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ABSTRACT

This thesis reports on the development of a multi—channel optical probe and the role
it has in investigating when self-focusing of a high power laser pulse occurs, and
what parameters it depends on in a variety of high intensity laser—plasma interaction
experimental set—ups, including: in a gas jet; in preplasma on the front side of a
solid target; and in a sharp density transition generated by a blade in the flow of a
supersonic gas jet. These experimental set—ups are environments typically used to
explore the interaction physics of channel formation, ion acceleration, laser wakefield
acceleration, and x-ray generation. This new insight would enable us to gain better
control of selffocusing in these experiments which could lead to utilising self-focusing
as an intensity enhancement feature.

The multi—channel optical probe was developed as part of this research, to address
a need for a temporally resolving diagnostic which enabled multiple 2D spatial
measurements of the laser—plasma dynamics in a single interaction. The first results
chapter details the development of this new approach, including the motivation,
concept, optical design, and proof of concept results. The results demonstrated
the need for a new diagnostic such as the multi—channel probe, to minimise the
interference of shot—to—shot fluctuations on our understanding on evolving plasma

dynamics, and also to complement simulation investigations. The second results
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chapter explores the self-focusing in the preplasma of an opaque target, by using the
multi—channel probe to measure the plasma expansion on the front side of the target.
In this chapter nominal intensity versus actual on—shot intensity is discussed, as
maximum proton energies emerge that exceed our calculations for nominal intensity.
The final results chapter explains how the multi—channel optical probe can be adapted
for use on a femto—second laser system, towards providing femtosecond resolution. In
the experiment reported, the multi—channel probe is used to measure the propagation
dynamics and degree of filamentation evolving when x—ray harmonics are emitted
due to a newly discovered mechanism named Burst Intensification by Singularity
Emitting Radiation (BISER). This experiment involves the use of a blade in the
flow of a supersonic gas jet to generate electron injection by density transition, in
laser wakefield acceleration. The results reported demonstrate how the multi—channel
probe can enhance our understanding of laser—plasma dynamics across a range of

research areas.



DECLARATION OF AUTHORS RIGHTS

This thesis is the result of the author’s original research. It has been composed by
the author and has not been previously submitted for examination which has led to

the award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50.
Due acknowledgement must always be made of the use of any material contained in,

or derived from, this thesis.
Signed:

Date:



ACKNOWLEDGEMENTS

Thank you to the Engineering and Physical Sciences Research Council (EPSRC) for
funding this PhD, and to the Japan Society for the Promotion of Science (JSPS) for
funding my summer fellowship.

I would like to thank Professor Paul McKenna for the opportunity to complete
a PhD in his research group. Paul supported me to apply for grants to attend the
American Physical Society Plasma Physics conference in the US, and in my application
to the JSPS summer fellowship which enabled me to collaborate internationally. My
application to JSPS would also not have been a success if it were not for the
encouragement and guidance of Professor David Neely, who sadly passed away in
2020. David’s passion for science was infectious and his explanations were nothing
short of captivating. I have a fond memory of excitedly sharing the outcome of my
JSPS summer fellowship application with David in person, and Paul on the other end
of the phone. I thank both for their enthusiasm, guidance and support throughout
my PhD.

Thank you to Dr Martin King for his proofreading and support with simulations.
Thank you to Dr Ross Gray, my original supervisor and the inventor of the multi-
channel probe, who offered me this PhD position.

I thank the members of the laser—plasma research groups I have worked with
based at the University of Strathclyde, University of York, University of Belfast, the

Central Laser Facility, and the Kansai Photon Science Institute, who were supportive



CHAPTER 0. ACKNOWLEDGEMENTS v

and friendly to work with. I am especially grateful to Dr Ceri Brenner and Dr Kate
Lancaster for their unwavering support on and off experiments.

My time at Strathclyde was made significantly better thanks to the friendships
built with: Jim Denholm, Bruno Gonzalez—Izquierdo, Kirsten Munro, Gail McConnell,
Alison Yao, Marco Reggiani, Jessica Gagnon, Mollie McFarlane, Jordan Murray,
Katrina Wesencraft, Samantha Hume, Sam Williamson. Thank you for cheering me
up, and on, on more than one occasion.

All of my current colleagues in Radiotherapy Physics at the Northern Centre for
Cancer Care in Newcastle upon Tyne have been a huge support this past year as I
worked full time while completing this thesis. I am especially grateful to Adriana
Paul, Marieke van der Putten, Liam Walker, and my line manager Judith Mott.

Thank you to my family and friends who have been incredibly patient, under-
standing and supportive throughout this journey. A special thanks to my parents,
my aunt Sue, and my dear friends Ailis Ovens, Eilidh Muir, Bethany Ross, Hayleigh
Jarrett, and Robyn Bell.

I dedicate this thesis to underrepresented people working in physics, who are often
the only in a room. We like to hope being underrepresented has little relevance in
how we are treated in science environments however, sadly we know this to be untrue
[1-8]. For what it is worth, this is dedicated to you: the ones who were; those that

still are; and those who just wanted to be, physicists.



ROLE OF AUTHOR

This thesis contains the research undertaken by the author throughout her PhD at the
University of Strathclyde. The results are taken from two experimental campaigns,
both of which the author played a key role in. The first experimental campaign,
reported in Chapters 4 and 5, was performed at the Rutherford Appleton Laboratories,
in Oxford, and led by Dr Ross Gray, who co—supervised this work with Prof. Paul
McKenna. The second experimental campaign was performed at the Kansai Photon
Science Institute (KPSI), in Nara, led by Dr Alexander Pirozhkov. The author’s
role pre— and post— experiment, was done so under the supervison of Prof. David
Neely and Prof. Paul Mckenna. The author’s role in the experimental design, set—up,
execution, measurement and analysis of these experimental campaigns are detailed

below.

Chapters 4 and 5: The results reported in these chapters are from one experi-
mental campaign undertaken in the first year of the author’s PhD. In this experimental
campaign the author was responsible for assisting Dr Ross Gray, Dr Bruno Gonzalez
[zquierdo, and Dr Adam Higginson in the set—up of the multi—channel probe in the
Target Area West of the Vulcan laser system. The author was also responsible for the
RCF stack and for summarising all of the data measured each day on the campaign.
Following the experiment, the author was responsible for all data analysis. Dr Martin

King performed all of the 2D PIC simulations.



CHAPTER 0. ROLE OF AUTHOR vii

Chapter 6: The data reported in this chapter was from the experimental cam-
paign performed on the J-Karen-P laser system. The author was in their second year
of their PhD when we undertook an 8 week summer fellowship funded by JSPS. The
author was responsible for the redesign of the multi—channel optical probe, and the
packing and shipping of all equipment from the University of Strathclyde to KPSI.
Under the supervison of the principal investigator of this collaborative experiment,
Dr Alexander Pirozohkov, the author was responsible for building and alignment of
the multi—channel probe, and the calibrations. During the experiment the author was
solely responsible for the filtering and execution of the cameras implemented in the
multi—channel probe, and a daily summary of the findings in preliminary observations
to help to guide the next day of the experiment. The author analysed all of the
experimental data presented, associated with the multi—channel probe. Dr Martin

King performed all of the 2D PIC simulations and provided support in the analysis.



PUBLICATIONS

1. Influence of spatial-intensity contrast in ultraintense laser—plasma
interactions
R. Wilson, M. King, N. M. H. Butler, D. C. Carroll, T. P. Frazer, M. J. Duff,
A. Higginson, R. J. Dance, J. Jarrett, Z. E. Davidson, C. Armstrong, H. Liu,
S. J. Hawkes, R. J. Clarke, D. Neely, R. J. Gray, and P. McKenna, Scientific
Reports, 12, 1910, 2022.

2. Enhanced laser intensity and ion acceleration due to self-focusing in
relativistically transparent ultrathin targets
T. P. Frazer, R. Wilson, M. King, N. M. H. Butler, D. C. Carroll, M. J. Duff,
A. Higginson, J. Jarrett, Z. E. Davidson, C. Armstrong, H. Liu, D. Neely, R.
J. Gray, and P. McKenna, Physical Review Research, 6, 2, 2020.

3. High order mode structure of intense light fields generated via a
laser—driven relativistic plasma aperture
M. J. Duff, R. Wilson, M. King, B. Gonzalez-Izquierdo, A. Higginson, S. D. R.
Williamson, Z. E. Davidson, R. Capdessus, N. Booth, S. Hawkes, D. Neely,
R. J. Gray, and P. McKenna, Scientific Reports, 10, 105, 2020.

4. Self-referencing spectral interferometric probing of the onset time
of relativistic transparency in intense laser—foil interactions

S. D. R. Williamson, R. Wilson, M. King, M. Duff, B. Gonzalez-1zquierdo,



CHAPTER 0. PUBLICATIONS ix

Z. E. Davidson, A. Higginson, N. Booth, S. Hawkes, D. Neely, R. J. Gray,
and P. McKenna, Physical Review Applied, 14, 3, 2020.

5. An optically multiplexed single—shot time-resolved probe of laser—
plasma dynamics
Z. E. Davidson, B. Gonzalez Izquierdo, A. Higginson, K. L. Lancaster, S. D.
R. Williamson, M. King, D. Farley, D. Neely, P. McKenna, and R. J. Gray,
Optics Express, 27, 4, 2019.

6. Bremsstrahlung emission from high power laser interactions with
constrained targets for industrial radiography
C. D. Armstrong, C. M. Brenner, C. Jones, D. R. Rusby, Z. E. Davidson, Y.
Zhang, J. Wragg, S. Richards, C. Spindloe, P. Oliveira, M. Notley, R. Clarke, S.
R. Mirfayzi, S. Kar, Y. Li, T Scott, P. McKenna, and D. Neely, High Power

Laser Science and Engineering, 7, €24, 2019.



CONTENTS

ACKNOWLEDGEMENTS .ottt et e e e i v
ROLE OF AUTHOR .. oottt e e e e e e i VI
PUBLIC AT ION S . oot e e VIII
1 INTRODUCTION . .ottt e e e e e e 1
1.1 THESIS OUTLINE .« .ottt et e e e e e e 4

2 THE UNDERPINNING PHYSICS OF LASER—PLASMA INTERACTIONS .......... 7
2.l P L ASM A e 7
2.2 TONISATION PROCESSES ..ttt e e e 10
2.3 LASER INTERACTIONS WITH A PLASMA ...ttt 15
2.4 ABSORPTION MECHANISMS . ..ttt e e e 16
2.4.1 COLLISIONAL ABSORPTION ...ttt e e 17

2.4.2 COLLISIONLESS ABSORPTION . .t tte et e 17

2.5 PROPAGATION DYNAMICS IN UNDERDENSE PLASMA .................. 20
2.5.1 CHANNEL FORMATION ..ottt et e e e e 20

2.5.2 SELF—FOCUSING .« ettt ettt e et e e e 21

2.5.3 FILAMENTATION . .ottt e e e 23



CONTENTS xi

2.5.4 WAKEFIELD ACCELERATION . ...ttt 24

2.6 INTERACTIONS WITH OVERDENSE OPAQUE TARGETS .........c..c...... 27
2.6.1 FRONT SURFACE PLASMA EXPANSION .......ccoviiiiininnnnn.. 28

2.6.2 ION ACCELERATION MECHANISMS .. ..ttittitiiiininanannnns 28

3 METHODOLOGY ..ttt ittt e e e e et 31
3.1 HIGH POWER LASER FACILITIES ...\ttt iaeieeiaeeen 31
3.1.1 VULCAN, RAL ..o 32

3.1.2  J-KAREN-P, KPSI.. ..., 34

3.2 DIAGNOSTIC TECHNIQUES ...\ttt e 35
3.2.1 RADIOCHROMIC FILM .. ..o 36

3.2.2 XUV SPECTROGRAPH .. ...ttt 37

3.3 NUMERICAL MODELLING . ...ttt et e e e 38
3.3.1 HELIOS .o 38

3.3.2 EPOCH PIC ... i 39

4 THE MULTI-CHANNEL OPTICAL PROBE ........cooiiiiiiiii i 40

4.1 TEMPORALLY RESOLVED IMAGING AND LASER-PLASMA INTERAC-

8010 )£ 41
4.2 MULTI-CHANNEL PROBE DESIGN... ..ottt 44
4.3 PROOF OF CONCEPT ..ttt ettt et 48
4.4 SUMMARY AND CONCLUSIONS ...ttt o7

5 THE MULTI-CHANNEL OPTICAL PROBE & FRONT SURFACE PLASMA

DY N AMICS ottt et e 59
5.1 EXPERIMENTAL METHODS . ..ttt e e e e 60
5.2 EXPERIMENTAL RESULTS ...ttt e 67

5.3 SIMULATION RESULTS ...ttt e 87



CONTENTS xii

5.4

SUMMARY AND CONCLUSION . . .ttt ettt 94

6 THE MULTI-CHANNEL OPTICAL PROBE ON A FEMTO—SECOND LASER

SY ST EM . ettt ettt ettt e e e e 98
6.1 EXPERIMENTAL METHODS ...\ttt 100
6.2 EXPERIMENTAL RESULTS ...ttt 108
6.3 SIMULATION RESULTS ... 114
6.4 SUMMARY AND CONCLUSION ...ttt 122
7 SUMMARY AND PERSPECTIVES ...\ttt e 124
7.1 THE MULTI-CHANNEL PROBE ...\ttt 124
7.2 'THE MULTI-CHANNEL PROBE MEASURING FRONT SURFACE DYNAMICS126
7.3 THE MULTI-CHANNEL PROBE AND FILAMENTATION WHEN A BLADE
IS INSERTED INTO A GAS JET o\ttt e 127
7.4 REFLECTIONS AND FUTURE WORK ......iuiiiii it 128



CHAPTER

ONE

INTRODUCTION

The physics of high power laser—plasma interactions involves the interplay of energy
between photons and matter through ionisation and absorption mechanisms. The
study of laser-plasma interactions became established in 1964 [9-11] soon after the
invention of the laser in 1960 [12, 13|. Since then, many sub—fields of high power
laser—plasma interactions have developed, including some with promising applications,
such as: an alternative, compact particle accelerator |14, 15] and radiation source|16];
and as an environment to explore the fundamental energetic plasma physics that
naturally occurs within our universe[17].

High power lasers enable the investigation of energetic plasma processes in the
laboratory. Intensity scales with laser energy, and inversely with the irradiation area
and pulse duration. A huge step towards maximising intensity was the development of
Chirped Pulse Amplification (CPA) [18]. In 1985, Strickland and Mourou developed
a method that changed the possibilities and direction of laser—plasma interaction
physics forever. This was recognised in their shared award of the Nobel Prize in

Physics in 2018. By using a dispersive element to spectrally and temporally stretch a
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laser pulse, more energy could be pumped into the amplifying crystal and extracted
by the laser pulse without damaging the optics, before compressing the pulse duration
back down. This breakthrough changed the design of high power laser systems
across the world, and enabled experimentalists to work with relativistically intense
laser pulses (>10'"® W/cm? for A > 1um). In 1997, Optical Parametric Chirped
Pulse Amplification (OPCPA) was proposed by Ross et al. [19] to further enhance
intensities while minimising the limiting effect of bandwidth narrowing introduced
by CPA. OPCPA was designed as a simple addition to a CPA high power laser
system, whereby the stretched laser pulses would first have their frequency bandwidth
broadened through an optical parametric amplifier before continuing on the CPA
path of amplification and compression [19]. Although not necessary to achieve sub—
picosecond laser pulses, when used in conjunction with CPA, the amplified pulse
was compressed to an ultra—short pulse length (7 < 1 ps) with minimal bandwidth
narrowing, resulting in even high laser intensities.

One of the key parameters in delivering high on-target intensity is minimising
the pulse duration. Although beneficial for on—target intensities, this means that
the very environments we have created to study have very short lifetimes, and the
intricate dynamics that we are most interested in measuring evolve on femto— to
picosecond timescales. As our laser systems develop to produce shorter laser pulses,
this challenge will become harder. It is necessary we have diagnostics that can keep
up with these shortening timescales, especially imaging diagnostics that enable us to
track and measure the plasma evolution on short timescales.

A popular route to imaging laser—plasma interactions is by shadowgraphy and
interferometry via a pump—probing arrangement [20]. A probe pulse is typically a
single laser pulse created from a pick—off of the main (pump) laser pulse earlier in the

laser system chain and is a non—converging beam. A pick—off is typically used for ease
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as it has the same properties and characteristics as the main pulse, and makes timing
control simpler than using two separate laser systems. The path length of the probe
pulse, between the pick—off point and the interaction point, can be varied to control
the time at which it probes the laser—plasma interaction in relation to the main pulse.
In laser—plasma experiments, shadowgraphy is the imaging technique whereby the
region of interest (typically at target centre) is illuminated by the probe pulse, and
the areas that have density exceeding that of the critical density will appear opaque
to the probe pulse and deflect the incident photons, whereas the lower density regions
will allow the probe light to transmit. The resultant probe pulse can then be measure
by a CCD camera which detects a 2D shadow-like image. The implementation of
interferometry in laser—plasma experiments is typically in a Normarski style [21]
arrangement where a focusing lens, Wollaston prism and polariser is positioned after
the laser—target interaction region to create an interference pattern of the plasma
density that is then measured by a CCD camera [22].

