditioned Hydrodynamic Optical-Field-lonized Plasma Channels”

https://doi.org/10.1103/PhysRevE.102.053201


https://doi.org/10.1103/PhysRevAccelBeams.22.041302
https://doi.org/10.1088/1742-6596/1596/1/012049
https://doi.org/10.1103/PhysRevAccelBeams.23.081303
https://doi.org/10.1103/PhysRevE.102.053201

Jonnerby, J., Bourgeois, N., Corner, L., Holloway, J., Picksley, A., Ross, A. J., Walczak,
R., and Hooker, S. M., Manuscript in preparation

“Measurements of lon Motion in Laser Wakefield Accelerators.”

Alejo, A., Cowley, J., Picksley, A., Walczak, R., and Hooker, S. M., Submitted
“Demonstration of kilo-Hertz operation of Hydrodynamic Optical-Field-lonized Plasma Chan-

nels.”



Contents

[List of Figures|

List of Tables

L Introduction

(1.1 Advanced Accelerator Concepts| . . . . . . . . . . .. ... .. ......
(1.1.1 Early Progress in Laser Plasma Acceleration| . . . . . .. ... ..
(1.2 Physics of Laser Wakefield Acceleration| . . . . . .. ... ... ... ...
[1.2.1  Operating Regimes|. . . . . . . . .. ... ... ... .......
(1.2.2  Limitations on Energy Gain| . . . . . . . . ... ... .......
(1.2.3 Modulation of Intense Pulses in Plasmal . . . . . . ... ... ...
(1.2.4  Electron Injection| . . . . . . ... ... ... ... ... ... ..
|1.3 State QI tlle I eldl ..............................
(1.3.1  Current Challenges|. . . . . . . ... ... .. .. ... ......
(1.3.2  Future Applications|] . . . . . ... ... ... ... ...
[1.3.3 Advanced Accelerators Driven by Particle Beams| . . . . . . . . ..
(1.4 Thesis Objectives| . . . . . . . . . . . . . . . . . ...
|1.4.1 Qutl“le QI tlle Illeslﬂ ........................

Waveguides for Future Multi-GeV LWFA Stages|

[2.1 Requirements of a Waveguide for a Multi-GeV Stage| . . . . . . . . . . ..
[2.2  Selt-Guiding of Ultrashort Pulses| . . . . . ... ... ... ... ... ..
[2.3  Hydrodynamic Plasma Waveguides formed by Inverse Bremsstrahlung| . . .
2.3.1  Channel Formationl . . . . . . . .. . ... ... L
[2.3.2  High-Intensity Guiding| . . . . . . . . ... .. ... ... .....
[2.3.3  Issues and Proposed Fixes| . . . . . . ... .. ... ... .....
2.4 _Ponderomotive Plasma Channels| . . . . ... ... ... ... ... ...
2.5 Capillary Tubes|. . . . . . . . . ...
2.6 Capillary Discharge Waveguides| . . . . . . . . .. ... ... ... ....
[2.6.1 Early Developments| . . . . . . ... ... ... ... ..
[2.6.2  Hydrogen-Filled Capillary Discharges| . . . . . .. ... ... ...
[2.6.3 Laser-Assisted Capillary Discharge Waveguides| . . . . . . . . . ..
[2.7 Hydrodynamic Optical-Field-lonised Waveguides| . . . . . . ... ... ..
[2.7.1 lonisation with Intense L aser Pulses| . . . . . ... ... ... ...
[2.7.2 Progress| . . . . . ...




2.8 Comparison of Plasma Waveguides| . . . . . . .. ... .. ... .. ... 48

2.9 Conclusionl . . . . . ... 49
3 Methods 51
3.1 High Intensity Laser Pulses| . . . . . ... ... ... ... ........ 51
3.1.1 Short Pulse Lasers| . . . . .. ... ... ... 51
[3.1.2  Fourier Optics| . . . . . . . . . . ... 52
[3.1.3  Experimental Far-Field Characterisation| . . . . . . . . .. ... .. 54

[3.2  Formation of Hydrodynamic Optical-Field-lonised Plasma Channels| . . . . 56
[3.2.1 Plasma Channels Formed by Axicon Lenses| . . . . . . .. ... .. 56
[3.2.2  Waveguide Expansion| . . . . . . .. ..o 61

[3.3 Pulse Propagation in Plasma Channels| . . . . . .. ... ... ... ... 63
3.3.1 Transverse Mode Structure of Plasma Channels/. . . . . . . . . .. 63
[3.3.2 Beam Propagation Method| . . . . . . . .. ... ... ... ... 66

[3.4 High-Intensity Laser Pulse Propagation| . . . . . . .. .. ... ... ... 68
3.4.1 Particle-In-Cell Simulationsl . . . . . ... ... .. ... ..... 68

[3.5  Diagnosing Low-Density Plasma Channels|. . . . . . ... ... ... ... 70
3.5.1 Characterisation of Plasma Channels| . . . .. ... ... ... .. 70
[3.5.2 Interferometryl . . . . . . ..o 70
[3.5.3  Experimental Realisation|. . . . . . . . ... ... ... ... . 72
[3.5.4  Recovering the Phase from a Fringe Pattern| . . . . . . .. .. .. 74

4 Optical Guiding in 100-mm-long HOFI Plasma Channels| 79
4.1 Introduction| . . . . . . . . ... 79
{4.1.1 Experimental Objectives| . . . . . . . ... .. .. ... .. .... 80

(4.2 Experimental Design and Setup| . . . . . . . . ... ... ... ... .. 80
421 Gemini TA3Llased . . . . . . . . .. oL 80
{4.2.2 Laser Beams and Diagnostics| . . . . . . . ... ... ... .... 81
423 GasCelll . ... ... . 85

4.3 Initial Resultsl. . . . . . . . .. ... 88
{4.3.1 Laser Setup| . . . . . . . ... 88
432 GasCell Tests . . . . . . . . . .. L 92
{4.3.3  Transverse Interferometryl . . . . . . . . ... ... 94

(4.4 Optical Guiding Results and Discussion| . . . . . . ... ... ... ... .. 96
{4.4.1 Demonstrating Optical Guiding at Low Axial Densities| . . . . . . . 96
{4.4.2  Spatial Jitter of the Guided Pulse . . . . . . ... ... ... ... 98
4.4.3 Attenuation in HOF[ Channeld. . . . . ... ... ... ... ... 100
{4.4.4  High-Intensity Guided Pulse Effects| . . . . . ... ... ... ... 103

4.5 Conclusions and Future Qutlookl . . . . . ... ... ... ... ... ... 104
6 Metre Scale, Conditioned Hydrodynamic Optical Field Tonised Plasma Chan- |
[_nels| 106
b.1 Introductionl . . . . . . . .. 106
5.2 Experimental Setup| . . . . . .. ... 107
5.3 Experimental Results|. . . . . . . ... ... o000 110
[5.3.1 Transverse Interferometry of CHOFI Plasma Channels| . . . . . . . 110




[5.3.3  Guiding of the Conditioning Pulse . . . . . . . .. ... ... ... 114

5.4  Hydrodynamic Simulations|. . . . . . .. ... ... 116
5.5 Propagation Simulations| . . . . . ... ... o000 117
6.5.1  Simulation Parameters . . . . . . . .. ... 117

b.5.2 Neutral Collar fonisationf . . . . . . . . . . . ... ... ... ... 118

[5.5.3  Energy Losses of the Conditioning Pulse] . . . . . . . .. ... .. 121

5.6 Metre-Scale LWFA Stages using CHOFI Plasma Channels] . . . . . . . .. 125
[5.6.1 Generating Suitable Plasma Parameters| . . . . . . . . . . ... .. 125

[5.6.2  Energy Requirements of CHOFI Plasma Channels|. . . . . . . . .. 126

b.6.3 LWFA Experiments Using CHOFI Plasma Channels| . . . . . . . .. 126

[5.6.4  Other Methods for Increasing the Transmission of HOFI Plasma |
Channels| . . . . . . . . . . 127

b.7 Conclusions and Qutlookl. . . . . . . . . ... ... ... L 127

0 Electron Acceleration in CHOFI Plasma Channels| 129
[6.1 Introduction and Objectives| . . . . . . . . .. ... ... ... ... ... 129
[6.2 Experimental Design| . . . . . . . .. ... ... ... L 131
621 GasCell . .. ... . . 131

[6.2.2 Diagnostics|. . . . . . .. ... 136

[0.3  Propagation Simulations| . . . . . . ... 140
[6.3.1 High-Intensity Guiding in a CHOFI Plasma Channel| . . . . . . .. 141

[6.3.2 Effect of Laser Intensity| . . . . . .. ... ... . ... ... ... 143

[6.4 Electron Injection and Acceleration Low Density Plasma Channels| . . . . . 144
[6.4.1 Unlocalised lonisation Injection| . . . . . . . ... ... ... ... 145

[6.4.2 Localised lonisation Injection| . . . . . . ... ... ... ... .. 148

[6.4.3  Density Iransition Injection| . . . . . ... ... ... ... .... 151

6.5  Discussionl . . . . . ... 154
ll__Conclusions and Future Work| 156
[References| 161



List of Figures

(1.1 Livingston plot showing the growth in the energy gain of conventional lepton |
L accelerators and laser wakefield accelerators] . . . . . ... ... ... .. 5
[1.2  FBPIC simulation of a LWFA operating in the linear regime| . . . . . . . . .. 7
1.5 FBPIC simulation of a LWFA operating in the linear regime| . . . . . . . . .. 8
(1.4 Example of a Gaussian beam diffracting in free space and of a Gaussian beam |
focusing into an infinite parabolic plasma waveguide.| . . . . . . . . . . .. 13

(1.5 Experimental scalings from previous LWFA experiments| . . . . . . . . .. 19
[2.1 Initial experiments investigating hydrodynamic plasma waveguides formed by |
inverse bremsstrahlung| . . . . . . ... ... L 32

[2.2  Capillary tube with a glass wall and containing plasma; the laser retlects from |
the innerwalls. | . . . . . . . . ... 37

[2.3  Examples of capillary discharge waveguides| . . . . . . . . . ... .. ... 40
2.4 Atomic potential during laser ionisation in the barrier suppression regime, |
and subsequent electron energy distributions calculated using EPOCH.|. . . 43

[2.5  Previously reported experimental results of plasma waveguides suitable for |
LWEAL .« . 48

[3.1 Example far-field profiles for a Gaussian and top-hat near field, compared to |
an experimentally measured far-field.| . . . .. ... ... ... ... ... 53

[3.2  The fraction energy enclosed 7en.(ry) by a circle of radius ry, centred on the |
beam centroid, for the three far-tield profiles in figure 3.1, |. . . . . . . .. 56



[3.3  Cartoon of a transmissive axicon with refractive index n,, and base angle v/ |
focusing an annulus of light to form a line focus of length L. | . . . . . . 57
3.4 The first 16 Laguerre-Gauss intensity modes I, n(r, 0, z) o< |E,m(r.0,2)|°| 63
3.5 Example electron density profiles for (a) an infinite parabolic plasma channel, |
(b) a truncated parabolic plasma channel, and (c) a hydrodynamic expansion |
of a cylindrical plasma column.| . . . . . . . .. ... ... ... ... .. 64
[3.6 (a) Calculated lowest order quasi-bound mode for a truncated parabolic |
plasma channel, matched spot size was w,, = 35 pm, and attenuation length |
L, = 21.2mm. (b) Ratio 7 as a function of 3/k where k is the free space |
propagation wavenumber.| . . . . . . ... L 65
3.7 Example FFT-BPM calculations of a laser A = 800 nm propagating through |
(a) free space, (b) an infinite parabolic plasma channel, and (c) a truncated |
parabolic plasma channel.| . . . . . . .. .. ..o 00000 67
[3.8  Schematic of a folded wavefront Mach-Zehnder interferometer used to diag- |
nose a laser produced plasma channel.| . . . . . . . ... ... ... ... 71
[3.9  Simulations showing the effect of pulse duration on the fringe visibility of an |
interferogram.| . . . . . ... 72
[3.10 Illustration of two possible probing geometries for a hydrodynamically formed |
plasma channel, and the resulting projection.| . . . . . . . . . . ... ... 75
[3.11 Fourier transform of the interferogram shown in figure [3.9(c) showing clearly |
the three peaks predicted by equation [3.38l The A¢(x, y) information is |
contained in the side peaks, separated by kxsinf.| . . . . ... ... ... 76
[3.12 Examples of one-dimensional and two-dimensional phase unwrapping.| . . . 78
(4.1 Schematic of the Gemini TA3 vacuum chamber for the 100 mm guiding |
experiment.|. . . . .. L L 81
{4.2  Schematic of TA3 Gemini probe layout for the 100 mm guiding experiment.| 83
{4.3  Schematics of the gas cell designsused.|. . . . . . ... ... ... ... .. 87




GZ

Transverse fluence profile of the collimated (a) and focused (b) Gemini TA3

South beam. (c) Simulation of the Gemini TA3 focus. (d) Measured Rayleigh

| range, and (e) pointing drift of the guided beam respectively. | . . . . . . . 89
(4.5 The measured transverse and longitudinal intensity profiles of the channel- |
| forming pulse focused by the axicon.| . . . . . .. ... ... ... .... 90
(4.6 Calibration of the guided pulse diagnostics, and axicon background. . . . . 91
(4.7 Damage observed on the thin window before and after data-taking. SLR |
| images of the plasma fluorescence.| . . . . . . . . .. ... ... .. ... 93
(4.8 Example fringe map measured by the transverse interferometry camera and |
| subsequent retrieval of the transverse electron density profile| . . . . . .. 94
[4.9 Deduced electron density proftiles of HOFI| channels for 7 = 3.0 ns and several |
| initial fill pressures.|. . . . . . .. .. 96
[4.10 Demonstration of guiding of high-intensity laser pulses in HOFI channels up |
| to 100mmlong.| . . . . . . . ... 97
{4.11 Example measured transverse fluence profile of the guided pulse at z = 50 mm |
| for a fill pressure P = 17mbar.| . . . . . . .. .. ... ... .. ... .. 98

E10 ER & Shotios] ~Tion of the Somth 1 n l

| the frequency at which guiding was observed.|. . . . . . . . . ... .. .. 99
{4.13 Comparison of the measured and simulated energy transmission for plasma |