Both imaging techniques are highly effective at providing insight into the prop-
agation and plasma expansion dynamics of laser—plasma interactions, however in
this typical pump-probe arrangement the frequency of probing is limited to one
image per interaction. As a workaround, many experiments have built a timing
scan of the evolving plasma dynamics by accumulating one image per interaction
while increasing the delay of the probe pulse with each repeated single laser—plasma
interaction |23]. This method requires each repeated interaction to have the same
constant laser—plasma conditions, which is often not realistically possible, especially
for low repetition rate high power laser systems [24]|. As a result, timing scans of
the evolving plasma dynamics measured over repeated interactions are susceptible
to error through shot—to—shot variations, and therefore do not give us a reliable

understanding of the evolution of a single laser pulse interaction in its entirety [25-28|.
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This challenge is not limited to laser—plasma physics either, as there are other research
areas that seek to image the evolution of stochastic events on ultra—short timescales
[25], which are not easily reproducible under the same unique conditions such as:
irreversible chemical reaction dynamics [29], and pump—probe microscopy [30].

As high power laser technology continues to develop to maximise on—target
intensity, the pulse durations, and the timescales that the laser—plasma interaction
dynamics evolve over, will continue to shorten. It is crucial that we also continually
develop our diagnostics to be versatile and reliable in measuring the plasma dynamics
on similar timescales. This thesis details the development of a novel optical multi—
channel probe technique to help address this challenge. The multi—channel probe
seeks to provide a deeper understanding of an entire single laser—plasma interaction;
minimise the effects of shot—to—shot variations and error in our understanding of the
evolving interaction dynamics; and to better complement the various sample time

frames of simulated interactions.

1.1 THESIS OUTLINE

To give the reader an understanding of the underpinning physics that will be discussed
in this thesis, Chapter 2 begins by introducing the mechanisms in which energy is
transferred from a high power laser pulse to matter, and how plasma is generated
in this process. The key mechanisms explored include: the behaviour of channel
formation, filamentation, plasma turbulence, self-focusing, plasma expansion and
XUV production which are all central to the results that follow.

Chapter 3 describes the key methods used in the experiments that will follow
and also in the supporting simulations. The experimental methods includes: the

main optical components of high power laser systems, radiochromic film, and the
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spectrometer.

In Chapter 4 the development and implementation of the multi-channel probe
is presented, along with the proof of concept results where the novel diagnostic was
implemented into a high power laser experiment for the first time. The multi—channel
probe is then used to image channel formation in underdense plasma over four
time frames, and measure the change in channel gradient as an indicator of self—
focusing. These results are also published in the author’s first, first author publication
- Davidson et al. [31]. This behaviour is measured for multiple interactions while the
pressure of the helium gas jet is increased from 20 bar to 100 bar.

Chapter 5 investigates the role of the multi-channel probe in a solid target
experiment to measure changes in the target front surface conditions when intensity is
increased by laser energy or defocus position. Measurements made with radiochromic
film and backscatter spectra are also reported to indicate any impact the changes
in method of intensity control has on proton acceleration and hole-boring velocities.
The comparison between interactions where intensity is scaled by laser energy and
defocus position was also investigated in 2D EPOCH particle-in—cell simulations, the
results of which are reported and compared to the experimental findings in Chapter
4.

In Chapter 6 the multi—channel probe is adapted for use on the femtosecond
high power laser system, J-KAREN-P, at Kansai Photon Science Institute in Nara,
Japan as part of a larger experiment investigating Burst Intensification by Singularity
Emitting Radiation (BISER) [32-34]. The results reported in this chapter explore
the propagation dynamics when a high power laser pulse interacts with a supersonic
helium gas jet plume with a steep density gradient (up-ramp) induced by a blade
positioned within the gas jet. Filamentation is the main propagation dynamic

analysed, and is quantified with an image analysis tool I developed in Python using
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signal thresholding and peak finding. The number of filaments is reported as an
indicator of energy loss in the interaction, and with this its relation to on-target
intensity and XUV production is investigated.

Chapter 7 summarises the results reported in this thesis, and discusses the future

for the multi—channel probe in high power laser—plasma interaction experiments.



CHAPTER

TWO

THE UNDERPINNING PHYSICS OF LASER-PLASMA

INTERACTIONS

This chapter discusses the fundamental physics associated with laser—plasma interac-
tions. In particular this will focus on the background physics related to this thesis,
such as: ionisation, absorption mechanisms, laser pulse propagation dynamics, self-
focusing, particle acceleration, X—ray generation, and plasma expansion, filamentation

and turbulence.

2.1 PLASMA

"What is plasma?" is typically the first question new researchers to the field of laser—
plasma physics ask. This is a deceivingly simple question with a complex answer.
Simply put, it can be described as the fourth state of matter after solid, liquid and
gas. Plasma is an ionised gas, meaning that the electrons within the atomic particles,
in the gas, have been excited by an energy source which results in some electrons

being liberated from their atoms to become "free electrons" — more on the different
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types of ionisation processes to come. However, it is important to understand that
not all ionised gases are plasma and there are several significant properties that must
be met in order for an ionised gas to be considered as one.

The first of these conditions is: plasma has quasineutral charge and exhibits
collective behaviour from external fields affecting the plasma as a whole. Due to
protons being significantly heavier than electrons, ions are assumed to be stationary
when an electric field is applied, and so the plasma motion is considered to be solely
from electrons. For collective behaviour to dominate, the scale length of the plasma
(L) must be greater than a distance called the Debye shielding distance (Ap), in all

directions, L > Ap. The Debye shielding distance is defined by:
kT,
Ap = 4] 228 (2.1)

€3N,

where ¢y is the permittivity of free space, kg is Boltzmann’s constant, T, is the
temperature of the electrons, e is the electron charge and n, is the unperturbed
electron density. Therefore, the Debye sphere is defined by a radius equal to Ap, and
beyond the Debye sphere, the electric field of a particle cannot affect other charged
particles. It is critical that many charged particles must be present within this sphere
to ensure the collective behaviour dominates the plasma entirely.

There also exists collisional and collisionless plasma. The mean—free path of a
particle is the average distance it can travel before colliding with another particle.
Collisionless plasmas are defined such that the mean—free path of the electrons is
significantly greater than the plasma scale length, L, and therefore exhibits lower
collision frequency than the plasma frequency, w,. Derived originally from Maxwell’s

Equations, the plasma frequency is defined as the rate at which electrons oscillate
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within a plasma:

Nee?

Wp = (2.2)

€0Me
where n, is the electron density of the plasma, and m, is the mass of an electron. From
Maxwell’s Equations, we know that the movement of charged particles changes the
electric field, which in turn results in a change to the magnetic field, and vice—versa.
This is crucial to our understanding of plasma behaviour, as plasma induces its
own electromagentic fields and currents, and because it is ultimately dominated by

electromagentic forces.

Maxwell’s Equations of Electromagnetism

(in differential form)

V- E=L (2.3)
€o
V-B=0 (2.4)
. . 9B

E=-—" 2.5
V x > (2.5)

= o - OE
VxB= €0J + €olbo—= (26)

where E is the electric field, p is the charge density, B is the magnetic field, J is
the current density, and pyg is the vacuum permeability.

These four equations unify electricity and magnetism, which is fundamental to
our understanding of electromagnetic waves and their propagation. However, it is
the reduction of Maxwell’s equations into the Lorentz equation that describes how

materials with charged particles are influenced by external electromagnetic fields:

F=qE+qixB (2.7)
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where F is the Lorentz force on a charged particle, ¢ is charge, E is the electric field,
U is the particle velocity, and B the magnetic field. These sets of equations are central
to our understanding of laser—plasma interactions.

Derived from the Lorentz force law, Ampere’s law and Faraday’s law, is the the
Poynting vector (5’ ) which demonstrates the energy flux density of an electromagnetic
field. From this, the laser intensity is defined as the time-average Poynting vector:
L

I=[(8)= (-

E x B) (2.8)

where E and B are the electric and magnetic field equations.

2.2 TONISATION PROCESSES

As we briefly touched on in the last section, for a plasma to be produced, ionisation
must occur. lonisation is a process that results in an atom acquiring charge by either
gaining or losing electrons. In its simplest form, the photoelectric effect is the basic
description of a primary stimulated emission ionisation process, described by Albert
Einstein in 1905, that suggests that when light is incident on the surface of a material
it can either be reflected, transmitted or absorbed. If the photon has sufficient energy
(hw), it can overcome the electron’s binding energy (Ei,,), and can be absorbed.
As a result the electron will gain this kinetic energy (Ff = hiw — Ejo,) and enter a
higher excited state before ejecting an electron of the same energy value from the,
now ionised, material. In laser—plasma interactions, intensities are so high that there
are numerous ionisation mechanisms occurring. Next we will explore the different
types of ionisation processes that occur within laser—plasma interactions, and the
laser intensities at which each process dominates.

Multi—photon ionisation is a spontaneous emission ionisation process that involves
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(a) V(x)

",

4

FIGURE 2.1 — Schematic of (a) multi-photon ionisation, and (b) above-threshold
ionisation, where Fj,, is the ionisation energy needed to overcome the binding energy
of the electron , V(z) is the Coloumb potential, x is distance, and E} is the final
energy of the electron.

the absorption of several moderately energetic photons before ejecting an excited
electron. This was first observed in 1965 by Voronov and Delone, and most commonly
occurs with laser intensities Iy, > 1 x 10'° W cm 2. Multi-photon ionisation can be
defined by:

nhw = iy, (2.9)

where n is the number of photons, and Aw is the photon energy. This process is
spontaneous, and less predictable than other ionisation processes, because it requires a
number of photons, specific to the element, to be absorbed by an atom to cumulatively
have sufficient energy to supersede FEj,,, and propel the electron from its bound state,
as depicted in Figure 2.1(a). The number of photons (n) absorbed by atom is defined

by the N-photon ionisation rate (I'y):

T, =onl" (2.10)

where o, is the cross—section of the N—photon ionisation rate. The ionisation rate

increases with increasing laser intensity, as there is a higher probability of ionisation
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with increased photon density. This becomes complex at laser intensities greater than
the atomic binding intensity, as other non—linear ionisation mechanisms dominate:
tunnelling and over—the-barrier.

The binding energy of the electron can be derived by equating the centripetal and

Coulomb forces, which counteract each other while the electron is in a stable orbit:

e
Eion = -

eV (2.11)

8megTro

where rg is the electron orbital radius, which for hydrogen is the Bohr radius ag.

The electric field strength is:

(&

E

- 9.12
dreqal (2.12)

which when combined with the Poynting vector S (equation 2.8), translates to the
atomic binding threshold intensity:

GocEg

I, =
2

(2.13)

where F, remains constant throughout laser propagation and unaffected by the laser
field.

Above threshold ionisation is similar to multi-photon ionisation, however the
electron absorbs a larger number of photons than is required for ionisation, and
gives the ejected electron significantly more kinetic energy on emission, as shown
in Figure 2.1(b). In this case, the electron has more momentum and probability of
provoking secondary ionisation than an electron emitted by multi-photon ionisation.

Tunnelling ionisation occurs with laser intensities of Iy, > 1 x 10> W cm™2 . At

these intensities, I, begins to approach the atomic binding threshold intensity of
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(a) V(%) (b) V(%)

FIGURE 2.2 — Schematic of (a) tunnelling ionisation, and (b) over the barrier
lonisation.

the material I,, and so the effect of the laser field on the atomic binding potential
must be considered. In this case, the potential well is deformed which results in the
ionisation threshold Fi,, lowering on one side and being enhanced on the other, as
shown in Figure 2.2(a). Note, the asymmetrical suppression and enhancement of the
potential well oscillates with the electric field oscillations. Quantum mechanically,
this means that the probability that the electron can now tunnel through the barrier
is finite and must be considered. This also means that if the potential well drops
below the ionisation potential barrier, Fj,,, for an even stronger applied electric
field, the barrier could be suppressed altogether giving name to "over—the-barrier"
ionisation, as shown in Figure 2.2(b). With the barrier suppressed below the ionisation
potential barrier, electrons are free to leave the potential well. This is the main
ionisation mechanism induced by high power laser pulses, where the laser intensity
(= 10" — 10" W cm™?) easily exceeds atomic binding intensity and suppresses the
ionisation barrier. For reference, the intensity threshold for barrier suppression in
hydrogen is I;, > 1x 10 W c¢cm™? [35]. This process is part of the laser field ionisation
stage. Fundamentally, plasma formation is guaranteed if the laser intensity is greater

than the atomic binding intensity, I, > I,.
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The Keldysh parameter (7y) is an approximation that offers a condition to
distinguish between when multi—photon ionisation and tunnelling may occur, it is

defined by:
2E'ion ~ Eion

~

IL 2(bpond

T = Wi (2.14)

where wy, is the angular frequency, and ¢,onq is the ponderomotive potential. The

ponderomotive potential is defined by:

2 172
e“kBf

- L 2.15
4dmw? (2.15)

¢pond =

which is a representation of the energy gained by an oscillating electron in a laser
field. The ponderomotive force, F},, pushes electrons from regions of high intensity to

regions of low intensity:
1 e R

F,=—- 5
4 ymwy

p

(2.16)

The ponderomotive force plays a role in a number of plasma dynamics, such as in
channel formation, in driving plasma waves, and laser selffocusing. The Keldysh
parameter looks at the ratio of ionisation threshold Ei,, and ¢ponq ponderomotive
potential. When 7, > 1 it is said that multi-photon ionisation occurs as the laser
has high frequency but low field strength — which leaves the potential well unaffected.
When v, < 1, tunnelling ionisation dominates with low laser frequency and strong
laser field strength that deforms the potential well and lowers the ionisation threshold.
It is important to note — these Keldysh conditions do not rule out the presence
of other ionisation mechanisms, they simply state that one ionisation mechanism
dominates over the others in these given circumstances. Quantifying the boundaries
of the switching on and off of such mechanisms is a long standing goal for many

physicists, especially when observing the interplay of complex dynamics evolving in



CHAPTER 2. THE UNDERPINNING PHYSICS OF LASER-PLASMA
INTERACTIONS 15

laser—plasma physics.

2.3 LASER INTERACTIONS WITH A PLASMA

When a laser pulse has sufficient intensity and irradiates matter, electrons can be
stripped from the material through the ionisation processes described. This depends
on the combination of laser parameters and chosen target material, since every
material has a specific electronic structure and ionisation threshold. As previously
discussed, if the incident laser pulse has energy in excess of the ionisation threshold,
the material will become ionised and the electrons will be free to move and become
a plasma. Due to the Gaussian intensity profile of a laser pulse, the ionisation
mechanism that is dominant will vary with intensity throughout the interaction.
The dispersion relation is at the root of electromagnetic wave propagation in
plasma and therefore important to understand for the role it has in laser—plasma
interaction physics. Dispersion can be described as the phenomenon whereby refractive

index (1) depends on frequency (w):
= — 2.17
n o ( )

The plasma dispersion relation, derived from Maxwell’s equations, for an electromag-
netic wave is represented by:

w? = Ak + w? (2.18)

The solutions to this dispersion relation show that laser frequencies, w, must be larger
than the plasma frequency w, in order for the laser light to propagate in the plasma.

When w = wy, the laser light is reflected from a surface of critical density (n.), defined
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by:

2
_ WLEYMe
L= le

(2.19)

o2
where v is the relativistic factor. The relativistic factor accounts for the increase
in electron mass at relativistic laser intensities, in this case the critical density is
increased and allows more propagation of laser light than previously possible at
non-relativistic laser intensities. In some cases, entire targets can become transparent
to the laser light through this process called relativistically induced transparency
(RIT). When w > wy,, n < ne, the plasma is said to be underdense; and when w < wy,
n > ne, the plasma is overdense. Underdense plasma is typically formed in gaseous
targets or within the pre—plasma expansion on the surface of solid targets. Overdense
plasma is typically formed from irradiating solid targets. In, and between, these
two density states, very different plasma dynamics can be observed. In this thesis,
chapters 4 and 6 will report underdense plasma results, while chapter 5 will report
overdense plasma results. From the plasma dispersion relation, when the critical
density condition (w, = wr) is met, ¢*k3 would tend to zero and the threshold at
which the laser can no longer propagate would be met. Below the critical density the

solution is imaginary and therefore the wave is evanescent.