= =27nsl . ... ... 102

[5.1  Schematic of the TA2 Astra-Gemini experimental chamber and diagnostics |

| for the conditioned HOFI| experiment.| . . . . . . . .. .. ... ... ... 108
[5.2  Example phase shifts measured by the transverse probe beam at z =~ 3.5 mm |

| for: (a) the channel-forming pulse alone, (b) the channel-forming pulse and |
| the conditioning pulse at a delay 7 = 1.5ns; and (c) the conditioning pulse |
I alonel. . . .. 110

Vi



(.3

Measured formation and temporal evolution of the transverse electron density

| profiles ng(r) in the CHOFI waveguide,| . . . . . . . . .. ... ... ... 112
5.4 Temporal evolution of the properties of the CHOFI plasma channels as a |
| function of delay At after the arrival of the conditioning pulse.| . . . . . . 113
5.5 Measured properties of the guided conditioning pulse.| . . . . . . . .. .. 115
5.6 Hydrodynamic simulation of a HOFI| plasma channel showing the formation |
| of a neutral gas collar surrounding the plasma channel|. . . . . . . . . .. 117
5.7 FBPIC simulation of a conditioning pulse (e = 6.0 x 10'"Wecm™=) |
| forming a CHOFI plasma channel at several distances along the channel | 119
[5.8 Evolution of (a) the spot-size, (b) the peak of the laser spectrum, and (c) |
| the pulse duration of the conditioning laser pulse for simulations with input |
| intensity lheak = 6 X 10'°° Wem™2 (blue) and fheak = 6 x 101" Wem ™ (red). | 121
[5.9 Calculated pulse energy transmission T(z) and relative photon number |
| N,(z)/N,(0) of the conditioning laser pulse as a function of propagation |
[ distancez] . . . . . . .. 124
[6.1 Schematic of the channel-forming beam design consisting of two axicons to |
| form a 300 mm long plasma channel.| . . . . . . ... ... ... ... .. 134
[6.2  Schematic of the novel gas cell design to produce a 300 mm long HOFI |
| plasma channel| . . . . . . ..o 136
[6.3  Quantum efficiency as a function of laser wavelength for the cameras to be |
| used in the guided laser pulse diagnostics. | . . . . . . ... ... ... .. 138

(6.4

Electron and neutral density profiles used in PIC simulations during this chapter./141

[6.5 FBPIC simulation of a high-intensity pulse (ap = 1.4) driving a wakefield inside a |
CHOFI plasma channel. | . . . . . . . . . . . .. ... ... .. ..., 142
[0.6 Calculated laser spectra after 300 mm of propagation in a CHOFI plasma |
channel. | . . . . . . . 144

Vii



6.7

FBPIC simulation of a high-intensity pulse (ag = 1.6) driving a wakefield inside a

CHOFI plasma channel with a 5% argon dopant.| . . . . . . . .. ... ... 147
(6.8 Charge density, dQ/d(AW), of the trapped electrons for the simulation |
shown in figure 6.7, |. . . . . .. ... 148
[6.9 FBPIC simulation of a high-intensity pulse (ag = 1.35) driving a wakefield inside a |
CHOFI plasma channel with a 5% argon dopant localised to the first 5 mm of the |
plasma.l . . . .. 149
[6.10 Charge density as function of beam energy for a simulation with 5 % localised |
argon dopant.| . . . . ... 150
[6.11 Approximated neutral and electron density profiles for the truncated CHOFI |
injection scheme.|. . . . . . . ... 152
[6.12 Transverse laser intensity and electron density profiles at the start of the |
truncated CHOFI plasma channel at three points (a) z = —1.5mm (b) 0 mm, |
and 1.5 mm with respect to the start of the plasma channel zyea | . . . . . 153

viii



List of Tables

[2.1 Required performance characteristics of a plasma waveguide suitable for a |

multi-GeV LWFA accelerator stage. |. . . . . . . . .. ... ... .. ... 28

[2.2  Reported characteristics of selected plasma waveguide techniques that are |

candidates for a multi-GeV LWFA accelerator stage| . . . . . .. ... .. 49

[6.1 Predicted laser parameters for the wakefield drive beam in the Gemini experi- |

ment, and for the CSU experimental campaigns.| . . . . . . . . . . .. .. 131




Chapter 1

Introduction

1.1 Advanced Accelerator Concepts

Particle accelerators, machines that use electric fields to increase the energy of charged
particles, have become vital tools for discovery in the fields of medicine, engineering, life
sciences and physics. Since the first particle accelerator was constructed by Cockroft and
Walton in 1932 [1], accelerators have underpinned scientific development; a recent study
claimed that around 28 % of all Nobel Prizes awarded in Physics had a direct contribution
from accelerator physics [2].

Medical particle accelerators constitute around a third of the 40,000 particle accelerators
worldwide, providing cancer treatments and advanced medical imaging techniques [3]. A
further 64 % are used in industry, providing beams for imaging jet-engine parts, producing
consumer electronics, and several other applications. At the energy frontier of particle
accelerators, machines are used for research in a wide number of scientific disciplines
including high-energy physics, materials science, engineering, and life sciences. Light sources,
such as the Diamond Light Source in the United Kingdom, harness the power of electrons
with energies around 3 to 10 GeV to produce bright X-ray light that can be used to study a
wealth of different samples. The highest energy accelerators drive particle colliders, such as

the Large Hadron collider at CERN, which smash together particles with energies up to 10's
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of TeV, and allow physicists to probe the fundamental building blocks of Nature.
Conventional particle accelerators rely on chains of radiofrequency (RF) cavities to

generate the large electric fields required to accelerate charged particles. These cavities

are fundamentally limited by the maximum field that can exist inside the cavity; when the

! electrical breakdown occurs in the cavity, and

electric field exceeds around 100 MV m~
acceleration is disrupted. This means that light sources and energy frontier particle colliders
are becoming increasingly large, technically challenging to construct, and expensive.

For almost a century, developing and adopting novel accelerator physics technologies has
advanced the field of particle accelerators and paved the way for subsequent discovery in
other fields of physics. In a seminal paper by Tajima and Dawson in 1979 [4] it was noted
that the interaction of a high-intensity laser pulse with a plasma, a fluid comprised of free
electrons and ions, could generate accelerating fields 1000 times larger than those produced
by RF cavities, allowing facilities to be significantly reduced in both size and cost. This was
the birth of the laser plasma accelerator (LPA).

The principle idea is that the laser’s intense electric field E imparts a force on the free
electrons in the plasma called the ponderomotive force lj'pond, pushing them away from
regions of high laser intensity. For a laser of wavelength A

242
E - _ —_VE?, 1.1

pond 1672 mec? (1.1)
where e = 1.602 x 1071 C and m, = 9.109 x 103! kg are the electron charge and mass
respectively. The heavier ions remain stationary on these timescales, and thus a charge
separation is generated. Once the laser has passed, the charge separation acts to pull the
electrons back towards the laser axis, and they begin to oscillate, generating a longitudinal

electron plasma wave.

The characteristic frequency at which the electrons oscillate depends solely on the plasma
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density n. and is known as the plasma frequency

Ne €2
=4/ , 1.2
Wp Me€g ( )

where ¢ is the permittivity of free space.

When the free electrons oscillate and charge separation occurs, drastically higher electric
fields than conventional cavities can be sustained because the media is already ionised and
“broken down”. The maximum field that can be sustained can be estimated by the cold

wavebreaking field

Mme Clp
Ewb ~

(1.3)
~ 100y/n. [cm=3] [Vm™'].

For example the maximum field for n. = 10*® cm™3 is ~ 100 GV m~!, around 1000 times

larger than the maximum field that can be sustained in RF cavities.

1.1.1 Early Progress in Laser Plasma Acceleration

When Tajima and Dawson first proposed their “Laser electron accelerator”, they realised
that intense lasers with pulse durations 7 of 100 fs or less would be required, since the ideal
pulse duration occurs when 7 is half the plasma period, w,m ~ 7 [4]. With these systems
unavailable, the first laser-driven plasma accelerators were formed by plasma beat-wave
acceleration (PBWA) using Nd:Glass and CO; laser systems [4, |5]. In this scheme, two
co-propagating laser pulses with frequencies w; and w, beat to give a modulated laser pulse
Aw = wy—w;. The modulation frequency can be matched to the plasma frequency Aw ~ w,
to excite the wakefield. The first observation of plasma wave generation via this scheme
was achieved by Clayton et al. in 1985 [6] using a CO; laser, and acceleration of electrons
was observed in a PBWA in 1992 [7]. PBWA suffers the problem that the beat-wave shifts

out of resonance as the plasma wakefield amplitude increases and electron motion becomes
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relativistic [5), |6].

In the self-modulated laser wakefield accelerator (SM-LWFA), a single long laser pulse is
modulated at the “local” plasma frequency. This scheme utilises the fact that long laser
pulses focus and defocus in regions of low and high electron density respectively [8]. Unlike
PBWA, modulation is driven by the local oscillation of the plasma, hence is automatically
resonant with w, and remains resonant as motion becomes relativistic. Electron acceleration
in this scheme has been demonstrated, but the energy spectra are typically very broad [9H11].

In 2002, simulations showed that there existed a robust regime of acceleration (the
“bubble regime”) in which in which the longitudinal and transverse dimensions of the focused
laser pulse were smaller than A,. Provided ay is sufficiently large, the Hpond is large enough to
completely expel electrons, forming an ion cavity behind the laser pulse, ideal for acceleration.
Some of the expelled electrons are self-injected back into the back of the cavity, trapped,
and accelerated to produce a quasi-monoenergetic electron beam. In 2004, three separate
groups demonstrated quasi-monoenergetic ~ 100 MeV electron beams by operating in this
regime [12-14].

The progress in the electron beam energy following this, has been rapid, and is shown in
figure [L.1] In 2006, the use of a plasma waveguide to guide the laser pulse over 33 mm and
increase the acceleration length resulted in the first GeV electron beams being demonstrated
[15]. Aided by increasing laser power available, and improved knowledge of the laser-plasma
interaction, electrons reaching the multi-GeV level have been generated [16-19]. Today, the

highest reported electron beam energy from a LWFA is 7.8 GeV [19].

1.2 Physics of Laser Wakefield Acceleration

To understand the physics of laser wakefield generation, it is necessary to consider the
propagation of electromagnetic waves in a plasma. This section provides a short outline of
the physics of laser wakefield accelerators (LWFAs), illustrates the limitations to acceleration,

and introduces concepts that will be used throughout the thesis. More detailed theoretical
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Figure 1.1: Livingston plot showing the growth in the energy gain of conventional lepton
accelerators (blue) and laser wakefield accelerators (red) [12-25]

reviews are available [26-28]. An important parameter in the discussion of intense laser-
plasma interactions is the normalised vector potential of the laser 3 = eﬁ/(mecz) where A
is the vector potential of the laser. The peak amplitude of 3 is called the laser strength
parameter ay and is related to the peak intensity /eax and wavelength of the drive laser; for

a linearly polarised laser pulse, it can be approximated by
a0 ~ 8.85 x 107X [um]y/ hpeak [Wem™2]. (1.4)

1.2.1 Operating Regimes

Linear Regime

In the linear regime, where a5 < 1 and the the amplitude of the electron density perturbation

dne/ne < 1, the generation of a cold electron wave can be derived using the fluid equations
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[26, [29]
ov . . L o
me (a + (V- V)v) = —e(E+V xB), (1.5)
%’f YV - (n) =0, (1.6)
and Gauss' law
- e
V-E=—(n—n), (1.7)
€0

where V is the electron velocity, E and B are the electric and magnetic fields respectively, and
n; is the number density of the stationary ions. It can be shown that [29] in the non-relativistic
limit, the transverse component of the electron velocity is given by vi = e/z\/me. And hence

the momentum equation can be re-written as

e2

—me(V- V)V —e(V x B) = —

, (1.8)

Z12
v[A
2m.
which is the linear ponderomotive force stated in section [1.1] To derive the linear wake
equation, the fluid equations and Gauss' law are expanded in small quantities about their
equilibrium values by setting n. = ng + dne. Linearity is enforced by setting terms containing
higher orders of small quantities to zero. This gives
0? on c?0%a
4w =2 (1.9)
ot? ] ne 2 0z2
indicating that the plasma wave is a driven oscillator with natural frequency w, and the driver

being the gradient of the ponderomotive force. It is normal to transform to a co-moving
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Figure 1.2: Simulation of a LWFA operating in the linear regime carried out in FBPIC. (a)
Transverse laser and plasma profiles. The laser driver (red) has a spot-size wy = 10pm, and
normalised peak vector potential ag = 1.0. It can be seen that a plasma wave is driven by the
laser pulse as Ij_pond expels electrons from the cavity behind the laser pulse. (b) Lineouts along the
optical axis of the laser normalised vector potential (red), the density perturbation (blue) and the
longitudinal electric field (grey). The density perturbation and electric field are periodic, and close
to sinusoidal.

co-ordinate system £ = z — ct, 7 =t in which case the density perturbation becomes

0? ne 0% ag
((9—52 + k§> one === e (1.10)

In the co-moving frame, Gauss' law implies E is also sinusoidal with a wavelength A,. Figure
shows the generation of a linear wake by a laser with ag = 1.0 and 7. = 40fs. In
this regime, where the wakefield is approximately sinusoidal, independent control of the
longitudinal and transverse focusing forces is in principle possible by controlling the shape of

the laser profile.
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Figure 1.3: Simulation of a LWFA operating in the non-linear regime carried out in FBPIC.
(a) Transverse laser and plasma profiles. The laser driver (red) has a spot-size wy = 10 pm, and
normalised peak vector potential ag = 2.0. It can be seen that a significant plasma wave is driven
by the laser pulse as I?pond expels almost all of the electrons from the cavity behind the laser
pulse. (b) Lineouts along the optical axis of the laser normalised vector potential (red), the density
perturbation (blue) and the longitundinal electric field (grey). Rather than sinusoidal, the electric
field now has a sawtooth-like profile.

Non-linear Regime

A number of methods have been derived to extend the model of wakefield generation to
incorporate a fully relativistic 1D wake, either from first principles as above [26, 29, 30],
or using a Hamiltonian method [31]. However, the general case of arbitrary drive laser
strength has no 3D-solution, and hence phenomenological scalings based on particle-in-cell
calculations (see section are employed [30, [32].

Rather than a sinusoidal plasma wave, the intense laser expels a significant number of
electrons from the cavity behind it, resulting in a sawtooth profile of the wakefield (see figure
. At high enough intensities, the electrons are completely expelled, generating an ion

cavity. In turn, E is no longer sinusoidal, for ay = 2, it can be approximated as a linear
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function of z.