2.4 ABSORPTION MECHANISMS

After the ionisation and plasma formation, the laser pulse continues to interact with
the plasma, absorption mechanisms couple energy from the laser light to the electrons,
and transfer energy to the ions, within the plasma. Absorption mechanisms can be
characterised as collisional or collisionless. The following subsections will outline the

most common of these processes.
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2.4.1 COLLISIONAL ABSORPTION

Inverse bremsstrahlung is the main collisional absorption mechanism. Bremsstrahlung
is the "braking radiation" process whereby a charged particle is decelerated in the
presence of strong electromagnetic fields, typically from a nucleus of a larger particle,
which results in the generation of an X-ray by the law of conversion of energy. Inverse
bremsstrahlung is just as the name suggests, where charged particles collide and energy
is absorbed from a photon. The result of the absorption of a photon in the presence
of an ion, accelerates an electron to carry this energy away. In low intensity regimes
(< 10 W cm™?), inverse bremsstrahlung is the dominant absorption mechanism
because the collisional frequency rate of electrons (ve;) within the underdense plasma
is significantly higher than the laser pulse duration. The collisional frequency rate

can be represented by:

3

Ve o kpTo? (2.20)

where kg is Boltzmann’s constant and 7, is the electron temperature.

2.4.2 COLLISIONLESS ABSORPTION

The laser absorption mechanisms in collisionless plasma are discussed. The move-
ment of energy in a collisionless plasma is dominated by electrostatic interactions.
Resonance, Vacuum/Brunel heating, and Jx B absorption processes are detailed

below.

2.4.2.1 RESONANCE ABSORPTION

Resonance absorption is the dominant collionless absorption mechanism for long

scale length plasmas (Lg), that are longer than the laser wavelength (Ar), for laser
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intensities between 10'2 — 101”7 W ¢cm™2. It is an electric-field-driven energy transfer
mechanism that occurs in high density plasma at the critical surface, n.. This
mechanism transfers energy by driving electrons parallel to the density gradient of
the plasma, deeper into the plasma with every electric field cycle of the laser pulse.
To do this, the laser light needs to be p—polarised, and the incident laser pulse oblique
to the target surface. As the laser pulse propagates deeper into the plasma, and the
electron density increases, the laser pulse undergoes refraction. The oblique angle
of incidence is now crucial, because it causes the laser light to arrive at the point of
reflection prematurely, when the electron density, n, = n. cos?(f), instead of at the
critical surface, n.. At this point of reflection, the laser pulse has refracted to the
point that the electric field is now oscillating parallel to the plasma density gradient,
driving electrons into reflection surface at n. cos?(f). Beyond this surface, the electric
field evanescently decays which results in the oscillating electrons having a decaying
weak restoring force which is needed to pull them back from beyond the n. cos?(f)
surface. This collisionless absorption mechanism is optimised when resonance occurs
— the plasma frequency, w,, matches the laser frequency wy,. The plasma wave of
electrons mobilised by this process oscillate resonantly at the critical surface, with
a frequency of wy,. Beyond I, > 10 W cm ™2, relativistic effects dominant over

resonance absorption.

2.4.2.2 VACUUM / BRUNEL HEATING

Vacuum heating is an absorption mechanism that occurs in high density plasma.
Although similar to resonant absorption, it is significantly less efficient as the electrons
interact with just one laser cycle. In the first half of the laser cycle the electrons are
pulled into the vacuum by the electric field, and the second half then re-accelerates

them back into the target and beyond the corrected critical surface, n. cos?(#). For
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this to occur, the laser pulse needs to be p—polarised and, unlike resonance absorption,
Ly < Ap. The efficiency of vacuum heating is dependent on the angle of incidence,
and the energy gained is on the order of the ponderomotive potential. This mechanism
also differs to resonance, in that, the electrons can easily escape the laser field beyond

the corrected critical surface, which results in a net acceleration to the electron.

2.4.2.3 JxB HEATING / PONDEROMOTIVE FORCE

For laser pulses at relativistic intensities, the magnetic field component (7' x é) of
the Lorentz equation is no longer negligible and the J x B collisionless absorption
mechanism dominates for interactions with solid targets. For this process to occur,
high density plasma is needed with a linearly polarised laser pulse interacting at a
normal angle to the target surface. At normal incidence the electric field component,
of a linearly polarised pulse, is perpendicular to the target surface, which optimises
the J x B force driving the electrons longitudinal oscillation into and beyond the
critical surface, along the laser direction. The force applied to the electrons along the

laser k—vector direction, by the J x B mechanism is:

2

!
T cos(2wrt)) (2.21)

= me&_fo 1-—
F=-—"2201-
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where e is the ellipticity of the laser and e; = 0 for linearly polarised light and ey = 1

for circularly polarised light.

The first term in the equation, —%%’, is the ponderomotive force —which will

l—e

1+e

2
be described in more detail in the next section. The second term, —% cos(2wyt), is
1
the J x B component which drives the electrons along the laser axis oscillating at
2wy,. This second term demonstrates that the J x B heating is maximised for linearly

polarised incident laser light, when e; = 0. As the longitudinally oscillating electrons
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approach the critical surface, some can be accelerated beyond the influence of the
restoring force from the laser field, yielding a net energy gain. Jx B heating is the
absorption mechanism in high density plasma that occurs when the magnetic field

dominates and the Lorentz force occurs.

2.5 PROPAGATION DYNAMICS IN UNDERDENSE PLASMA

At higher intensities, the dominant effect is from the ponderomotive force. This is a
time integrated force exerted on electrons that is proportional to the gradient of the

electric field squared,

62

Fo=_ E? 2.22
P 4mew? v ( )

where VE is the gradient of the electric field. Due to the transverse intensity profile
of the laser, this results in electrons moving with an overall drift velocity from high
intensity regions around the propagation axis, to lower intensity regions towards the
outer edge of the laser pulse spatial profile. The ponderomotive force is described
as time integrated as the electrons oscillate about back and forth while travelling
to the outer edge of the laser profile, as depicted in Figure 2.3. The restoring force
opposing the ponderomotive decreases with time until the electrons cannot be moved
any further at the laser spatial edge in the focal plane. The ponderomotive force
is responsible for driving a number of effects that can be observed when a laser

propagates in an underdense plasma, such as channel formation and self focusing

[36].

2.5.1 CHANNEL FORMATION

The ponderomotive force results in the gradual build—up of electron dense channels

either side of the path of the laser pulse as it propagates. During laser propagation,
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FIGURE 2.3 — Schematic of the radial view of an incoming laser pulse demonstrating
the intensity I(r) and electrical field E(r) gradients increasing towards the centre of
the focal spot (r=0), and the depleting restoring force of electrons (green spheres)
around the radial axis as they move from regions of high intensity to low intensity.

the ponderomotive force expels the electrons from the peak of the pulse, sweeping
them out towards the wings of the laser pulse intensity profile. This time-integrated
build—up of electrons on the wings joins together to form channel walls while leaving
an ion cloud contained in the channel centre due to the growing charge separation
forces and the ions having greater mass. The channel walls can be used to guide
the remains of the laser pulse that follows. Channel formation is an advantageous
effect to exploit for some laser—plasma fields of research, such as for guiding injection
in laser wakefield acceleration, and guiding the main pulse in fast ignition inertial

confinement fusion [37, 38|.

2.5.2 SELF-FOCUSING

Self-focusing is a non-linear, self-generated effect where the laser converges to a
point earlier than the natural beam waist as a result of plasma dynamics [39]. The
typical characteristics of this are the steepening of the channel walls, increase in
channel gradient, and decrease in channel width with propagation distance. The two

main causes for self-focusing in plasma are ponderomotive and relativistic effects.
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I Ne n

FIGURE 2.4 — Graphical representation of the radial intensity profile about the laser
pulse central axis; the subsequent electron density profile due to the ponderomotive
force, and the resultant refractive index profile leading to selffocusing of the laser
pulse.

Just as the laser pulse propagation affects the motion of free electrons, the
movement of the free electrons then alters the behaviour of the propagating laser
pulse. In response to the intensity profile of the incoming laser pulse, as shown in
Figure 2.4, the ponderomotive force redistributes the electrons to the wings of the
laser pulse increasing the electron density (n.) here [36, 39]. As the electron density
increases, the plasma frequency increases (w,), which in turn affects the refractive
index (n):

n=/1— (:’—i) (2.23)

and so the refractive index changes non-uniformly on the laser profile. This change in
refractive index results in a positive lens effect when g—z < 0, where 6r is the change
in radial coordinate.

Relativistic self focusing is also the result of a non—uniform change in refractive
index across the spatial profile of laser pulse. However, it is induced by the high
intensity profile of a laser pulse producing relativistic electrons at the centre of the
focal spot. Due to relativistic effects, the electrons gain relativistic mass and their

oscillations decrease in frequency [40, 41]. This changes the profile of plasma frequency,
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as it increases towards the outer edge of the profile. The refractive index changes
with the ratio of the speed of light to the phase velocity, and so the non—uniform
refractive index profile is shaped. This results in the centre of the beam having a
lower refractive index than at the wings, as shown schematically in Figure 2.4. In
the correct environment, relativistic self-focusing can also counteract diffraction so
that the two competing processes are balanced over many Rayleigh ranges [36]. For
this balance to occur, the laser pulse power, Py needs to be greater than the critical

power, P, which can be expressed by:

2
Py > Po = 17.4-2[GW] (2.24)
W

p

2.5.3 FILAMENTATION

Filamentation is a non-linear transverse instability that causes the laser pulse to
break up into micron scale high intensity branches, known as filaments [42, 43].
The onset of filamentation can be seeded by a number of instabilities such as laser
break—up which can be due to an extremely strong positive lensing effect driven
by self-focusing, and the electron density build—up from the ponderomotive force
becoming too high. These filaments can be seen growing during an interaction through
shadowgraphy or interferometry imaging techniques, and are indicative of inefficient
energy coupling between the laser and plasma. It is understood that filamentation
occurs as a result of opposing forces on the electrons from the ponderomotive force
and self-focusing. Ultimately this results in a loss of laser intensity which decreases

the energy transferred to the free electrons.
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FIGURE 2.5 — Schematic depicting laser—wakefield acceleration as electrons surf on
the wake of a plasma wake accelerated by a laser pulse.

2.5.4 WAKEFIELD ACCELERATION

Laser wakefield acceleration (LWFA) is an electron acceleration scheme that utilises
the trailing wake from a high intensity laser pulse propagating in underdense plasma,
which ultimately generates a plasma wave [44]. Figure 2.5 shows a simple schematic
of electrons surfing on a the wake of a plasma wave. As the high intensity laser pulse
drives forward through the low density plasma, the ponderomotive force sweeps the
electrons out of the laser path, leaving behind ions, as already discussed. A strong
charge separation is generated as a result, and in response the electrons accelerate
back to their initial position but overshoot. In overshooting and rebounding, the

electrons oscillate about this point at a high plasma frequency defined as:

Wy = <:10i20>2 (2.25)
- thus forming the plasma wave. The strong charge separation leads to very large
electric fields across the wakefield, which accelerate electrons over long distances. The
electric field strength made possible in this regime surpasses the maximum acceleration
gradients available in conventional radiofrequency—dependent accelerators by three
orders of magnitude [45|, making LWFA an even more promising field. As the

electrons gain momentum (py) due to the ponderomotive force (F},) pushing them
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forward, the electric field (E) experienced by the electrons from the plasma wave
increases as:
ldp, 1 e

2
E, = —— = A_l’ym—w%caowlo cos(wpt) (2.26)

and hence accelerates them to very high velocities [45]. A one dimensional approxi-
mation for the peak electric field achieved during LWFA was proposed by Dawson
[45, 46]:

B = 96,/n, (2.27)

meaning that for a typical plasma density of n, = 1x10' cm™3, then E}'? &~ 96GV/m.
When the velocity of the background plasma of density (n.) exceeds that of the
plasma wave, the plasma wave is said to undergo wavebreaking, whereby some of
the plasma electrons themselves are accelerated beyond the restoring force and the
plasma wave structures is lost. For this wavebreaking condition to occur, it is assumed
that the plasma wave is quasi—static with adiabatic propagation [47]|. This process
can be thought of as similar to when sea water breaks through a wave which was
originally travelling much faster. In LWFA, wavebreaking ultimately leads to plasma
electrons outrunning and escaping the plasma wave, which is not an ideal accelerating
condition. To avoid electrons escaping the plasma wake prematurely, and to postpone
wavebreaking, the length of the acceleration range [48] (which is dependent on the
Rayleigh length, Zg) can be extended, and the electrons can be "trapped". Electron
trapping is a name given to electrons that are accelerated in the wake of the driving
plasma wave. The Rayleigh length of the laser pulse is dependent on the laser
wavelength and focal spot size where Zgr = ¢, and so the plasma wavelength is
usually longer than the pulse length (A, > 7). There are various techniques proposed

to enhance the trapping of electrons, such as self-injection [49], optical injection|50],

ionistion induced injection [51]|, but we are going to focus on discussing density
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transition injection [52| as that technique is used in one of the experiments reported
in this thesis.

Density transition injection is a technique based on tapering the density of the
gas jet plume target either upward (called a density "up ramp") or downward (a
density "down ramp") relative to the direction of the incoming laser pulse [52]. It was
suggested by Bulanov [52] that a density down ramp, increases the plasma wavelength
as the density decreases during laser propagation. In turn, this then lowers the phase
velocity that the electrons need in order to be trapped in the wake of the plasma
wave, called the trapping threshold. This technique has been shown experimentally
to aid electron trapping, peak acceleration energies and energy spread |24, 53, 54].
The severity of the density gradient depends on the method implemented to shape
the density ramp. The method used in this thesis, was the insertion of a razor blade
in a supersonic gas jet which created a steep density jump by generating a shock
front for the incoming laser pulse to transition —similar to the set—up reported by
Schmid in 2010 [54]. In 2017, it was proposed from simulations by Esirkepov [55] that
the addition of a blade in the flow of a supersonic gas jet can control self-focusing by

the sharp density jump it generates.

2.5.4.1 BISER

Burst Intensification by Singularity Emitting Radiation (BISER) was proposed by
Pirozhkov in 2017 [34], and is a process whereby coherent x-rays are emitted from
a relativistic laser—plasma interaction. As previously described, in LWFA a plasma
wave is generated as a high intensity laser pulse drives through underdense plasma.
As the pondermotive force continually pushes the electrons away from high intensity
regions, cavity walls are formed as the electrons are swept aside as the plasma wave

moves forward with the laser field. The multiple streams of the oscillating electrons



CHAPTER 2. THE UNDERPINNING PHYSICS OF LASER-PLASMA
INTERACTIONS 27

Constructive
interference

Density spike

- ”l' F
Po oo @0 o

Multi-stream flow

. € o= L

‘ - -
Seen by . 3
observer Density spike

B

y § . ¥ 7 e\_\“g \\ "Vl“.
.......... o
Ll edooo oo 8 —-
Elementary emitters R e S

FIGURE 2.6 — Schematic of BISER taken from collaborator [34]. (a) The formation
of a density spike through the convergence of a multi-stream flow. (b) Depiction
of the laser pulse propagating through plasma and the emission of x-rays from the
density spikes, which were focused through imaging optics and measured by a lithium
fluoride (LiF) plate. (¢) A zoomed in section of the density spike region of the plasma
wake from the multi-stream flow of electrons sidelined by the laser field. (d, e) The
density spikes form at regions of density catastrophe—point-like cusps and folds in
the multi-stream flow.

at the cavity walls converge at the intersection of the bow wave and wake wave as
shown in Figure 2.6. This leads to a high density spike emerging from constructive
interference [34, 56]. It is within these point—like, high density sources, also called
"singularities", that odd and even harmonics are generated within the spectral range
of 60 to 360 eV (down to ~ 3.5 nm harmonic wavelength) [32, 33]. The harmonic
generation, and location of where BISER occurs, is dependent on the structure of
the wake as this determines where the high—density spikes emerge as the interaction

evolves.

2.6 INTERACTIONS WITH OVERDENSE OPAQUE TARGETS

This section details the main plasma dynamics which occur when a high power laser

pulse interacts with a solid, opaque target. The interaction dynamics depend on the
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laser intensity, wavelength, spot size, contrast, target material and thickness.

2.6.1 FRONT SURFACE PLASMA EXPANSION

Despite efforts to produce a laser pulse with little contamination from pre—pulses
or Amplified Spontaneous Emission (ASE), an undesirable low intensity temporal
pedestal produced by spontaneous emission in the gain media early on in the laser
chain typically occurs which results in preheating of the incident target surface.
Preheating can lead to plasma expansion on the front side of the target before the
leading edge of the main pulse has interacted with the target. This premature plasma
expansion is called preplasma, and can affect the efficiency of energy absorption and
ion acceleration [57-63|. In addition to the effects of ASE or pre—pulses, the heating
and pressure gradient as a result of the main laser pulse interaction would induce
plasma expansion from the target into the vacuum. where the density of the plasma
would decline exponentially:

—

Ne(x) = nge ™ (2.28)

where x is the distance away from the front of the target surface, L is the plasma

scale length as previously defined, and ng is the initial solid density of the target.