1.2.2 Limitations on Energy Gain

Diffraction

In any focused laser pulse, diffraction reduces the intensity after a certain distance. To
achieve the high intensities required for LWFAs using lasers currently available, spot sizes
of around 10 pm to 100 pm are required. For a focused Gaussian laser pulse, where the
intensity profile 1/e? radius in vacuum is wy, the spot size evolution with propagation along

the optical axis z is given by

w(z) = woy /1 + (i)z, (1.11)
where
R = —2, (1.12)

is the Rayleigh range — the distance over which the spot size increases from wq to v2wy.

It is thus simple to show that the intensity varies along the laser axis as

10, 2) = % (1.13)

In vacuum, over one zg, the peak intensity drops by a factor of 2 and therefore unless
diffraction is mitigated with a mechanism to guide the focused pulse over many Rayleigh

lengths, the laser pulse can only drive a significant wakefield over L, ~ zg.
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Electron Dephasing

Electrons trapped in a plasma wakefield reach velocities closer to ¢ than the laser group
velocity. This means that electron bunches will catch up with the laser pulse and eventually
outrun the wakefield, entering a decelerating phase of the wakefield. The distance over
which an electron can travel before it enters the decelerating and defocusing field is called
the dephasing length L4. In the linear regime, this corresponds to the distance over which a

relativistic electron phase slips by \,/4, hence

N

Ap

Ly~ 5 (1.14)

‘UEI\J| &

To date, electron dephasing is the main limitation of energy gain in LWFAs. For a drive laser
with A = 800 nm, the electron dephasing length is limited to L4 ~ 0.93 mm for a density of

ne = 10* cm™3, but extends to Ly ~ 0.93 m for n. = 1017 cm™3.

Pump Depletion

During propagation, the laser energy is transferred to the wake, depleting its energy. Eventu-
ally, the laser energy will be completely depleted and the acceleration ends. The length over
which this occurs is the pump depletion energy L,q. By considering the energy density in
the wake (1/2)egE2? which contained in the volume mwéL,q4, and the laser energy density
(1/2)eg E¢ which is contained in the volume mwgcr, the pump depletion length in the linear

regime can be approximated as

Ap W2
Log~ 2=, 1.15
pd ag wg ( )

which, like electron dephasing scales as L4 o< 1/n2/2.

10



CHAPTER 1. INTRODUCTION
1.2. PHYSICS OF LASER WAKEFIELD ACCELERATION

1.2.3 Modulation of Intense Pulses in Plasma

When a high intensity laser pulse (ay 2 1) propagates through a plasma, it modifies the
plasma density via the ponderomotive force. The leading order motion of the electrons is the
quiver motion 5, = m.c3, hence v, = v/1 + a2. It should be emphasised that since v and w
can be affected by the dynamical response of the plasma to laser propagation, the refractive
index of the plasma 7 is a non-linear function of E(X,y,z), and the laser propagation is
intensity dependent. The theoretical framework for high-intensity pulse propagation in ionising
gases and plasmas has been studied in detail since the late 1980’s, and there exist excellent
reviews by Esarey et al. [26, [33], and Mori [34] that discuss mathematical treatments.

In the weakly-relativistic limit, the refractive index can be expanded to first order [33],

and is given by

w? An.  6n. a2
~ p e e 0
nN1—2w2(1+ . +no+—4), (1.16)

where the local density perturbation has been split into two terms, one describing the

effect of a preformed plasma channel An./ng (see section [1.2.3]), and one the local density

perturbation due to the ponderomotive expulsion of electrons dn/ng.

Relativistic Self-Focusing and Ponderomotive Self-Channelling

The final term a3/4 describes the influence of the relativistic electron gamma factor v, on
the local refractive index. For a focused laser pulse, the intensity is significantly higher at
the centre than in the wings of the pulse, thus v, decreases away from the axis of the laser
pulse. Parts of the laser pulse further from axis experience a larger phase velocity, resulting
in a wavefront curvature (and thus curvature of the Poynting vector). This effect, known as
relativistic self-focusing counteracts the natural diffraction of the laser pulse and can allow
the pulse to be guided and sustain high ..k over several zz.

The threshold for relativistic self-focusing is found by equating self-focusing with diffraction

11
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in equation leading to the condition [34, [35]

32¢?
2. 2
agws > R (1.17)
P
This can be associated to a critical power P, above which self-focusing can occur
8meom?cSw?
PCrit - 2,2
e*w;
(1.18)

2
— 174 [GW].
Cdp

A laser pulse with power P focused to a spot-size wy in plasma diffracts if P < P,
remains guided for P = P, and is focused for P > P.;. Higher-order non-linearities
prevent catastrophic self-focusing, and the spot-size oscillates. Experimental studies of this
are discussed in section 2.2]

In addition, when P > P, the ponderomotive force of the laser expels electrons from
the the axis of propagation, changing the refractive index profile. This process is referred to
as ponderomotive self-channelling [26, [36], and increases the self-focusing effect since the
electron density on the axis becomes reduced. Relativistic self-focusing and ponderomotive
self-channellling frequently occur together, and have been observed in several early LPA
experiments [37439] primarily in the SM-LWFA regime. It has also been shown that self-
guiding of laser pulses generates a plasma channel in which a subsequent pulse can be guided

[39].

Plasma Waveguides

Diffraction is one of the most fundamental problems with accelerating electrons in LWFAs.
Without a guiding mechanism, acceleration is limited to a distance of approximately zg.
Extension of the acceleration length of LWFAs can be achieved by a plasma waveguide.
These are plasma structures that can act like optical fibres for high-intensity laser pulses,

applying a focusing effect to the laser pulse to mitigate diffraction. In an ideal waveguide,

12
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Figure 1.4: (a) Example of a Gaussian beam diffracting in free space (red). The wavefronts
are shown in grey, and are curved towards the axis when the beam is focusing, and away
from the axis as the beam diffracts. The dashed lines are contours at +£2w,. The beam
remains intense for a distance of ~ 2zz. (b) Example of a Gaussian beam focusing into
an infinite parabolic plasma waveguide (blue). The electron density is minimised on axis,
increasing radially outwards to counteract the diffracting wavefronts.

an example of which is shown in figure the effects of diffraction are perfectly cancelled
out and the laser properties remain unchanged during propagation. By use of a plasma
waveguide, acceleration up to the dephasing length is made possible, drastically increasing

the potential electron energy gain. A detailed discussion of plasma waveguides is given in

Chapter 2.

Temporal Pulse Modification

Following the treatment by Mori , changes of the refractive index along the propagation

direction can be written in a similar form to the the transverse modification

W)~ 1 % (%)2 (1 N 5n;§§) B azég) B 25w(§)) |

w

(1.19)
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where the second term accounts for the longitudinal variation in the laser intensity, and the
last term describes the evolution of the pulse chirp. It can be shown that the modulation in

frequency follows the local change in refractive index via

10w  10n

S 29T 1.2
w Ot n? 0& (1.20)

In a LWFA, where the laser pulse length c7; is close to the plasma wavelength ¢ < A,
the leading edge of the laser pulse will be red shifted, whilst the falling edge of the laser
pulse will be blue shifted, causing the laser spectrum to broaden, known as self-phase
modulation. The dne(§)/no term corresponds to the local change in refractive index in the
propagation direction caused by the leading edge of the laser pulse driving a plasma wave.
This density slope results in the front of the pulse decelerating, and the back of the pulse
accelerating, compressing the pulse. These have been observed in experiment [40-42] and

can be approximated as

LaCC 2
M0"acc® (1.21)

Tcom — TL T A 9
P 2Cmeegu?

Spectral Modulations

If the pulse is shorter than \,/2, then the pulse sits in the red-shifting phase of the wakefield
[33]. If a pulse is propagating though a gas, and is intense enough to ionise the gas species
(see section [2.7.1] for details on laser ionisation), but not intense enough to drive a significant
wakefield (a9 < 1), then the density gradient is opposite to that of LWFA, and the front
edge of laser pulse experiences blue shift.

For pulse lengths c7i > A, such as those used in PBWA and SM-LWFA experiments,
parts of the pulse are red-shifted, and parts are blue-shifted. Since these shifts are periodic,
this leads to peaks that are evenly spaced in frequency space by w,. As well as contributing
to the physics of LWFA, these spectral shifts are a useful tool for diagnosing wakefields (see

Chapter 6).
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1.2.4 Electron Injection

The injection of electrons into the wakefield significantly impacts the overall beam quality of
the accelerated electrons. To accelerate an electron bunch whilst maintaining a small energy
spread and emittance, it is necessary that a high-quality bunch is injected into the correct
phase region of the wakefield with a bunch length that is small compared to the plasma
wavelength. This corresponds to bunch lengths as low as as a few fs, an order of magnitude
shorter than those typically produced by conventional accelerators.

LWFAs operating in the bubble regime have the advantage that electrons are self-injected
into the ion cavity. For an experimentalist, this technique is the most straightforward
approach since it simply relies on wavebreaking, and electrons at the back of the bubble
finding themselves trapped [12, 30, 43]. The trouble with self-injection is that trapping
can occur throughout the length of the accelerator, leading to electron beams with a large
momentum spread. Furthermore, since the process relies on highly non-linear processes,
many self-injection experiments lack shot-to-shot stability.

Instead, to produce low energy spread, low emittance electron bunches from a LWFAs, a
method of controlled and localised injection is required. In contrast to self-injection, controlled
injection schemes are suitable when the LWFA stage is operated below the wavebreaking
limit. Many schemes have been presented to tackle this, and it is still an active area of
research. The schemes can be arranged into three broad categories: (i) density transition

injection; (ii) ionisation injection, and (iii) optical injection.

Density Transition Injection

Here, injection is triggered in the accelerator stage by tailoring the longitudinal density profile
such that dn./0z < 0 at a defined position. The plasma wavelength elongates A, 1/ni/2
and the back of the plasma wave momentarily slows down, thus lowering the injection

threshold and causing self trapping.

When the length of the density transition is longer than the plasma wavelength, L;, > A,
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the wave is gradually slowed down and the scheme is known as down-ramp injection [44].
When L, < A, the increase in A, is effectively instantaneous; a significant portion of
the electrons that constituted the wakefield peak (the back of the bubble) suddenly find
themselves in an accelerating phase of the wakefield and become trapped. Since the trapped
electrons all find themselves in a similar phase of the wake, they are exposed to the same
accelerating field, making this technique ideal for very low energy spread electron bunch
generation. This technique has been investigated numerically [45-H47] and experimentally
[48-50]. Typically a razor blade is placed above a supersonic gas jet to generate a sharp,

narrow shock front which gives the desired rapid change in density profile.

lonisation Injection

lonisation injection is triggered when a high-Z gas (such as nitrogen or argon) or a mixture
of a low-Z and high-Z gas is used as the species for the accelerator stage [23| 51, 52].
Electrons on the innermost shell (K-shell) have a much larger ionisation potential than outer
shells, or the valence electrons of low-Z gases, and hence the laser intensity required to
ionise the electron ky, will be significantly higher (see section . Whilst almost all of the
electrons are ionised by the far leading edge of a high intensity laser pulse, K-shell electrons
that are ionised when ky, = Lok will find themselves close to an accelerating phase of the

wakefield and can be injected [53].

Optical Injection

Optical injection encompasses schemes that employ a dedicated laser pulse to trigger electron
injection into the accelerating structure. The first scheme proposed and demonstrated was
colliding pulse injection [54] where a second laser pulse of lower intensity than the wakefield
driver counter-propagates and beats with the main wakefield driver pulse. This beating
causes localised and instantaneous heating of background electrons, some of which get

injected into the wakefield of the driver pulse.
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Other injection schemes have been proposed that use a co-propagating laser pulse that
can ionise a dopant species at a localised position without affecting the wakefield of the

driver pulse to produce electron bunches with ultra low emittance and low energy spread [55,

56].

Achieving High Energy Gain

The total energy gain of an electron is determined by the longitudinal electric field of the

wake E,(z) and the acceleration distance L,
Lacc
AW = —e/ E,(z) dz. (1.22)
0

In the absence of diffraction, L, is limited by the smallest of the dephasing and pump
depletion lengths. In the linear regime, dephasing limits L,.., whilst in the non-linear regime,
pump depletion often limits L,... However, if there is no guiding mechanism to overcome
diffraction, then acceleration simply stops when the laser diffracts.

In the linear regime, with a plasma waveguide employed to guide the laser pulse,

2.2, 2
mgc e w”

AWmax =2

: (1.23)

e ne

which for a fixed laser wavelength and intensity, is only dependant on the plasma density. In
the non-linear regime, AW,,.x is also inversely proportional to density. Combining equations
and indicates that a 1 GeV stage can be achieved if the laser pulse is guided over
~ 29mm at a plasma density of n. = 10'® cm~3. However, compared to a 1 GeV stage, a
10 GeV accelerator requires a decrease in the plasma density by an order of magnitude, and
an increase in the accelerator length by a factor of 30. This places extremely challenging

requirements on a plasma waveguide for a 10 GeV stage.
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1.3 State of the Field

Compact laser driven particle accelerators, have become the subject of a vast global research
effort covering many intricate parts of the interaction. These include understanding the
complex laser-plasma interaction [57], increasing the electron beam energy [15, (16, |18, |19],
measuring and improving the stability of LPAs [58, [59], increasing the repetition rate of LPAs
[60, |61], electron injection [25, 149, |55, 56| 62], diagnosing the physics of plasma wakefields
[57, 63], and applications of wakefield accelerators [64-H67].

Figure [1.5] shows experimental scalings of LWFA experiments through reported results
[12-25, |51} 52, 54, 67-83]. As one might expect, progress towards to higher electron
energy gain AW has been driven by lower plasma densities, and increasing laser power
available. A comparison between LWFA stages utilising plasma waveguides and those relying
on relativistic self-focusing is shown in figure a)-(c). The data suggests that LWFA
stages employing plasma waveguides are more efficient in terms of laser power. Electron
energy gain is compared for different injection mechanisms in figure d). Most studies
employ self-injection; of the controlled techniques, ionisation injection has produced the
highest energy beams to date. The reason for this could be its simplicity to implement.

The common goal of these areas of research is an accelerator facility that can support
users with electron (and positron) beams, and photon beams whilst offering significantly
reduced size and cost than conventional accelerator facilities. A facility like this could
have applications in hospitals, universities and also provide the next generation of particle
acclerators for scientific discovery such as free electron lasers, or high-energy colliders.