2.6.2 ION ACCELERATION MECHANISMS

Depending on the intensity of the incident laser pulse, a number of mechanisms
can occur which will accelerate ions. Fundamentally, the forces driving these ion
acceleration mechanisms can be categorised as either electromagnetic or hydrodynamic
[64]. Those driven by electromagnetic forces include, target normal sheath acceleration
(TNSA), radiation pressure acceleration (RPA), Couloumb explosion acceleration

(CEA), skin—layer ponderomotive acceleration (SLPA), ion solitary wave acceleration
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(ISWA), laser break-out afterburner (BOA), and collisionless electrostatic shock
acceleration (CESA) [64]. However, in the experiments discussed in this thesis,
TNSA, RPA Hole-Boring and Light Sail modes, are most relevant, and are each

shown in Figure 2.7.
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FIGURE 2.7 — Schematic representing the process of particle acceleration mechanisms
in laser—solid interactions (a) TNSA, (b) RPA hole boring, and (c) RPA light sail
mode.

TNSA was proposed by Wilks [65] in 2001 and involves the generation of an
extremely strong electric field sheath (on the order of TV /m) on the target rear
surface. When a high intensity laser pulse (greater than 1 x 10*® W ¢cm™2) interacts
with a foil target of micron scale thickness, relativistic electrons are generated as
a result and driven by the laser field through to the rear side of the target. The
relativistic electrons collecting at the rear of the target generates a strong electric
field which accelerates ions to multi-MeV energies, typically from a contaminate
layer on the rear side of the target, escaping into the vacuum. Radiation pressure
acceleration is the dominate acceleration mechanism for targets between micrometre
and nanometre scale thickness when the incident laser pulse intensity is greater than

1 x 102" W ecm™2 [66]. At these ultra-high intensities, the critical density surface



CHAPTER 2. THE UNDERPINNING PHYSICS OF LASER-PLASMA
INTERACTIONS 30

is deformed due to the extremely high laser pressure driving forward. The critical
density surface bends inward, as if being imprinted upon by the Gaussian shape of
the focal spot. The velocity at which the critical surface recesses due to RPA is
called the hole-boring velocity. The motion of the critical surface into the overdense
plasma generates an electrostatic field, as a charge separation layer emerges. This
electrostatic field contributes to the ion acceleration as a result. For even higher laser
intensities, the radiation pressure can be strong enough to push through the entire
target. This is called the Light Sail mode and dominates over hole-boring RPA at
these higher intensities and for targets of nanometre scale thickness. Light sail mode
is optimised when the radiation pressure is balanced with the electrostatic plasma
pressure, which is dependent on both laser and target parameters. If the target is
not of sufficient thickness, charge separation cannot be established and Coulomb
explosion of the ions will follow. However, if the target is too thick, the increase in

plasma mass will lead to sub—optimal acceleration.
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METHODOLOGY

In this chapter we discuss the main optical technology behind high power laser
systems and, in particular, the details of the two high power laser facilities used in the
experiments reported in this thesis. The main diagnostic throughout this thesis is the
multi—channel optical probe, the development of which is discussed in detail in the
chapters that follow, however, in addition to the multi-channel probe, this methods
chapter details how radiochromic film and an XUV spectrometer were implemented

as supporting diagnostics, and which simulation methods were used.

3.1 HIGH POWER LASER FACILITIES

High power laser systems are of course central to high power laser—plasma experiments.
As previously explained in Chapter 1, CPA and OPCPA were the breakthrough
developments that enabled higher intensity laser pulses to be produced [18, 19]. Prior
to the installation of CPA in high power laser systems, the peak intensity achievable

was limited to ~ 10'® W/cm?. CPA enabled higher energy pulses to be used, and
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OPCPA addressed the undesirable side effect of bandwidth narrowing caused in the
CPA process [19]. Together, pulse duration and energy could be optimised to push
the boundaries of high intensity laser pulses up to 10** W /cm? peak intensity [67].
Another undesirable effect of the amplification process in high power laser systems,
is Amplified Spontaneous Emission (ASE). ASE is the amplification of low energy
photons, which are produced through spontaneous emission from excited atoms
within the lasing gain medium. It is important to note it is the emission of coherent
photons via stimulated emission that is desired, as opposed to low energy photons
being emitted sporadically in time and space, in any direction. Unfortunately, this
contributes to optical noise which is then amplified later on in the laser chain. The
contribution of ASE modifies the ideal Gaussian temporal-intensity profile of the
main laser pulse manifests itself as a plateau shaped, temporal "pedestal" intensity
profile either side of the main pulse [68], which can be of nanosecond scale duration.
This is undesirable as it causes the early onset of ionisation, pre—plasma formation
and can seed instabilities all before the pulse arrives at the target. The severity of
the pedestal can be quantified as a ratio (R = Ijea/I,) comparing the peak intensity
(Ipeak) of the main laser pulse to the pedestal intensity (/,,), this parameter is termed
as the laser temporal-intensity contrast ratio [68]. The higher the contrast the more
prominent the main pulse is relative to the ASE, which is of course desirable if
ASE effects are to be minimised. The laser pulse contrast ratio can be improved
by "pedestal cleaning", either by the implementation of additional Pockels cells or

plasma mirrors [68, 69].

3.1.1 VULCAN, RAL

The Vulcan laser system is based at the Central Laser Facility (CLF) at Rutherford

Appleton Laboratory, in Oxfordshire. Vulcan is a versatile high power, neodymium-—
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FIGURE 3.1 — Flow diagram of the key components in the Target Area West (TAW)
laser chain at Rutherford Appleton Laboratory.

glass (Nd:Glass) eight pulse laser system with six long pulse, two CPA, and two
target areas: Target Area Petawatt (TAP) and Target Area West (TAW). The
Nd:glass lasing medium provides a central wavelength emission of 1054 nm [70]. In
the experiments discussed in Chapters 4 and 5, the TAW arm of the Vulcan laser
system was used in dual pulse mode for pump and probing. TAW receives two short
pulse interaction beam lines (/ps), and six additional long pulse beams (~ns). As
shown in Figure 3.1, from the mode—locked Ti:sapphire oscillator, which is pumped
with neodymium-doped yttrium aluminium garnet (Nd:YAG), the laser pulse is first
stretched before passing through a series of amplifiers, and then split in two for dual
pulse mode. From here, the main interaction pulse undergoes additional amplification,
before both laser pulses are compressed to durations between 0.5 - 1 ps. As a result

of the extensive amplification chain built into the laser system, both beam lines have
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the ability to deliver up to 250 J on target. In the experiments discussed in this
thesis, the maximum laser energy is 248 J. The interaction beam achieved ~ 10°
W /cm? intensity, in a single 20 ps pulse, focused to a diameter of ~5.6 um (FWHM)
with a F/3 off-axis parabola (OAP), and the probe beam at approximately 108
W /cm? intensity, in a 2 ps pulse. Where F/3 denotes the f-number of the optical

system, which is the ratio of the focal length and effective aperture.

3.1.2 J-KAREN-P, KPSI
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FIGURE 3.2 — Diagram of the main stages in the J-KAREN-P laser system.

The J-KAREN-P laser system, based at the Kansai Photon Science Institute in

Kizugawa, Japan, is a 0.1 Hz repetition-rated, Ti:sapphire, high-power laser with
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a central wavelength of 810 nm. Utilising double-CPA and OPCPA techniques |71,
72|, the system can produce pulses with a maximum on-target energy of 30 J in ~
30-40 fs pulse duration resulting in a peak on—target power of ~1 PW with a peak
intensity of ~ 10! W/cm?, when using an F/2 OAP. In the experiment discussed
in Chapter 6, the J-KAREN-P laser was operated with 0.4 J pulse energy in 27 fs
pulse duration and an F/9 OAP was used to extend the acceleration range during
the interaction, which resulted in a FWHM focal spot of ~10 um. In this set—up, the
peak laser intensity achievable on-target is ~ 10'® W /cm?.

Figure 3.2 is a simplified flowchart diagram of the main components of the J-
KAREN-P laser system [71, 72]. These include saturable absorbers and Pockels cells
to minimise ASE and clean the pedestal in the pulse profile, and an acousto—optic
programmable dispersive filter (AOPDF) to assist in shaping the pulse profile. The
laser system uses double CPA architecture to maintain the high intensity contrast
(10'2) achieved in the pulse cleaning and shaping stages. A series of Ti:sapphire
amplifiers are used to gradually increase the laser energy from 220 mJ to 60 J, before
compression, after which the high power laser pulse is transported to the target area
[71, 72]. Unlike Vulcan, TAW, there is no dual pulse mode to utilise for pump—probing
technique, so a pick—off is taken from the main pulse as it enters the target area

before the main pulse is focused down by the OAP.

3.2 DIAGNOSTIC TECHNIQUES

In addition to the multi—channel probe, radiochromic film and an XUV spectrometer
were key in obtaining the results later discussed in this thesis. The details of both

techniques are described in this section.
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3.2.1 RADIOCHROMIC FILM

(a) (b)

HD-V2 EBT3

FIGURE 3.3 — Diagram of the composition of (a) HD-V2, and (b) EBT3, RCF used.

Radiochromic Film (RCF) is an ionising radiation sensitive film that self-develops
through the release of dye when ionising radiation is incident on it, and is used in
a range of disciplines for dosimetry. RCF changes colour, as it self-develops, due
to polymerization where radiation is absorbed by photomonomer molecules in an
active layer of radiation sensitive organic microcrystal. The two types of RCF used in
the experiment later discussed in Chapter 5, are HDV2 and EBT3, the composition
of both are shown in Figure 3.3. In laser—plasma experiments, RCF is typically
used to measure the energy spectra and spatial distribution of electrons and protons
incident on the film, which have been accelerated from the laser—plasma interaction.
In the experiment discussed in Chapter 5, RCF is used to measure the energies of
the protons accelerated from the rear surface of the target. For this use, the RCF
is arranged in a stack consisting of multiple layers of RCF, interspersed with metal
filters, as higher energy particles travel deeper into the stack. The number of RCF
layers in the RCF stack design should be sufficient to capture the full range of the
accelerated protons and electrons - our stack design included in 12 layers. Due to

the characteristic Bragg peak dose deposition curve that ions have, and therefore the
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steep dose fall-off, it is relatively straight forward to extract two—dimensional spatial
information about incident ion beams in RCF stacks. The proton flux is determined
by comparing the optical density (OD) calibrated RCF film exposed to a known

proton dose from a cyclotron accelerator, where:

OD = lOgl()— (31)

Iy is the flux of the incident light and It is the flux of light that is transmitted
through the RCF. It is from the OD on each RCF layer that the energy spectrum

can be determined.

3.2.2 XUV SPECTROGRAPH

Spectrographs employ a diffraction grating, to spatially separate light by wavelength;
and a photodetector, to measure the intensity of this spectral light at each wavelength.
Depending on the range and resolution of wavelength the user wishes to measure,
different types of spectrographs are needed. In the experiment detailed in Chapter 6,
a grazing-incidence flat-field spectrograph is used to measure the spectra of XUV
generated by BISER [56]. This spectrograph uses a gold—coated collection mirror to
maximise the input light within the XUV range. The collection mirror is followed by
a spherical varied—line—space grating, leading to a back—illuminated CCD camera,
more details of the XUV spectrograph can be found in [56]. The spectrograph is
positioned perpendicular to the rear surface of the target, and magnets are positioned
between the target and spectrograph to deflect electrons away, which could interfere

with the performance of the diagnostic.
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3.3 NUMERICAL MODELLING

In laser—plasma interactions, although many complex interactions can be produced
experimentally, numerical modelling helps guide experiments and the parameters
used, and also further explain experimental results in retrospect [73]. Numerical
modelling allows us to simulate complex processes by repeating simplified calculations
over controlled time-steps. Modelling is sometimes the only method in which some
complex processes can be explored on these timescales, as they cannot be created
experimentally due to a lack in resources or physical limitations. In this thesis
simulations are used to compare to experimental measurements. There are many
types of numerical models that can be used to simulate laser—plasma interactions,
these can be categorised as hydrodynamic, kinetic, or a hybrid of both. This section
will detail the radiation—hydrodynamics code, Helios, and kinetic particle-in—cell
(PIC) code, EPOCH, used to provide insight into the experimental results later

discussed in Chapters 4, 5, and 6.

3.3.1 HELIOS

Helios is a one dimensional Lagrangian hydrodynamic model created to simulate the
evolving expansion of radiating plasmas [74|. Helios simulation code can provide
insight into the fast evolving dynamics of high power laser produced plasmas. As with
all numerical models, assumptions are required to simplify and impose limitations on
the simulations. In hydrodynamic codes, like Helios, plasma is assumed to be a fluid
and treats the movement of plasma as one entity with a fluid velocity, pressure and
density. Data set tables of materials are referenced by Helios to calculate relevant
equations of state to describe the evolving composition of the target material and

plasma during the interaction. In Chapter 5, Helios is used to simulate the front
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target surface plasma expansion and determine the simulated plasma scale length
to input into EPOCH PIC simulations. The table of properties selected for these

simulations was PROPACEOS [75].

3.3.2 EPOCH PIC

EPOCH [76] is a type of particle-in—cell (PIC) code. EPOCH is an adaptable multi-
dimensional kinetic based code that considers plasma to be made of macroparticles
with their own set of variables which influence one another and effect the plasma as a
whole [76]. Kinetic models are more realistic to what we understand to be physically
occurring within plasmas, but require higher computational power and time as a
result. The PIC kinetic algorithmic process is summarised in Figure 3.4. The user
initiates the simulation by communicating the initial conditions via an input deck.
This input deck includes details of the simulation duration, time—steps, laser pulse
parameters, target material, properties and dimensions. In the simulation results
discussed in this thesis, the input deck has parameters as close to the experiment as

computationally possible, and EPOCH was ran in 2D only.
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FIGURE 3.4 — Flow chart of the kinetic PIC process from input to output.
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FOUR

THE MULTI-CHANNEL OPTICAL PROBE

In this chapter the multi—channel optical probe and proof of concept results are
presented. We begin by unravelling the pathway that was taken in the development
of the new diagnostic from the sources of inspiration to concept, to optical design and
set-up. We will explore the motivation behind the development of the multi-channel
probe, and the reported findings to date that have highlighted the need for a new
method, such as this, to measure the evolving density structures within a single
laser pulse interaction with plasma. In the results and discussion that follows, we
demonstrate that single shot shadowgraphy of a laser-plasma interaction at one point
in time is not sufficient for characterising the propagation and plasma dynamics,
due to their transient and complex nature. To improve upon this current practice,
the multi-channel probe was developed and offers a reliable means to gain a deeper
insight into the evolving interaction dynamics by making measurements at 4 or more
time steps — which has otherwise only been approximated based on simulations of

the interaction physics.
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4.1 TEMPORALLY RESOLVED IMAGING AND LASER-PLASMA

INTERACTIONS

Temporally resolved imaging is by no means a new area of interest, and the applications
span far beyond the field of laser—plasma physics. However, as laser pulses became
shorter to achieve greater pulse power for higher on-shot intensity, temporally imaging
the ever faster evolving dynamics continues to pose a challenge. With new multi-PW
laser facilities, such as Extreme Light Infrastructure (ELI), now operating relativistic
laser pulses over femto—second timescales, the development of diagnostics able to keep
up and provide the temporal resolution required to fully characterise the ultra-fast
dynamics yet to be uncovered in these unexplored higher intensity regimes, has
never been more important. Until recently, the resolution achievable is insufficient
when compared to the resolution desired. Results from the laser-plasma community
continue to demonstrate the need for robust temporal resolving diagnostics to gain a
better understanding of the evolution of newly discovered phenomena, behaviours
and dynamics. Therefore, the growing interest and potential impact of this technique
spans across the entire laser—plasma community.

This section reflects on the milestones in temporal imaging that has brought us to
where we are now. Today, pump—probe is a standard technique used in laser—plasma
physics and in a range of areas where ultra-fast imaging is required. The pump-
probe approach to illuminate instant reactions was invented by August Toepler in
1864 who used persistence of vision to memorise and depict a blast from an electric
spark while illuminating the event with a second spark. It is from this that the
pump-probe method currently employed in laser-plasma physics was built upon.

Similarly, Eadweard Muybridge in 1877 was the first to capture multiple images
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from an array of cameras observing the evolution of a horses’ gallop on film that
could be reconstructed into a movie using his device named the Zoopraxiscope. This
breakthrough marked the beginning of temporal imaging within a single event, and
also became a classic example in demonstrating the value that temporal imaging has
by revealing new information that is critical to understanding any evolving process.
With the invention of the laser in 1960 [12], sparks and stroboscopic light sources were
replaced in temporal imaging set-ups by short-pulse laser light. Shortly following this,
in 1969, the invention of CCD cameras replaced film, which expanded the possibilities
for temporal imaging ultra-fast processes. As a result, scientific research applications
requiring high temporal resolution in small scale processes such as femto—chemistry,
in—vivo cell biology and plasma physics all advanced. It is the combination of these
innovative breakthroughs and the advancement of technology that has inspired and
enabled the development of our novel approach—to use multi-channel shadowgraphy
to image laser-plasma interactions with picosecond temporal resolution.