For example, the EUPRAXIA project [84, [85] envisages a dedicated LWFA facility (along
with beam driven plasma accelerator facilities) that is capable of driving a free electron laser
in a total facility length of just 180 m. For this, a laser system containing 5 — 100 J on target
in pulse durations of 20 — 60 fs and f, = 20 — 100 Hz is required. The LWFA stage will be
0.25 — 1 m in length, at a density of n. = 1 x 107 cm™3, to generate electron beams of up

to 6 GeV with ~ 30 pC of charge, and 0.1 — 0.9 % energy spread. To achieve this, several
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Figure 1.5: Experimental scalings from previous LWFA experiments [12H25| 51} [52, [54]
83]. (a)-(c) compares the use of plasma waveguides with experiments where self-guiding

is relied upon, whilst (d) compares different injection techniques. (a) Reported electron
energy gain AW as a function of drive laser power. The grey dashed line indicates an energy
gain of 10 MeV TW~1. (b) Accelerator length as a function of plasma density. It is clear that
longer accelerators require lower density. The grey dashed line indicates the linear regime
dephasing length (equation [1.14]). (c) The energy gain as a function of plasma density. As
one expects, progress towards higher energy gain requires lower plasma density. (d) Same
plot as (a) but comparing different injection schemes.

challenges still remain on each of these frontiers of the field.

1.3.1 Current Challenges

The latest conventional accelerators offer excellent beam quality with low energy spread and
low emittance, highly stable and reproducible accelerated beams, and repetition rates f., up

to MHz. LPAs aim to attain a similar bunch quality and stability.
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Improving Stability and Control

Even when LPAs are operated in the quasilinear regime, there are non-linear aspects to
the laser-plasma interaction, and to the injection schemes, resulting in large shot-to-shot
fluctuations (jitter) in the accelerated electron bunch. Unlike conventional accelerators,
LPAs generate a new accelerating cavity with every shot. Thus, small fluctuations in the
experimental conditions can cause significant shot-to-shot variation in the electron-beam
performance. Most electron acceleration experiments to date have exhibited energy jitter in
the range of 1—5 %, accelerated charge jitter of up to 50 %, and beam pointing jitter between
0.5 and 3 mrad. These values are significantly larger than those produced by conventional
accelerators.

A vital component to stabilising the accelerated electron bunches is controlling the
injection into the accelerating structure. Excellent progress has been made in this area, with
experimental results demonstrating low-energy spread beams at with peak energies of around
100 MeV using all three of the controlled injection schemes described in the previous section.

A second, vital requirement of generating stable and reproducible electron beams is a
stable and reproducible drive laser. Shot-to-shot stability of TW and PW laser systems is
increasing rapidly, with aided by the development and inclusion of active pointing stabilisation
in the laser chain [86], however still remains an area for improvement. Recently, Maier
et al. [58] demonstrated 24 hours of continuous operation of a f, = 1Hz LPA with
stable accelerated electron beams, and were able to correlate input laser and electron
parameters by using a wealth of laser chain diagnostics. Importantly, they were able to
predict electron energy drifts with accuracy better than 1% based on the measured laser
parameters. Following this, the use of Bayesian optimisation to improve the beam quality

and stability of LWFAs has been demonstrated [59, [87].

20



CHAPTER 1. INTRODUCTION
1.3. STATE OF THE FIELD

Increasing Single Stage Electron Energy Gain

Since the dephasing length is shorter for higher plasma densities, increasing the energy
gain in a single stage requires lower plasma densities. However, it is only possible to take
advantage of lower n. if the laser can drive a wakefield and maintain acceleration over the
dephasing length, L, ~ Lq. Although self-focusing can extend the interaction length beyond
zr significantly, equation indicates that the effect of self-focusing is suppressed at lower
densities. If the laser pulse is guided by a plasma waveguide, n. can be chosen for conditions
where Ly > zgr and P < P.;;. This provides the possibility for very high single stage energy

gain.

Increasing the Repetition Rate and Efficiency of Driving Laser Systems

The lasers used to drive LPAs are typically joule-level Ti:sapphire chirped pulse amplification
(CPA) systems (see section [3.1] for a detailed description) which operate at fe, < 1 Hz with
powers ranging from 10 TW to 1 PW and wall-plug efficiencies of less than 0.1 %. The
repetition rate and low efficiencies are limited by poor thermo-optical properties of the pump
lasers. Increasing f.e, from ~ 1 Hz to a few kHz will require the development of new laser
technology able to operate at substantially higher average powers and with significantly
increased wall-plug efficiencies.

Advancing compact, high average power, high peak power laser technologies whilst also
maintaining and improving shot-to-shot stability and laser pulse quality is a difficult challenge.
Technologies under consideration are thin-disk and fibre-based lasers, and optical parametric
chirped pulse amplification (OPCPA). It is also worth noting that driving the wakefield with
a train of laser pulses spaced A, could reduce the energy required per driving laser pulse by
an order of magnitude or more [88-90]. It may also be possible to drive stable LWFAs by

incoherent combination of several laser pulses [91].
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1.3.2 Future Applications

Synchrotron light sources are reliable sources of short radiation pulses that are tunable
up to kilo-electron-volt photon energies, which make them useful for structural analysis of
matter, and have applications across science. Demonstrations of soft undulator radiation
from LWFAs has been achieved [64, |92], showing that these plasma accelerators are capable
of significantly reducing the size and cost of synchrotron light source facilites. Importantly,
due to the strong radial focusing forces in laser driven wakefields, trapped electrons undergo
oscillations as they accelerate (betatron oscillations), and these radiation properties are
similar to synchrotron light sources, decreasing the required accelerator length further.

The development of free-electron lasers (FELs) has led to a vast increase in the coherence
and brilliance of the generated photons. Potentially the most promising application of LWFAs
are compact FELs. Since electron beams generated in LWFAs are a few fs in length, compared
to the ps lengths of conventional accelerators, LWFAs offer a significant further advantage
to future FELs beside accelerating gradient [93]. A major obstacle for LWFA driven FELs
is the comparably high initial values of divergence and energy spread. Very recently, FEL
amplification using electrons from a laser wakefield accelerator was demonstrated for the
first time [94].

In the longer term, it is possible that staging multiple LWFAs could provide beams for
high-energy particle colliders. RF-based future collider designs are reaching even larger and
drastically more expensive scales, though LWFAs could mitigate these practical size and cost
limitations. Design studies for TeV-scale laser-driven particle colliders have been produced
[95].

There also exists a wide range of other applications. In medical physics, plasma accelera-
tors have been investigated for cancer treatment. While research in this field is still in the
very early stages, very-high energy electron therapy (VHEET) [96, |97] and phase-contrast
imaging (PCI) [65, [66] are of interest.
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1.3.3 Advanced Accelerators Driven by Particle Beams

It is also possible to use a beam of high energy charged particles to generate a plasma wave
suitable for acceleration. A particle bunch with high energy, travelling close to the speed of
light generates a plasma wake capable of accelerating a witness bunch. The force here is
not the ponderomotive force of the laser, but the space-charge force of the drive electron
beam. Unlike laser pulses which travel at v; < c, relativistic particle beam drivers travel
close to ¢, hence the onset of dephasing is significantly delayed. Instead, pump depletion of
the driver to the witness bunch limits the acceleration. Like LPAs, the field of beam-driven
plasma wakefield acceleration is also growing, and a potential candidate for future advanced
accelerators.