Due to laser-plasma interactions offering an accessible route to exotic states of
matter, including fusion plasmas [77] and as a compact source of radiation [14], it has
been a central aim to experimentally measure the temporal and spatial evolution of the
underpinning plasma density and propagation dynamics which drive the interaction
they depend on. However, the complex dynamics of these interactions evolve rapidly
on timescales less than the laser pulse (femto— to pico—seconds) and are highly sensitive
to initial plasma conditions and shot—to—shot variations in the laser pulse parameters
[24]. There have been a number of recent results that highlight the sensitivity
of the radiation source properties to changes in the laser and plasma parameters
within a narrow range [78-80]. By comparing the experimental results to numerical
simulations some of these dynamics can be elucidated, however due to limitations

in the physical processes that can be included in codes and the use of idealised
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input parameters, measurements in the laboratory give the most comprehensive
insights. There presently exists a growing need for the development of experimental
techniques which enable detailed and controlled investigation with high spatial and
temporal resolution in order to better understand the complex evolving laser—plasma
dynamics such as self-focusing [81] or the propagation of higher-order modes (such
as Laguerre-Gaussian beams) in plasma [82|. Progress in this area will open up a
new dimension of experimental measurement and provide additional capability to
quantify key factors which limit the control of laser—plasma driven radiation sources.

To date a number of experimental techniques have been developed which seek
to address this challenge such as proton probing [83, 84| and the use of a streak
camera [85, 86|. Both of these, however, have limitations, in temporal resolution
and versatility [87, 88|, and spatial dimensionality [89], respectively. Optical probing
using a chirped laser pulse [90, 91| has also been investigated to provide the temporal
resolution desired, with the dependence on pulse bandwidth, however this approach
does not work well for picosecond scale systems and lacks arbitrary control over the
temporal resolution.

Complementary to all of these, single pulse optical probing is often used over
multiple consecutive shots at varied probe timings in order to construct a temporal
series [23]. The method of building a series of single shot shadowgraphs at staggered
time intervals over repeated shots, while attempting to maintain constant conditions
has been a popular route to measuring the evolution of interactions over very short
timescales. However, due to the difficulty in ensuring all other interaction parameters
remain fixed this approach can add more uncertainty to our understanding than
it resolves. This method is inherently susceptible to changes in the interaction
dynamics due to shot—to—shot variations in the laser and plasma conditions [25-28],

including changes in the laser spatial profile, energy and spectrum. This issue can be
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compounded by the fact that many large laser systems have low shot rates and low
output stability, and therefore poor statistics with which to minimise the impact of
shot—to—shot fluctuation on measurements [25]. This is a critical limitation highlighted
as motivation for the development of alternative temporal measurement techniques,

such as the multi-channel probe [31] and time-sequence imaging by two—colour probe

[92].

4.2 MULTI-CHANNEL PROBE DESIGN

The multi-channel probe is a pump—probe system, that measures the temporal
evolution of a single laser pulse interaction by imaging the same field of view at
four varied time frames, via four probe lines. The fundamental principle of this
new approach derives from the established wavelength and polarisation division
multiplexing techniques which have been used widely, primarily, in telecommunications
for decades [93]. This concept is adapted and implemented into a design that is
appropriate for a pump—probe arrangement in a high power laser—plasma interaction
environment.

A process flow diagram of the optical probe system is shown in Fig. 4.1, which is a
culmination of the classic pump-probe concept from August Toepler, multiple imaging
via camera array systems from Eadweard Muybridge, and the encoding of laser pulses
inspired by multiplexing methods in telecommunication systems. The multi—channel
optical probe system consists of one input channel and four temporally separated
and encoded output channels which enables four separate images (via interferometry
or shadowgraphy) to be taken of the same spatial location, with independent timing
control. The multi—channel probe consists of six main parts: the pulse generator,

encoding, delay control, multiplexer, demultiplexer, and the imaging system. The
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FIGURE 4.1 — Process flow diagram of multiplexed optical probe concept. A single
ultrashort laser pulse is divided into four separate laser pulses which are uniquely
encoded by frequency and polarisation. The four pulses are independently delayed
in time and then spatially multiplexed (MUX) to propagate co-linearly in order to
optically probe a given point in space and time. The inverse process (DMUX) is
then applied to spatially separate and form an image for each of the channels. This
enables 2D spatial and picosecond temporal resolution over multiple frames with a
single laser pulse.

pulse generator is where four individual pulses are generated from an initial single seed
probe pulse. The encoder then assigns an identifiable wavelength and polarisation
key to each pulse so they can be easily distinguished. The delay control station adds
additional path lengths, specified by the user, to each probe line to achieve the desired
time delay (At). The multiplexer is where the separate encoded pulses can be made
co-linear to ensure the probe system maintains a fixed field of view when incident
on the object. The demultiplexer then spatially separates the four pulses (using the
identifiable wavelength and polarisation keys) into individual imaging set-ups. The
imaging system consists of focusing lenses and an individual CCD camera per probe
channel to maximise image resolution.

A detailed technical schematic of the optical system design for use on a high power
laser experiment is shown in Fig. 4.2. By splitting the initial P-polarised pulse in
two, one output can be frequency doubled by passing it through a f—Barium Borate

(BBO) crystal of 50% conversion efficiency. This generates 1w (1054 nm) and 2w (527
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nm) channels which can both be divided again by a beamsplitter (BS), after which
one of each harmonic is passed through a half wave—plate to give a 90° polarisation
rotation, to produce lwS and 2wS. The final result is four laser pulses (henceforth
referred to as 1wS, 1wP, 2wS and 2wP) with uniquely distinguishable combinations
of wavelength and polarisation. To enable independent timing control of each of the
laser pulses a time delay slide is included along each beam path. A time delay stage
consists of two mirrors positioned 90 degrees to one another attached to a motorised
platform so that the path length to the mirrors can be extended or reduced as the
motorised platform moves. A change of 1 cm to the path length translates to a 33.3
ps change to the arrival of the probe pulse. The individual delay stages facilitate
both fine and coarse control of the intervals between imaging, providing flexibility
to observe developments at arbritrary timesteps over a few picoseconds and at later
stages of the remnants of the interaction with larger steps of hundreds of picoseconds.

After the timing stages, the four encoded pulses are made co—linear using a
multiplexer arrangement. The 1wS and 1wP pulses are spatially overlapped using a
polarising beamsplitter (PBS). These two pulses are then spatially overlapped with
the 2wS pulse via a lw/2w dichroic beamsplitter (DBS). The final optic in the system
for recombining is a non-polarising beam splitter (BS) which enables the 2wP pulse
to overlap with the other pulses. The co-linear, temporally separated pulses are then
directed transversely, across the interaction of an intense laser pulse with a plasma,
as a single optical probe line. The transmitted probe light is then directed to the
demultiplezer, external to the vacuum chamber, where the co-linear probe pulses
are spatially split into four separate channels. Here the demultiplexer consists of a
dichroic beamsplitter and a pair of polarising beamsplitters which enables the pulses
to be split by wavelength and then by polarisation, spatially separating the four

individual pulses by their encoded keys.
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FIGURE 4.2 — Schematic of the experimental set up within the vacuum chamber
where a high power pump laser pulse is focused into a gas target and a low—intensity
probe pulse is passed through the internal multi-channel system and the demultiplex
arrangement external to the chamber. The diagram details the optical system used
in the multi-channel probe to generate the four uniquely encoded laser pulses, delay
them in time, spatially multiplex and then demultiplex after the interaction point
(object) to image the individual channels.

The initial design of the imaging system consists of a Normarski-type interferom-
eter [21] by passing each pulse through a Wollaston prism and a polariser to produce
an interference pattern [22]. Each of the channels is then imaged into a separate
Andor Neo sCMOS camera. The use of interferometry is intended to give a direct time
resolved measurement of the evolving plasma electron density [94]. The multi-channel
probe system can be adapted for both interferometry and shadowgraphy.

In designing the optical set-up important considerations had to be made to ensure
the spatial and temporal resolution desired were optically achievable. To minimise
energy loss, the number of optics that each probe pulse was to travel through was
reduced. This consideration also included configuring the order of optics that splits the
probe pulse energy as equally as possible between each of the 4 probe channels, while

keeping the set-up compact. To ensure the spatial information between the channels
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were not easily exchanged, hence disrupting the temporal resolution, polarisation and
wavelength encoding parameters were chosen that were not closely related. This is a
limiting factor in extending the multi-channel encoding concept beyond four channels,
as quarter wave-plates and third harmonics would diminish the clarity between, and

imaging quality of, the probe channels.

4.3 PROOF OF CONCEPT

The new optical probing technique was first tested in an intense laser—plasma inter-
action experiment. The multi—channel optical probe enables direct measurement of
the propagation of a relativistically intense laser pulse in a high density sub—critical
[95] plasma medium during a single pump pulse interaction. The experiment was
performed at the Rutherford Appleton Laboratory, Oxfordshire, UK, using the Vulcan
Nd:Glass laser system in a dual short pulse beam configuration - one used for the
interaction and other for the probe. The probe beam used was picked off from the 20
cm diameter probe beam with a total energy of ~30 J and a pulse duration of ~ 1
ps. The resultant picked off probe beam was 2.54 cm in diameter with 480 mJ total
energy.

The intense laser plasma interaction was driven by a 1054 nm laser with 150 J
pulse energy and 20 ps duration at full width at half maximum (FWHM). The laser
pulse was focused to ~ 5.6 pm (FWHM) using an F/3 off-axis parabola, reaching a
peak intensity of ~ 1 x 10® W /ecm?. The laser pulse was focused to the centre of
a helium gas jet target, which was operated at pressures of up to 100 bar, reaching
electron densities of up to 1 x 10%* ecm™ (0.1 n. [95]).

The optical probe was timed relative to this high intensity laser pulse using a

streak camera, as described in Chapter 2. Although the streak camera could reach
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sub—2 ps temporal resolution, the timing resolution between the optical probe and
the high intensity pulse was found to be ~ +£10 ps. This was due to jitter in the
electrical signal used to trigger the streak camera. The time delay for each pulse
was adjusted using a time delay slide which had 2 ns (60 cm) maximum range
of motion in a double pass configuration. A magnescale encoder was used with a
position accuracy of ~ 10 pm (=~ 30 fs). Initially all four optical probe pulses were
overlapped in time with the high intensity pulse and then moved in time to provide
measurements at defined points in time during the interaction. As shown in Fig. 4.2,
a combination of transmissive and reflective optics were used, after the time delay
system, to achieve spatial overlap between the four pulses. This process resulted
in significant energy losses in some of the channels. The transmission through the
multiplexer was calculated to be 0.125E; (1wS), 0.25E; (1wP), 0.06E; (2wS), and
0.06 E; (2wP), where E; is total input laser energy of the initial single probe pulse.
After the optical probe passed through the plasma and the individual pulses were
spatially separated in the demultiplezer system, the remaining sections of the optical
probe were set up to act as a Normarski-type interferometer for each of the pulses.
Although interferometry was tested and demonstrated to work during the experiment,
the reduction in signal caused by the introduction of a polariser and Wollaston
prism was found to reduce the signal-to-noise ratio, noise being predominantly self—
emission, to an unacceptable level during high power laser shots. In future set—ups
the temporal gating of the CCDs could be reduced to minimise the contributions
from self-emission. The data and analysis presented in the following sections is
therefore limited to shadowgraphy measurements only. The field of view of the optical
probe imaging system was ~ 0.6 mm x0.5 mm with a resolution of ~ 7 ym at lw
and ~ 3.5 ym at 2w, in both dimensions, and magnification of ~ 29, for each of the

channels.
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Fig. 4.3(a)-4.3(d) shows example measurements of the interaction of the intense
laser pulse with a helium gas target at a gas pressure of P = 99.7, 98.1, 95.1 and 41.1
bar respectively. From left to right in Fig. 4.3, each of the separate output channels
of the probe are shown for fixed timings relative to the peak of the laser of t = 0, 12,
167 and 217 ps, respectively. In these images the temporal evolution of a laser—driven
plasma channel is clearly observed. The formation of such a channel is expected
around the focal region due to the time-averaged ponderomotive force [36, 96|, which
acts to accelerate electrons away from regions of locally high intensity [23, 36]. This
depletion of electrons from the focal region results in an intensity dependent change in
the refractive index [97]|. For the approximately Gaussian focal spot distribution used
in this experiment, the wings of the spatial-intensity profile of the laser propagate
faster in the plasma than the intense centre due to the higher electron density at edges
of the channel, resulting in a rapid self-focusing of the beam [81]. The peak laser
intensity in this experiment is only slightly above the 1.24 x 10'® W /cm? relativistic
threshold for the 1.054 pym wavelength used here. In this regard, the plasma electron
Lorentz factor is close to unity and so we expect ponderomotive self-focusing effects
to dominate at early times. However, given sufficient ponderomotive self-focusing,
relativistic effects could play a role near the peak of the pulse [81].

The most salient point to be taken from these proof of concept measurements
is the observed variability in the channel evolution due to the large dependence on
initial conditions, despite there being only small fluctuations in the laser and gas
target parameters. Across the three examples of repeated laser shots Fig. 4.3(a)—
4.3(c) the average gas pressure is (98 £ 2) bar (£2%) and the average laser energy
is (1568 £ 5) J (£ 3 %). In this range we observe the early evolution of the channel
to change substantially. While in all cases there is a small region of plasma which

forms at early times and then rapidly evolves into a full channel within 12 ps, in Fig.
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FIGURE 4.3 — Shadowgraphy measurements of each probe output channel from the
experiment for (a) F = 162.2 J, P = 99.7 bar (b) F = 158.9 J, P = 98.1 bar (c¢) £
= 1522 J, P = 95.1 bar, and (d) £ = 148.9 J, P = 41.1 bar. (e) Averaged half-angle
divergence of the plasma channel wall evolving at 0, 12, 167 and 217 ps measured
directly from the sets of images (a)-(d).

4.3(a) and 4.3(c) we observe an earlier onset of the full channel. This variation in
the channel growth does not appear correlated with higher laser energy and plasma

density alone, as in Fig. 4.3(c) both of these parameters are lower than in 4.3(b)
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where the early onset of the channel is not observed in the 1wS measurements. This
earlier onset of the channel formation will induce self-focusing and, at these densities,
beam collapse [96].

In the 1wP measurements (¢ = 12 ps), a larger degree of filamentation is clearly
observed for Fig. 4.3(a) and 4.3(c) where the channel formation occurred earliest.
This early time channel evolution is induced by small random variations in the laser
- such as an additional prepulse - or plasma parameters, and is a quintessential
example of the utility that the multi-channel optical probe can provide. In a standard
single channel optical probe arrangement the temporal dynamics are extracted over
consecutive repeated laser shots, where it is difficult to differentiate the evolution of
the plasma dynamics from random fluctuations in the initial conditions. Relying on
repeated laser shots to build a timing scan would be similar to piecing together 1wS
from (a), 1wP from (b) and 2wS from (c).

The measurements for the later channels show a stagnation of the channel evolution
for t >150 ps. This is because, as well as the laser field no longer being present to
interact with the plasma, the plasma temperature will be decreasing with time and
dispersion will be slowing. The electrostatic force between the electrons within the
channel walls and the ion cloud which is left in the centre, will push the channel
walls outward. This effect will being to stagnate as the force weakens in time as
the channel disperses. The 2wS and 2wP channels both suffer poor signal-to—noise
ratio due to the presence of self-emission in the plasma which provides a source of
noise in the image. The stagnation in the evolution of the channel is clearly observed
in Fig. 4.3(e) where at early time the channel half angle is shown to grow rapidly
then saturate on time scales longer than the laser pulse duration. The half-angle 6
is measured as defined in Fig. 4.3(d), overlaid on the the 2wP channel. The initial

half-angle of the channel shown in Fig. 4.3(a)-4.3(c) is approximately 10°, which is
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expected for the F/3 focusing geometry used in this experiment and suggests that
limited ponderomotive self-focusing has occurred early in the interaction. Later in
the interaction for ¢ > 12 ps the half-angle of the channel has increased up to near
15° which is approaching an F/2 focusing geometry, induced by self-focusing of the
laser pulse. The measurements at late time show an even steeper profile which is
approaching an F /1 focusing geometry, which has then saturated by the final time
step. This is also explained by the drifting in channel walls due to electrostatic
force from the ion cloud. In addition to the images shown in Fig. 4.3(a)-4.3(c), this
measurement is also made, for comparison, for P = 41.1 bar and F = 148.9 J in
Fig. 4.3(d) and the evolution is quite different. At early times breakdown of the
background gas is observed but the full channel has not yet formed. For ¢t > 12 ps a
channel is present with a half-angle which approaches the initial F/3 geometry and

remains approximately constant for the succeeding time steps.
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100 bar

FIGURE 4.4 — Electron density plots from three 2D PIC simulations with helium
gas pressures 40 bar in (a) and (d), 70 bar (b) and (e), and 100 bar in (c) and (f),
sampled at time frames 0 ps and 12 ps - similar to the probe delay timings. Where
the colour bar represents the electron density normalised to the critical density.

For comparison to the experimental proof of concept results, a series of three 2D
PIC simulations were performed for a laser pulse with fixed peak intensity propagating
in a range of helium gas pressures (40, 70 and 100 bar). As shown in Fig. 4.4, each
simulation was sampled at two time frames, 0 ps and 12 ps, matching that of the
earliest two channel timings from the multi-channel probe experimental set-up (1wS
and 1wP). In Fig. 4.4 (a)-(c) at 0 ps, there is little to no evidence of the early onset of
a channel forming, unlike the shadowgraphs measured experimentally in Fig. 4.3 1wS
column for similar gas pressures. In Fig. 4.4 (d)—(f) at 12 ps, the channel has formed
but the degree of filamentation and propagation depth varies with gas pressure. The
depth of propagation decreases with increasing gas pressure, while the degree of beam
break-up and filamentation increases with gas pressure. This is contrasting with the
measurements shown in Fig. 4.3, where filamentation is maximised for the lowest

pressure of 41.1 bar in 1wP (d), whereas at the lowest pressure of 40 bar in Fig. 4.4
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FIGURE 4.5 — The average channel gradient as a function of increasing pressure at
probe timings: (a) 1lwS 0 ps, (b) 1wP 12 ps, (¢) 2wS 167 ps, and (d) 2wP 217 ps.
(d), filamentation is minimised most. The depth of propagation does not change
with pressure in the experimental measurements, although some beam break-up may
have occurred at the higher gas pressures as shown in Fig. 4.3 (a)—(c). The main
conclusion from this simple comparison is that conceptually, it has been shown that
the multi-channel probe provides deeper insight into the evolving dynamics at this
resolution compared to both simulations and the method of building a temporal scan
via repeated shots (without reproducible conditions). Simulations cannot capture the
realistic fluctuations in laser pulse and prepulse parameters which have been shown
to change the initial conditions and subsequently effect the seeding of instabilities.
Following the proof of concept, the experimental campaign continued exploring
the temporal behaviour measured over a finer range of gas pressures in otherwise
fixed laser pulse parameters. Similar to the proof of concept, the laser energy was
maintained at (150 £+ 5) J and with the point of focus set 2.8 cm above the gas jet.
The pressure was varied from 11 - 100 bar, with the probe timings fixed at 0 ps (1wS),
12 ps (1wP), 167 ps (2wS), and 217 ps (2wP). However, the pressure scan reported
in Fig. 4.5 includes only the laser interactions with gas pressured of 20 - 100 bar,
as the interaction with the gas at the lowest pressure did not provide clear enough

plasma density channel structures to measure due to the low electron density. Fig. 4.5
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presents the average of 3 repeated measurements of the upper channel gradient across
the four channels (a) 0 ps (1wS), (b) 12 ps (1wP), (c) 167 ps (2wS), and (d) 217 ps
(2wP) as a function of increasing pressure. The channel gradient was calculated in a
simple image analysis GUI written in Python which took two user—defined points and
calculated the gradient between them. The GUI repeated this process for each image
five times and calculated a mean gradient and standard deviation as the error for each
image. At all four timings, the channel gradient increases with increasing gas pressure
- likely due to the higher electron density build up at the wings of the laser pulse
causing a stronger degree of self-focusing. Over the earliest three timings (a)—(c) the
channel gradients for all pressures generally increase with time, however at the latest
probe timing (d) the channel gradient have reduced. This is expected because after
the peak of the laser pulse, the remaining channel structure will continue to disperse
over time. The key insight that the multi-channel probe provides is the temporal
change in structure - and in this experiment - the change in channel gradient (Am)
as a measure of the degree of self-focusing. Fig. 4.6 shows the increase in channel
gradient measured over 155 ps in the pressure scan between two probe channels 1wP -
2wS. Tt is within this window of time that the peak of the pulse and channel gradient
will have been maximised. By calculating the difference in channel gradient for all
pressures, we can see that the change in gradient also increases with gas pressure.
This data suggests that not only does the channel gradient correlate with increasing
pressure, but the rate in which the gradient steepens also increases with pressure - an
insight that would not have been possible without the application of the multi-channel

probe.
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FIGURE 4.6 — The change in channel gradient over 155 ps (measured between probes
lwP - 2wS) as a function of increasing pressure.

4.4 SUMMARY AND CONCLUSIONS

A multi—-channel optical probe capable of both 2D spatial resolution and picosecond—
scale temporal resolution of a single laser pulse—plasma interaction has been developed.
The proof of concept results highlight the importance of reproducible conditions
to ensure reliability, especially when measurements are reconstructed from a series
of consecutive shots. Example experimental results demonstrate the utility of this
approach, where random fluctuations in the laser and plasma parameters on the
order of a few percent have been observed to modify the plasma channel evolution
substantially and therefore the laser—pulse propagation dynamics. This highlights the
need to employ single—shot time-resolved measurements in order to clearly deconvolve
random fluctuations in experiment parameters from changes in the plasma dynamics.
Equivalent estimations cannot be made using a conventional single time frame optical

probe approach or simulations alone. The application of the multi-channel optical
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probe to the pressure scan demonstrates the additional insight and understanding that
the new diagnostic can offer. Future development of this approach will open up single—
shot electron density evolution measurements via time-resolved interferometry and
higher temporal resolution by modifying the system to be appropriate for femtosecond—
scale laser pulses. The development of this system represents the capability in the
field to make controlled and precise time-resolved measurements of intense laser—
plasma interactions. This will enable new insight into the underpinning physics which
drive, for example, laser—driven radiation sources and which previously could not be

measured experimentally during a single interaction.



CHAPTER

FIVE

THE MULTI-CHANNEL OPTICAL PROBE & FRONT

SURFACE PLASMA DYNAMICS

In this chapter the multi—channel probe, reported in Chapter 4, is utilised in an
experiment to explore the impact that different methods of laser intensity control
have on the expanding front surface dynamics in an intense laser—solid interaction.
As detailed in Chapter 2, intensity is typically controlled by variation of three key
variables, laser input energy, focal spot size, and pulse duration. If measured correctly,
a combination of these variables will, by definition, deliver the desired on—shot
intensity. However, the results that follow suggest that the method in which the
intensity is controlled (via different combinations of laser energy, focal spot size and
pulse duration) alters the initial conditions preceding the main pulse and impacting
upon the pre-plasma dynamics, which in some instances enhances the actual on—shot
intensity. Since intensity is the key parameter that enables access to new regimes
within light-matter interactions, control of this is fundamental. This argument is
based on the comparison of experimental results between varying input laser energy

and by defocus position in otherwise constant conditions, measured from single—shot
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temporally resolved multi—channel shadowgraphy, RCF, back—scatter spectra, and

supported by 2D EPOCH particle-in—cell simulations.

5.1 EXPERIMENTAL METHODS

The experiment was conducted at Rutherford Appleton Laboratory, using the Vulcan
laser system in the Target Area West (TAW) operating area. As described in
Chapter 3, the short pulse beamlines of Vulcan operates via two beamlines both 1054
nm in wavelength, delivering p—polarised light. In this experiment, the beamlines
operate in pump-probe configuration with pulse durations (FWHM) of 20 ps (pump)
and 1 ps (probe). The pump pulse delivers peak intensities up to mid 10 W/cm? at
an angle of incidence of 25.5° to target normal. The target is 20 um thick copper, of
3 mm x 6 mm dimensions. The laser energy throughput of the main pump beamline
was measured to be 38.7% from calorimetry measurements, taken before passing
through chamber optics, and 32%-45% from the encircled energy depending on the
half-width at half-max for the range of defocus positions. At best focus, a focal spot
of 5.55 pm diameter is achieved using a F3 focusing parabola.

Central to this experiment are the two laser intensity scans conducted via different
methods of intensity control. The first is the laser input energy scan, consisting of
four shots, ranging from 20 to 247.6 J with the target positioned at best focus, and
spot diameter of 5.55 um. The second is the defocus scan, consisting of seven shots,
where the spot diameter is varied from 5.55 to 65 ym (FWHM) by defocusing +500
pm either side of best focus at fixed laser input energy of 150 J. A positive defocus
position is when the off-axis parabola is driven towards the target which shifts the
best focus position beyond the target. In this case, the interaction is said to take

place "before focus". Similarly, a negative defocus is when the off-axis parabola is
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driven back, away from the target, which brings the laser pulse to focus in front of the
target. In a negative defocus, the part of the laser pulse that interacts with the target
is therefore said to be "after focus". A diagram depicting best focus, before focus

and after focus is shown in Figure 5.1. The on-shot intensity is calculated for both

laser
(a) At best focus
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(b) Before focus
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FIGURE 5.1 — Diagram of the incoming laser pulse best focus position (represented
by a black dashed line) relative to the target position (represented by the red cross
hairs) and the changing wavefront shape either side of best focus. (a) The target is
at the best focus position; (b) the target is before focus as the laser pulse is positively
defocused; and (c) the target is positioned after focus as the laser pulse is negatively
defocused.
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intensity scans dividing the peak power, calculated from the on—shot pulse energy
and pulse duration, by the focal spot area. The focal spot sizes are measured using a
focal spot camera in vacuum with a low power beam over the same target positions
(£500 pm either side of best focus). The main feature diagnostic in this experiment
is the application of the multi—channel probe. The two—dimensional spatial, temporal
measurements presented of the evolving target front surface and plasma expansion
within a single interaction are the first optical measurements of their kind. One of the
key advantages to implementing the multi—channel probe in this comparative study
is that we mitigate the impact of shot—to—shot variations, as discussed in Chapter 4,
that previously hindered comparison attempts where the profiles of expanding plasma
were primarily constructed from a series of repeated shots [98]. The probe system
has the same set—up as described in Chapter 4, with three shadowgraphy channels
and one interferometry channel. As before, the probe channels are labeled as 1wP,
1wS, 2wP, and 2wS.

For both intensity scans, the probe channels are fixed at four distinct time frames
-183 ps, -3 ps, 117 ps, 417 ps (relative to the peak of the pulse at best focus) to
provide clear comparisons of 2D images of the plasma profile before, during and after
the main pulse has interacted with the target. As noted in the last chapter, the
field of view of the channels are 0.57 mm x 0.48 mm, with a resolution of 7 pym
at 1lwP and 1wS, and 3.5 pum at 2wP and 2wS, with a magnification of 29 for each
probe line. For post processing purposes, multiple scripts of code were developed
to rotate, translate, align and crop the series of images to hone in on the areas of
interest prior to comparison and characterisation measurements. A contour tracing
script was developed to use after post processing for the user to outline and measure
the varying profiles of the front surface plasma for each channel across both intensity

scans. It presented each image within a GUI and allowed unlimited anchor points for
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FIGURE 5.2 — An example shadowgraph image of the target front surface plasma
expansion profile outlined with a contour line in blue, and characterised by longitudinal
(L) and transverse (T) measurements.

the user to place on the front surface. The script then interpolated between these
points to build a profile. The contours provided a clearer interface to measure the
extent of the expanding plasma on the front surface at various points in time. An
example of the quality of contour typically extracted, and the size of transverse and
longitudinal plasma expansion measurements are shown in Figure 5.2 (a) and (b),
respectively. From this, the rate of plasma expansion on picosecond timescales can be
calculated. This was only a semi—automated process due to diverse plasma profiles
and light levels due to self-emission making thresholding challenging. Development
of a fully automated approach would be beneficial for future experiments due to the
high volume of image analysis required.

To investigate the influence of the two difference intensity control methods on
the acceleration of ions, an RCF stack is used as discussed in Chapter 2. The RCF
stack is positioned behind the target along the target normal axis, in the direction

of the highest energy accelerated ions, as shown in Figure 5.3(a). From this we can
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FIGURE 5.3 — Schematic of the full specular reflection path from the target front
surface and RCF stack positioning in (a), and a detailed zoomed-in diagram of the
specular path with respect to the target normal, and the spectrometer optical fibre
placement infront of the PTFE screen, in (b).

compare maximum proton energies, over a range of nominal on—shot intensities, in
both the laser energy scan and defocus scan.

In addition to these diagnostics, an Ocean Optics spectrometer was used to
measure the spectrum of the specular light reflected from the target front surface,
and onto a PTFE screen. The specular set—up is shown in Figure 5.3(b). The light
is measured via an optical fibre in line with the angle of reflection from the PTFE
screen, which is then directed out of the chamber via a patch panel and into the
spectrometer. The Doppler shift in the measured reflected pulse compared with the
input pulse can give an indication of the velocity of the evolving critical surface.
This can be linked to the rate of plasma expansion, or compression (hole-boring
velocity), due to the Doppler effect — as light is reflected from a moving surface.

The following equation introduced by Wilks [99] represents the balancing of the mass
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flow momentum flux (expansion) with the radiation light pressure (compression):

1
nymiv; = - (5.1)

where n; is the ion density, m; is the ion mass, v; is the ion front velocity, I is
the intensity and c is the speed of light. Substituting the hole-boring velocities,
measured from the red—shifted reflected light into this equation provides an additional
estimate of intensity for comparison to the nominally calculated, and TNSA estimated.
This can be estimated for both data scans from the degree of Doppler shift in peak
wavelengths, from reflection at both 1wy, (1054 nm) and 2wy, (527 nm) critical density
surfaces. A script is developed to process the raw spectrometer data, identify the
peak wavelength and the cut-off wavelength of the most red-shifted signal to input
into the hole-boring velocity equation 5.1.

The experimental results presented in the next section of this chapter are supported
by 1D HELIOS and 2D EPOCH simulations, that are shown later in section 5.3.
The 1D Lagrangian radiation-hydrodynamic simulation code HELIOS is used to
model two density profiles of the plasma expansion at the front target surface for
maximum and minimum experimentally measured intensities, 1.8 x 10'® W /cm? and
6.6 x 10® W/cm?, with 10° contrast level. The HELIOS simulations are run for 1
ns and the density profile is extracted at the end of the simulation. The plasma scale

length, L, is calculated as the inverse of the expansion gradient,

ne(z) = no exp (—%) (5.2)
log(ne) = —%x + log(no) (5.3)

where nq(x) is the electron density at a position z perpendicular outward from the
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target surface, ng is the initial electron density. The plasma scale length L can
then be input into 2D EPOCH for a series of simulations to add to the comparative
study of intensity effects when varied by: laser energy for fixed focal spot size, and
defocus position for fixed laser input energy. A defocus scan is conducted over five
PIC simulations varying defocus position from —300pm to 300pum with constant
maximum energy, and an energy scan over three simulations, varying at 12.5%, 31.6%
and 100% of the maximum energy fixed at best focus. As a comparison and control
measure of laser propagation and intensity, both sets of simulations are repeated for
propagation in vacuum with no plasma. From the series of simulations, the electron
energy spectra, and corresponding temperatures, as a function of intensity can be
extracted and analysed. Due to transverse scale of the 2D simulations required,
only the front surface plasma scale length and 5 um of target bulk was simulated
within the available computational resource. However, to complete the study — using
Equation 5.4— maximum proton energies (Fp.x) can be modelled from Mora [100]
model using the electron temperatures from the simulations and comparing for both

intensity scans:

Ernax = 2kpTe[In(t, + /12 +1)] (5.4)

where E,., is the maximum proton energy, ky, is the Boltzmann constant, T is
electron temperature, and ¢, is the normalised acceleration time for protons derived
from t, = wpitace/ \/rxpl ; Wy 18 the ion plasma frequency, and tacc & 1.37jaser (Where
Tlaser 18 the pulse duration) approximated by Fuchs [101]. It is important to note
that the Mora model assumes one dimensional simple, uniform, isothermal, fluid

expansion on the target surface [101].



CHAPTER 5. THE MULTI-CHANNEL OPTICAL PROBE & FRONT
SURFACE PLASMA DYNAMICS 67

5.2 EXPERIMENTAL RESULTS

In this section the experimental results introduce the first findings demonstrating a
difference in front surface plasma dynamics between two methods of intensity control,
in otherwise constant conditions. To provide a better understanding of the impact
each intensity control method has on an interaction as a whole — from the initial
conditions to particle acceleration — we begin by examining the maximum proton
energies measured using the RCF stack. Figure 5.4(a) shows the experimentally
measured maximum proton energies scaling with nominal intensity — as calculated
using the measured laser pulse parameters and factoring in energy throughput and
encircled HWHM energy — for variety of laser energies (AEp) and defocus positions
(AFp). Defocus position is measured with respect to the off-axis parabola (OAP)
drive position to within accuracy of + 500 nm.

Assuming uniform behaviour with nominal intensity (in vacuum) regardless of
how intensity is varied, one might naively expect that the maximum proton energies
from each data scan would follow a linear trend with increasing intensity. However,
although AEp, follows this, it is clear that intensity varied by AFp does not. Instead
we can see that the maximum proton energies are significantly higher for a low range
of intensities for AFp. This suggests that either: 1 — initial nominal intensity values,
calculated from the laser pulse parameters for the defocus pulse, are too low, or 2
— there is an error in the measurement of maximum proton energies from the RCF
stack.