Unlike multi-TW and PW ultrashort pulse lasers which are commercially available,
currently there exists only a few facilities worldwide capable of generating a high-quality
electron bunch for beam-driven plasma wakefield studies. Therefore beam-driven plasma
wakefield studies are less common. In 2007, the 42 GeV electron beam at SLAC (USA)
was used to drive a strong plasma wake and accelerate the electrons at the back of this
beam from 42 GeV up to 85 GeV in an 85cm long plasma [98]. This is a remarkable energy
gain when one considers that it took 3 km for the electrons to reach 42 GeV in the SLAC
accelerator. Litos et al. improved on this, demonstrating significantly increased energy
transfer efficiency (up to 30 %) and reduced energy spread. The same facility has also been
used to demonstrate the generation of a positron beam driven wakefield [99]. In 2018, the
AWAKE experiment at CERN demonstrated acceleration of electrons in the plasma wakefield

of a 400 GeV, self-modulated proton bunch [100].

1.4 Thesis Objectives

The development of plasma waveguides with properties suitable for LPAs has been an active

area of research for several decades. This thesis focuses on the development of Hydrodynamic
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Optical-Field-lonised (HOFI) plasma channels, a type of waveguide first proposed by the
group at the University of Oxford [101] as an extension to hydrodynamically formed, inverse
bremsstrahlung heated plasma channels. Importantly, HOFI plasma channels can support
low-density LWFA stages operating at a high repetition rate (f., 2 1kHz).

Prior to this work, the formation of, and guiding in, 16 mm long HOFI channels produced
by an axicon lens, with an on-axis densities as low as ng ~ 1.5 x 10" cm™3 has been
demonstrated [102]. Guiding of a high intensity laser pulse was achieved at f, = 5Hz,
limited by the available channel-forming laser and vacuum pumping system.

The objectives of this thesis are to:

1. examine the required properties of a plasma waveguide suitable for a multi-GeV LWFA

stage;

2. form and guide high intensity laser pulses in = 100 mm long HOFI plasma channels

with axial densities ~ 1 x 10" cm™3 ;

3. characterise and increase the guided laser transmission in HOFI plasma channels;
4. simulate multi-GeV stages formed using HOFI plasma channels;

5. develop experimental design for HOFI plasma channel experiments using PW-class

laser facilities.

1.4.1 OQutline of the Thesis

Progress towards these objectives is outlined in the following chapters.

Chapter 2 outlines the requirements of a plasma waveguide suitable for a multi-GeV LWFA
accelerator stage operating at a high repetition rate. Techniques for generating these

waveguides are compared and contrasted.
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Chapter 3 describes the experimental and computational methods that are used throughout
the thesis. This includes high-power laser pulses, experimental diagnostics, pulse

propagation in plasma waveguides, and particle-in-cell simulations.

Chapter 4 reports results from the first experiment to employ HOFI plasma at PW scale laser
facilities, undertaken at the TA3 Gemini laser at the Rutherford Appleton Laboratory

(RAL). Generation of, and guiding in 100 mm long plasma channels is demonstrated.

Chapter 5 demonstrates through experiments and numerical simulations that low-density,
low-loss, metre-scale plasma channels can be generated by employing a conditioning

laser pulse to ionise the neutral gas collar surrounding a HOFI plasma channel.

Chapter 6 describes experimental design and particle-on-cell simulations of experiments
intended to demonstrate guiding of PW scale laser pulses in conditioned HOFI (CHOFI)

plasma channels, and accelerate electrons to multi-GeV levels.

1.4.2 Role of the Author

All of the experiments detailed in this thesis were performed by teams of scientists working
together. The role of the author in those teams is outlined here.

For the experiment detailed in Chapter 4, the experimental design and planning was
led by the author with specific contributions to the gas cell design from Dr. Aarén Alejo,
and the probe beam design by Jakob Jonnerby and Barnaby Matthews. The experimental
campaign was also led by the author, who was assigned the “Target Area Operator” role for
the duration of the campaign. The team was comprised of: A. Picksley, A. Alejo, J. Cowley,
N. Bourgeois, L. Corner, L. Feder, J. Holloway, H. Jones, J. Jonnerby, H. M. Milchberg, L.
R. Reid, A. J. Ross, R. Walczak, and S. M. Hooker. The analysis of all experimental results
presented here were written and performed by the author, with input from Dr. Aarén Alejo.

For the experiments detailed in Chapter 5, the design and setup was led by Dr. Robert

Shalloo and Dr. Christopher Arran who acted as “Target Area Operators” for the experiment.
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The experiment setup and data taking was carried out by R. J. Shalloo, C. Arran, A. Picksley,
A. von Boetticher, L. Corner, J. Holloway, G. Hine, J. Jonnerby, H. M. Milchberg, C.
Thornton, R. Walczak, and S. M. Hooker. The experimental analysis presented here was
undertaken by the author, and further analyses has been presented in the thesis of Dr. Robert
Shalloo [103]. The hydrodynamic simulations presented in this work were all undertaken
by Dr. Aarén Alejo and are shown here for completion. The particle-in-cell simulations
undertaken were all carried out by the author, with input from Dr. Aarén Alejo and Oscar
Jakobsson.

For the experimental design detailed in Chapter 6, the design was carried out by the author
with specific contributions from Aimee Ross and Oscar Jakobsson on the laser diagnostics,
and James Cowley and Warren Wang on the electron diagnostics. The concept design of the
novel large volume gas target is the work of the author, with significant input from Barnaby
Matthews on the CAD drawing including making it variable length, and mounting the axicon
lens. The particle-in-cell simulations were carried out by the author with input from Oscar
Jakobsson and Emily Archer. The work on the truncated plasma channel injection scheme is
that of the author.

A parallel experiment is being undertaken by the group at the University of Maryland
to investigate multi-GeV acceleration in low density plasma channels. The author made
a significant contribution to this through leading the simulation campaign, and input on
options for electron injection.

The author made a significant contribution to the commissioning of the new OxfordX
25 TW laser system. Specifically on installation of laser chain diagnostics for alignment,
probe beamline installation, alignment of the new vacuum compressor, and commissioning of
the experimental chamber. The first experiments using the OxfordX laser are still ongoing.

Finally, the author made contributions to an experiment led by Jakob Jonnerby and
Dr. James Holloway to investigate ion motion and the decay of linear wakefields through
frequency domain holography. Specifically, the author was part of the experimental team for

the eight-week campaign, and worked on pulse duration measurement diagnostics.
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Chapter 2

Waveguides for Future Multi-GeV
LWFA Stages

2.1 Requirements of a Waveguide for a Multi-GeV Stage

In conventional optics, continuous wave or low-power laser pulses can be guided over many
Rayleigh lengths by use of an optical fibre, a technology that has become ubiquitous in
everyday life. Most fibres are step-index, containing an inner core of a higher refractive index
than the surrounding cladding. Light is confined to the core by total internal reflection at the
boundary between the two layers. Optical fibres an also be gradient index, where refractive
index n(A, r) is peaked on axis such that dn/0r < 0, and the phase fronts curve inwards,
generating a focusing effect that can balance diffraction.

In an ionising gas or plasma, this picture becomes much more complex. High-intensity laser
pulses experience diffraction, refraction, and nonlinear self-focusing as described in section
[1.2.3] In turn, they also affect the local refractive index through ionisation; ponderomotive
forces that lead to plasma wave generation; and heating, which leads to hydrodynamic