To investigate option 1, we calculate intensity by another method. The simplified
TNSA proportionality relation (Epyay o< V1), derived from the Mora model [100], is
applied to predict the intensity required to result in the range of proton energies

experimentally measured in the defocus scan, from 0 to 20 MeV. This model is
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designed to study charge separation effects within collisionless plasma and determines
the maximum energy of accelerated ions. Using this in reverse, inputting the measured
maximum energies of the accelerated ions, provides us with a secondary intensity
check. These second intensity values are named "AFp TNSA Est.". In Figure 5.4(a)
we can see the trend from the energy scan AEj, scales as expected, and by applying
the fit to the defocus scan (AFp TNSA Est.) it is possible to estimate the required
on—shot intensity according to the Mora’s TNSA proportionality relation.

From this we take our first piece of evidence pointing to an increase in on—shot
intensity when controlling intensity by focal spot size, compared to the Mora model

TNSA fit and energy scan.
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defocus scan (AFp), energy scan (AEp) with a TNSA Fit from a simplified pro-
portionality relation derived from the Mora modal, and corrected E,,., values for
defocus scan with TNSA fit (AFp TNSA Est.) as a function of nominal intensity;

(b) comparison of nominal intensity values with defocus position for the defocus
scan from initial measurements in vacuum from focal spot camera (AFp) and those
estimated from the TNSA fit; (c) estimates of the focal spot diameters with defocus

position, as originally estimated in vacuum, compared to the focal spot diameters
derived from the TNSA fit intensity estimates. The focal spot diameter was measured
manually in the Java-based image processing software, ImageJ to the nearest pixel,

0.48 pm in size.



CHAPTER 5. THE MULTI-CHANNEL OPTICAL PROBE & FRONT
SURFACE PLASMA DYNAMICS 70

The nominal intensities for the defocus scan are compared with defocus position,
in Figure 5.4(b) for AFp and shifted AFp TNSA Est. using Mora model Recalling
the parameters outlined in Chapter 2, used to estimate the on—shot intensity, the
disparity can be traced back to, and explained further by, either: higher laser energy;
shorter pulse duration; or smaller spot size than measured. It is improbable that the
laser pulse had more energy than measured, as this would have had to be orders of
magnitude more than the calculated error of the measured laser energy to account
for the corresponding shift seen in the scaling of maximum proton energies. The
change in intensity is too large to be accounted for by laser energy alone. It is also
unlikely that a shorter pulse duration is responsible as this would have damaged the
optics in the laser system cumulatively, and therefore would not have affected each
laser shot within the defocus scan at a steady rate. The possibility that the intensity
is higher than expected due to a smaller on—shot focal spot is the probable source
of the disparity in maximum proton energy scaling. Self-focusing in plasma is an
established phenomenon, as discussed in Chapter 2, which is likely to occur within

pre—plasma prior to the main pulse interaction |98, 102]. Using Equation 5.5,

E
I, = —=- (5.5)

TIr?

where [1, is intensity, Fr, is the laser energy, 7 is the pulse duration, and r is the focal
spot radius, the focal spot diameter for corrected nominal intensities (AFp TNSA
Est.) can be calculated and compared, in Figure 5.4(c), to the measurements of the
focal spot diameter as measured in vacuum. This figure shows the difference in spot
size required to increase the on—shot intensity by the amount shown in (b).

To investigate the potential for on—shot spot size variation, other diagnostics are

examined for further evidence of disparities in behaviour between the energy and
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FIGURE 5.5 — 1w specular spectra from the energy (a) and defocus (b) data sets
showing the full view of measurements around lw.

defocus scan. The 1wy, spectra of the specular reflected light from the front surface
of the target, for both intensity scans, energy (a) and defocus (b), are shown in
Figure 5.5. It is important to note that not all light reflected from the surface is
captured, and the measurement is limited by the sample size. Both spectra have been
normalised to their peak count at lwy,. By comparing the spectra between (a) and
(b), it is clear that introducing a defocus appears to increase the degree of red-shift
measured. To examine this more closely, Figure 5.6 zooms in on the red—shift area of
both 1wy, spectra and also shows the results of analysis of the hole-boring velocities.

In (a), there appears to be an increase in red—shift with increasing intensity by laser
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energy, but in (d) — where intensity is controlled by defocus — the trend is not as clear.
Unlike the highest intensity data set in the energy scan, here in the defocus scan,
the highest intensity (at best focus), does not appear to be the most red—shifted. To
obtain a more precise measurement of the most red—shifted wavelengths for each data
set relative to their peak wavelength, the point of intersection with the background
noise signal at 0.001 normalised amplitude, as marked on plots (a) and (d) with a
black horizontal line. The peak wavelengths measured for each spectra range from
1053.1 nm to 1054.2 nm £0.3 nm. From each measurement the maximum hole-boring
velocity can be calculated, as the difference in red—shift from the peak wavelength of
each spectra. The respective calculated hole-boring velocities (Vfy,) are presented as
a function of ¢, the speed of light in vacuum, with laser energy in Figure 5.6 (b), and
with defocus position in Figure 5.6 (e).

As reasonably expected the hole-boring velocity — the rate at which the laser bores
into the plasma leading to compression of the plasma electron density — increases
accordingly with energy, and therefore with increasing intensity in (b), when intensity
tuning is controlled by laser energy. However, for the defocus scan in (e), although
the hole-boring velocity increases with increasing intensity, the hole-boring velocity
at best focus where the intensity is assumed to be maximised, is comparable to the
hole-boring velocity at 4100 gm. In fact, the hole-boring velocity is measured to be
higher for a defocus of —100 ym and —300 pym than at best focus. Recalling that
the best focus data set in the defocus scan has a beam energy of 150 J, and that the
energy scan is executed with the beam at best focus, we can compare the respective
best focus hole-boring velocity divided by the speed of light, ¢, (2.58) from (e) to
the energy scan plot in (b). Here there is an agreement in 150 J hole-boring velocity
between that measured in (e) and the energy scan trend (b), suggesting the irregular

trend with defocus position is due to a focal spot effect. Considering the intensities
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initially calculated from measurements in vacuum calculated significantly lower on-
shot intensities in the defocus scan than the energy scan — recall Figure 5.4(a) — it is

unexpected that the hole-boring velocities are higher in most defocused positions.
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FIGURE 5.6 — lwy, specular spectrometer measurements for the energy scan (a)—(c)
and defocus scan (d)—(f). (a) and (d) show a cropped area of the spectra most red—
shifted, approaching the cut—off wavelength (that intersects with the horizontal line

representing background noise), respectively. (b) and (e) show the trend of calculated

hole-boring velocities (Vi) in terms of speed of light (c), with the respective intensity
dependent variables; and (c) and (f) show intensities predicted by Wilks scaling using
the calculated hole-boring velocities. These intensities are predicted for various levels
of ionisation by controlling the input charge states Z = 14, 20, 29 to the model. Each
intensity scaling is compared with those from the initial nominal intensity values
calculated from laser pulse parameters in vacuum and also from the Mora model

TNSA fit.
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In Figure 5.6 (c) and (f), Wilks scaling [99] from equation 5.1 is used to predict the
on—shot intensities required to produce the measured hole-boring velocities for both
intensity scans, and is examined with laser energy (c) and defocus position (f). For
comparison, both the original intensity estimates from vacuum measurements, and
the TNSA fit estimations from the measured maximum proton energies are included.
The Wilks scaling is applied for charge states Z = 14, 20, and 29 (varying the ion
density parameter n;) to explore how the intensity may change with different levels of
ionisation within the plasma, with Z = 29 being fully ionised but the most unlikely
case due to the intensity needed to result in full ionisation of all electrons. In (c), the
Wilks intensity scaling follows a similar upward trend with laser energy, as seen in
the TNSA estimate and measurements from vacuum. In the best case, Z=29, the
highest energy shot estimates an on-shot intensity in close agreement with TNSA
fit and vacuum values. Although, the more realistic case of Z=14 over—predicts the
intensity by a factor of 2.1. In the defocus scan presented in (f), all of the estimations
of Wilks scaling with varying degrees of plasma ionisation predicts a significantly
higher on—shot intensity than those from the TNSA fit and measurements in vacuum.
However, although this may highlight the need for a more accurate model of intensity
scaling with hole-boring velocity, in comparison to the energy scan (c), at defocused
positions in (f) even the best case of Z=29 does not predict a peak intensity close to
TNSA or vacuum values, and the most realistic case of Z=14 predicts the intensity
to be a factor of 5.2 higher than the other nominal intensities estimations at -100
pm. This further consolidates that the behaviour in the specular reflected light from
the front surface, is very different with defocused focal spots.

In addition to the 1wy, analysis, the 2wy, spectra is also examined. Second harmonics
are produced when single photons combine together in a nonlinear material, like

plasma, and double in optical frequency. Second harmonic light can therefore travel
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deeper into plasma before being reflected from the 2wy, critical surface. The 2wr,
results are presented a similar format in Figure 5.7, the energy scan follows the same
increasing red-shift with intensity varied by laser energy in (a). Also similar to the lwy,
results, we see in (d) that the defocus scan presents an irregular red-shift trend with
intensity varied by defocus position, especially with the most red-shifted spectrum
being at -300 pm. From calculating the hole-boring velocities for these measurements
presented in (b) and (e), the 2wy, hole-boring velocities scales with laser energy (b)
as seen in lwy, although the velocity is higher at the 2wy, surface, as expected due to
the dispersion relation. In contrast to the 1wy, hole-boring velocities for the defocus
scan, here in (e) the hole-boring velocity appears to follow a steadier trend with
increasing intensity than previously seen from the lw;, measurements. However, the
outlier noted at -300 pm in (d) is clearer in the hole-boring measurements in (e), and
suggests the possibility of asymmetrical behaviour either side of best focus. Akin
to the 1wy, findings, the defocus scan 2wy, velocities are also higher than those of
the energy scan, despite lower estimated intensities. Finally, the Wilks intensity
estimates are presented for the 2wy, spectra in the same format as previous. In both
the energy scan (c¢) and defocus (f), the Wilks scaling predicts a significantly higher
on-shot intensity again, even Z=29 case exceeds the TNSA fit and measurements from
vacuum. Interestingly the 2wy, Wilks scaling estimates more comparable nominal
intensities between the energy and defocus scan than in the lwy,. Overall, the specular
spectrometer results have provided further evidence suggesting there exists conflicting
intensity measurements that, like the TNSA fit, are in disagreement with the nominal

intensity measurements in vacuum, and are estimated higher for defocused spots.
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FIGURE 5.7 — 2wy, specular spectrometer measurements for the energy scan (a)-(c)
and defocus scan (d)-(f). (a) and (d) show a cropped area of the spectra most red—
shifted, approaching the cut-off wavelength (that intersects with the horizontal line
representing background noise), respectively. (b) and (e) show the trend of calculated
hole-boring velocities (Vi) in terms of speed of light (c), with the respective intensity
dependent variables; and (c) and (f) show the intensities predicted by Wilks scaling
for various ionisation levels, by charge states Z = 14, 20, 29 to compare to the nominal
intensities calculated from laser pulse parameters, and the Mora model predicted
intensities from the TNSA fit.
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To investigate further, the experimental results from the multi-channel probe
allow the exploration of the temporal evolution of the plasma expansion at the target
front surface with increasing nominal intensity in the energy and defocus scans.
Figure 5.8 shows the processed images of the energy scan in order of increasing time
from left to right, and increasing nominal intensity varied by laser energy upwards
(d) 20 J, (c) 45 J, (b) 103.7 J, and (a) 247.6 J. The laser pulse is entering from the
right. Here, not only are the key front surface features captured, the capabilities of
the probe are also demonstrated. From the presented images, the transverse and

longitudinal plasma expansion can be measured, via the method shown in Figure 5.2;

lwS 2wS ‘ 1wP 2wP

Intensity (W/cm2)

Time (ps)

FIGURE 5.8 — The multi-channel probe images of the evolving front target surface,
with laser incoming from right to left, at times -183 ps (1wS), -3 ps (2wS), 117 ps
(1wP) and 417 ps (2wP) with increasing intensity varied by energy (a) 247.6 J, (b)
103.7 J, (c¢) 45 J, and (d) 20 J.
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FIGURE 5.9 — Average plasma expansion (a) longitudinal, and (b) transverse mea-
surements from the energy scan multi-channel probe images at three timings of -187
ps, -3 ps and 117 ps. Error bars defined by the standard deviation over repeated
measurements.

self emission and scattered light levels can be analysed; and the front surface profile
and shape extracted. Figure 5.9 shows the plasma expansion (a) longitudinal, and
(b) transverse measurements obtained from image analysis of the energy scan, over
three of the probe channels at timings -183 ps (1wS), -3 ps (2wS),and 117 ps (1wP),
where t = 0 is the peak of the main pulse. Due to the levels of self emission and
challenging contrast levels in the (2wP) channel at 417 ps, expansion measurements
could only be conducted for three of the four probe channels. The longitudinal plasma
expansion (a) appears to increase with laser energy, and so intensity, at the earliest
(-183 ps) and latest (117 ps) time frames but decreases with energy when measured
immediately before the interaction (-3 ps). The longitudinal expansion rate slows
down between the two earliest time frames as intensity is increasing, because with
increasing intensity and thermal pressure more expansion occurs towards the end of

the interaction (117 ps).
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lwS 2wS lwP 2wP
e G i
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FIGURE 5.10 — The multi-channel probe images of the evolving front target surface at
-183 ps (1wS), -3 ps (2wS), 117 ps (1wP) and 417 ps (2wP) with increasing intensity
varied by defocus position from (a) best focus, (b) +100 pm, (c) -100 pm, (d) +300
pm, (e) -300 pm, (f) + 500 pm, and (g) -500 pm.
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This is due to the peak of the pulse inducing greater radiation pressure on the
plasma preventing it from expanding along the laser axis, as detailed in Chapter 2.
The transverse plasma expansion results (b) are much clearer in showing that over
all time frames the transverse expansion is increasing with intensity. Figure 5.10
shows the multi—channel probe images from the defocus scan in order of increasing
time from left to right, -183 ps (1wS), -3 ps (2wS), and 117 ps (1wP) and increasing
upward with intensity with defocus positions (g) -500 pm, (f) + 500 pm, (e) -300
pm, (d) 4300 pum, (c) -100 pm, (b) +100 pm, and (a) best focus. In contrast to
the self-emission observation from the energy scan, it is worth noting the levels of
self-emission decrease with increasing intensity when varied by defocus position and
spot size. It appears the amount of self-emission scales with increasing spot size,
which could be due to a larger area of the target being excited with every increase in
defocus position. Interestingly, plasma jet like structures can also be seen on the 1wP
channel at 117 ps across both energy and defocus data sets. Plasma jets are trapped
electrons within the plasma which are being field by the magnetic field. Although
not included in these experiments, it would be possible to utilise the multi—channel
probe to measure the evolution of plasma jets on ultra—short timescales. From the
presented matrix of front surface images, the transverse and longitudinal plasma
expansion is measured and presented for either side of best focus with two estimates
of nominal intensity, as shown in Figure 5.11 and Figure 5.12, respectively.

In contrast to the transverse expansion increasing with increasing intensity varied
by energy, in Figures 5.11(a) and (b) the transverse plasma expansion after focus is
decreasing with increasing intensity varied by defocus position. Including the TNSA
intensity estimate shift in (b), shows a more gradual decline across all timings. The
expansion rate, seen as the distance between the temporal measurements within a

single interaction is becoming smaller, and therefore the rate of expansion is slower,
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with increasing intensity towards best focus. Similarly, a decrease in expansion with
increasing intensity toward best focus is also apparent before focus, for both (c¢) and
(d) with respective nominal intensity scalings. Although a decrease in transverse
expansion with increasing intensity by defocus position, and therefore decreasing
spot size, seems sensible as a smaller spot will interact with less of the target surface
area — a decrease in the rate of plasma expansion does not. In contrast, in the energy
scan, which is fixed at best focus, the rate of transverse expansion is increasing with

intensity, even at lower laser energies Figure 5.9(b).
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FIGURE 5.11 — The evolving, average transverse plasma expansion measurements
over three probe timings -183 ps (1wS), -3 ps (2wS), and 117 ps (1wP) for (a)-+(b)
after focus (-100, -300, -500 pum); and (c)+(d) before focus (+100, +300, +500 pm)
with two measures of nominal intensity: (a) and (c¢) from vacuum, and (b) and (d)
TNSA fit estimate. The error bars are defined by the standard deviation from the
mean.

Figure 5.12(a) and (b) show the evolving longitudinal measurements of the plasma
expansion after focus, with a decline in expansion size and rate with increasing
intensity towards best focus. Similarly, the same downward trend of longitudinal
plasma expansion is measured before focus as shown in (c) and (d), although here

it appears that the expansion rate peaks for a lower intensity varied by a defocus
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of -300 pum. This demonstrates the opposite behaviour as seen in the energy scan,

where the longitudinal expansion increases in magnitude and rate with increasing

intensity when varied by laser input energy.
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FIGURE 5.12 — The evolving, average longitudinal plasma expansion measurements
over three probe timings -183 ps (1wS), -3 ps (2wS), and 117 ps (1wP) for (a)+(c)
before focus (+100, +300, +500 pm); and (b)+(d) after focus (-100, -300, -500 pm)
with two measures of nominal intensity: (a)—(b) from vacuum, and (c)—(d) TNSA fit
estimate. Error bars defined by the standard deviation over repeated measurements.

Figure 5.13 shows the rate of expansion with intensity for longitudinal (long) and

transverse (trans) measurements in the defocus scan, before focus (BF) and after
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focus (AF), and energy scan (E). Calculated by taking the difference in expansion
measurements over the time interval between probe images, the figure shows that the
rate of transverse expansion decreases with intensity controlled by spot size after focus
and laser energy, but increases with decreasing spot size when the intensity is tuned
by defocusing before focus. This could be due to the wavefront of the defocused pulse
before focus matching the curvature of the front surface plasma and containing the
transverse expansion better than the wavefront of a laser pulse defocused negatively
(after focus) - as shown in the defocus diagram in Figure 5.1. For all data sets,
the rate of longitudinal expansion appears to increase with intensity. The rate of
transverse and longitudinal expansion mirror each other in the energy scan as the
longitudinal plasma expansion dominates with increasing intensity due to hole-boring
of the laser, and the rate of transverse expansion retreats as expansion is focused
into the forward projection. This exchange in plasma expansion between the two
dimensions is not as clear in the defocus scan.

To summarise the experimental findings, the measurements and analysis from three
key diagnostics have been presented which include: RCF measured maximum proton
energies; back-reflected specular spectra; and the temporally resolving multi-channel
probe images. Each of these diagnostics provide a measure of how laser-plasma
interactions and their dynamics evolve as intensity is varied by two different methods:
laser energy with a fixed focal position, and defocus position with fixed laser energy.
By comparing the measurements of front surface plasma expansion, hole-boring
velocities, maximum proton energies, and their respective intensity scalings, between
the defocus scan and energy scan we can gain an insight into whether the method
in which intensity is varied influences the interaction behaviour. The results from
these different diagnostics all suggest there is a difference in behaviour depending on

method of intensity control, and that the difference is in the efficiency of coupling
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FI1GURE 5.13 — The expansion rate calculated between 3 temporal measurements of
transverse (pink) and longitudinal (green) plasma expansion at -183 ps (1wS), -3 ps
(2wS), and 117 ps (1wP) for the defocus scan, before focus (BF) and after focus (AF),
and the energy scan (E), all scaling with nominal intensity.

energy into the plasma (as seen in the plasma expansion, hole boring velocities and
resultant maximum proton energies measured). In addition to this, the defocus scan
has individually shown that there is a degree of asymmetric behaviour depending
on which side of best focus the target is positioned. The multi-channel probe has
provided, for the first time, multiple picosecond scale intra-interaction imaging that
has shown significant variation in the evolution of the front surface when controlling
the intensity by energy or by defocus position. The consequence of which can be
measured and tracked throughout a single laser—plasma interaction and measured
in spectrum of reflected light from the target front surface, and maximum proton

energies.
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5.3 SIMULATION RESULTS

In this section the simulation results are introduced that support the experimental
findings reported. As detailed in the method section, 1D Lagrangian radiation-
hydrodynamic simulation code HELIOS is used to provide an estimate of the scale
length of plasma expansion on the target front surface. Figure 5.14 (a) shows the
model of the plasma expansion profile up to 25 um in front of the target surface. The
HELIOS simulation is run for 1 ns and the density profile is sampled at the end of
the simulation. The plasma scale length is estimated at ~ 6 pm, using Equation 5.2,
and applied to the series of 2D PIC EPOCH simulations with varying intensity by

laser energy and focal position, in otherwise constant conditions. In all cases, the

simulations have an initial neutralised electron density profile as shown in Figure 5.14
(b).
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FIGURE 5.14 — (a) The extracted electron density profile from radiation-hydrodynamic
simulation, HELIOS, for the minimum (1.75 x 10'® W/cm?) intensity achieved
experimentally with a contrast of 10% at t=0 relative to the peak of the pulse. (b)
The initial longitudinal electron density profile used in the 2D PIC simulations.
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With this, two sets of intensity scan simulations are undertaken for a defocus scan,
with fixed laser energy, and an energy scan with fixed focus position. The defocus
position is varied from -300um, -100pm, Opm, 100um, 300um in the simulations with
a fixed normalised energy equal to 1. The peak laser energy is varied by 0.125, 0.3,
and 1 at best focus to simulate an energy scan in otherwise constant conditions. Both
intensity scans are repeated for laser propagation with and without pre-plasma for
comparison, with the PIC input parameters detailed in Table 6.1. By defocusing
the laser pulse negatively and positively, the focal spot interacting with the target
surface on the x—plane within the simulation is changed. A sample of the 2D PIC
electron density plots at t=0 from the defocus simulation series for +100um and best
focus, in the pre-plasma determined by the HELIOS simulations at a contrast of
105, can be seen in Figure 5.15. Time t=0 is defined as when the peak of the laser
interacts with the nominal front surface for each simulation. A slight asymmetry can
be seen in filamentation in (a) +100 gym and (c) -100 pm.

From the no pre—plasma and pre—plasma cases, the maximum intensity achieved

in the simulation can be determined and compared for each simulation set. The

Quantity Value
FWHM 3 pm
Peak Intensity 5 x 108 W /cm?
Peak Density 20 neit
Pulse Duration 800 fs
Simulation Length 3 ns
Ion Species Cu 11+
Initial Electron Temperature 10 keV
Mesh Size 6000x 16000
Box Size 30 pmx80 pm

TABLE 5.1 — 2D PIC EPOCH simulation input parameters and values, for laser pulse
of peak intensity 5 x 10'® W /cm? interacting with a copper target.



CHAPTER 5. THE MULTI-CHANNEL OPTICAL PROBE & FRONT

SURFACE PLASMA DYNAMICS 89
laser
X =-100 pm

-~ b 5 1rF 5
1lF4 4 1lE 4

= 3 33 1 =

g 1E 28 % e 1 2¢

- El . i = T8 1

=40 8 4 0 —40 %500 i 0 —40FE0 3 0

x (pm) x (pem) x (pm)

FIGURE 5.15 — 2D electron density maps obtained from the PIC simulations at a
time of =0 (defined as when the peak of the laser interacts with the nominal front
surface) for the intensity scan varied by defocus positions at (a) -100 pm, (b) 0 pm,
and (c) +100 pm.

maximum intensity is determined from the square of the electric field in the simulation.
Figure 5.16 shows the peak intensity achieved from the simulations with no plasma
for both the laser energy scan (a), and defocus scan (b). For both the energy varied
and defocus varied simulations, the on-target intensity in pre—plasma is higher than
the no plasma case at every incremental increase of energy and defocus position,
respectively. This is due to the presence of pre—plasma inducing stronger self-focusing,
as reported by [98, 102|, and delivering the laser energy in a smaller focal spot and,
therefore, higher on—shot intensity. With further examination, we can see that the
shift in intensity in the presence of pre—plasma, is increasing with increasing laser
input energy as shown in Figure5.16 (a). In contrast, Figure5.16 (b) shows the change
in intensity is decreasing with increasing defocus position away from best focus. As a
more direct comparison of the relative change in intensity in both the energy and
defocus scan, Figure 5.17(a) measures the ratio (R) of the intensity determined in
pre—plasma to the no plasma control case. Here, the R value peaks at ~ 2.6 for
intensity varied by defocus, compared to a peak R value of &~ 1.8 when intensity is
varied by laser energy. Examining the gradient of the R value with nominal intensity,

it appears intensity varies more strongly with reducing spot size. It should be noted
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FIGURE 5.16 — Simulation results of nominal intensity values with and without
pre—plasma for intensity scans varied by (a) energy and (b) defocus position.

that these are 2D simulations, and as such the increase in intensity due to reducing
spot size is a linear increase with radius, as opposed to the square of the radius
— therefore this effect will be more appreciable in reality. As previously discussed,
attributing the change in on—shot intensity in pre—plasma to stronger self-focusing,

Figure 5.17(a) suggests that selffocusing increases strongly with increasing defocus
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FIGURE 5.17 — Comparing ratio, R, of nominal intensity from self focusing to (a) the
nominal intensity determined for no plasma, for both sets of intensity scans controlled
by energy and defocus position, and (b) defocus position demonstrating asymmetries
either side of best focus, before focus (BF) and after focus (AF).

position, despite the energy in all of the defocus simulations effectively being the same,
and therefore with increasing spot size. From this, we propose that self-focusing has
a larger impact on on—shot intensity when the focal spot is defocused, which perhaps
aids self-focusing more than varying laser energy. In addition to this, Figure 5.17(b),
shows the intensity ratio as a function of defocus position. Interestingly, further
disparities emerge in the method in which intensity is varied as, a defocus of -300 um
is calculated to have a lower R value than +300 pm.

The corresponding electron spectra is investigated for both intensity simulation
sets varied by (a) energy and (b) defocus position as shown in Figure 5.18. For the
energy varied simulation series (a), the spectra for the lower input energies both
cut—off between 2 — 3 MeV. Whereas, for the defocus simulation series (b), the four
defocused pulses (£100pum and +300um) have a larger range of cut—off energies
between 1.6 — 4 MeV. As the defocused simulations have a nominal intensity less than

that of the reduced energy simulations, this indicates that the resultant self-focusing
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FIGURE 5.18 — The electron spectra extracted from 2D PIC simulations at the peak
of the interaction for the (a) energy controlled intensity scan at full, a third, and an
eighth of the maximum energy, and (b) defocus scan fixed at full energy and varying
defocus positions of £100 pm and +300 pm, as well as best focus. The black dotted
line region indicates the electron spectra gradient range used in electron temperature
calculations.

intensity increase is driving the increase in maximum electron energies, compared
to the equivalent intensity reached by variation of energy. To further support this,
the electron temperature is extracted and presented in Figure 5.19(a) as a function
of maximum intensity — determined by sampling from the electron spectra gradient
between 0.6 MeV — 1.2 MeV, and marked as a dashed line in 5.18 (a) and (b). Here
the electron temperature is found to scale with achieved intensity. The figure shows
electron temperature increasing with achieved intensity for both energy and defocus
simulation sets. However, comparing the electron temperatures in Figure 5.19(a) from
the energy scan at 0.316 E and defocus scan £100um, where I ~ 2 x 10'® W /cm? for
both cases, the electron temperature is higher for the defocus controlled simulations
after focus compared to the energy scan simulation, and also compared to before

focus. This provides further evidence of an asymmetric effect in the direction of
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defocus, that could be due to the wavefront matching the curvature of the pre-plasma
expansion before focus which despite resulting in a slightly higher on—shot intensity
also leads to increased containment of plasma expansion through heating.

The simulated electron temperatures could then be substituted into equation 5.4
to estimate the expected maximum proton energies [100]. This provide us with a
comparison to the experimentally measured maximum proton energies. This is shown
in Figure 5.19(b). The simulated maximum proton energies are calculated to be
highest for a defocused focal spot, after focus, compared to the energy controlled
at equivalent nominal intensities. When compared with the experimental results in
Figure 5.20 it can be seen that the simulations predict a similar trend in maximum
proton energies with intensity controlled by laser input energy to the experimental
energy scan and TNSA fit from the simplified Mora model. The simulations suggest
similar maximum proton energies for the defocus scan as experimentally measured
but with higher achieved intensities compared to experimentally nominal intensity
values — much as the Mora model relation suggested as discussed at the start of this
chapter, due to selffocusing. This result demonstrates that the method in which
intensity is varied is a crucial consideration that can give rise to different degrees of

self-focusing, on-target intensity and, potentially, ion acceleration.



CHAPTER 5. THE MULTI-CHANNEL OPTICAL PROBE & FRONT

SURFACE PLASMA DYNAMICS 94
O  Energy X Defocus BF Defocus AF
M 1 T T T T T T ] I L L B B B L B B R L R R B
[ ] F m 4
() ] [ (b) ]
0.50 F # 4 : :

% [ /;;;"/” ] 14 -

= 7 1 . -

Coast 1t

= 1 > I

= [ S ] o 12} E

- S ]

£035F 2 1 & w0} i

= : )? 1 = o

£ 030 Vi 19 1 g

= - ] sk ]

O o -

% 025F /g . o

0.20-—.Xl. R S B 6%, R
2 4 6 0.2 0.3 0.4 0.5
Intensity (Wem™2) %1018 Electron Temperature (MeV)

FIGURE 5.19 — (a) The electron temperatures for both the energy scan, and defocus
scan (before and after focus) with nominal intensity; and (b) the corresponding
maximum proton energies with electron temperature.

5.4 SUMMARY AND CONCLUSION

In conclusion, the sensitivity and potential impact of utilising laser input energy
and defocus position as methods of intensity control has been investigated both
experimentally and with simulations. The results show that the two methods produce
different interaction physics. The degree of self-focusing varies with the method in
which intensity is varied, evident in measurements of intensity, electron temperature
and energy, maximum proton energies, hole-boring velocities, and rate of plasma
expansion on the target front surface. This study has also uncovered potential
asymmetrical behaviour, observed across multiple experimental diagnostics and 2D
PIC simulations, between the direction of defocus either side of best focus. The
asymmetries may be due to increased control of front surface plasma expansion and
a stronger degree of self-focusing when the laser beam is positively defocused (before

focus) and the wavefront is optimised to match the curvature of the pre-plasma surface
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FIGURE 5.20 — Recreated plot of the first experimental results shown in this chapter,
now compared to the simulated proton energies for both the energy and defocus scan,
as a function of laser intensity, with the TNSA fit from the Mora model overlaid.

expansion, compared to when the laser is negatively defocused (after focus) and
the wavefront is working against the curvature of the pre—plasma surface expansion.
The experimental results section introduced the RCF measured maximum proton
energies for both the energy and defocus scan. It was hypothesised that in order for
the maximum proton energies in the defocus scan to be as high as experimentally
measured, the true intensity on—target may be higher than the nominal intensity.
Using the Wilks [99] intensity scaling model, and the maximum proton energy relation
from Mora [100] plasma expansion model, the experimentally measured hole-boring
velocities and proton energies both suggest that the on-target intensity is higher than
originally calculated. However, both models disagree in absolute nominal intensity
values, which is likely due to limitations in both models as they do not consider the
method in which intensity is varied and consider only simple 1D plasma expansion,
as suggested by Brenner et al. [103].

For the first time, the multi—channel probe has enabled temporally resolved
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shadowgraphy images of the front surface conditions within a single interaction, and
with that has shown that dynamics evolve differently depending on the method in
which intensity is varied. The transverse plasma size increases with laser energy,
and therefore intensity, but decreases with intensity when controlled by decreasing
focal spot size. Similarly, the rate of plasma expansion appears to increase with
increasing intensity varied by laser energy, but decreases with increasing intensity
varied by defocus position. The difference in initial conditions imaged and measured,
due to stronger self-focusing with larger spot sizes, contributes to the disparities
later measured in the RCF stack and specular diagnostics. Simulations enable the
comparison of the two methods of intensity control to be investigated, for pre—plasma
and no pre-plasma, and similar behaviour was observed for achieved on-target
intensities, maximum proton energies, electron energies and temperatures. The
simulations indicate that a higher on—target intensity occurs when pre—plasma is
present, compared to propagation in no pre-plasma. This agrees with previous
findings that have shown that preformed plasma impacts proton acceleration [104,
105], laser—absorption [80] and self-focusing [98, 102]. Our findings suggest that the
degree of self-focusing, and on-target intensity, is enhanced by preformed plasma
when illuminated by a defocused laser pulse within the range of laser parameters
explored [104]. This builds on important findings from many other studies [90, 103,
106-110] that have reported various effects due to changes in the laser spatial profile,
that suggest advantages to using a defocused laser pulse, such as: higher ion flux
[90]; proton energy spectra drop off [109, 111]; acceleration distance [108]; and laser
absorption[107|. Furthermore, observations from this investigation have suggested,
for the first time, that the behaviour is asymmetrical either side of best focus, and
there may be an advantage to defocusing to one side over the other and may warrant

further investigation.
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The results in this chapter have highlighted that it is not appropriate to assume
that intensity can be varied purely through focal spot size without considering effects
such as self-focusing or wavefront geometry. This provides us with the opportunity
to better understand the underlying effects of using input energy or defocus position
as methods of intensity control, and to resolve whether we can better use these
effects to our advantage. Doing so is a step towards maximising the tools we already
have available to experimentally tailor intensity. Future experiments should consider
utilising self-focusing and wavefront matching to the curvature of the pre—plasma
expansion with a positively defocused laser pulse to maximise on—target intensity.
Although it is important to note that the impact of shot—to—shot variation in laser
pulse spatial profile and fluence may increase with defocus laser pulses and larger
spot sizes. The results presented here, and by others, suggest not only exploring
higher laser input energy but also optimising the efficiency of the interaction, with
fixed energy, through inducing self-focusing. From this work, pinpointing the upper
and lower boundaries of interaction efficiency through optimising self-focusing would
be an interesting avenue to follow next. To discover the maximum on—shot intensity
for minimal laser input energy by optimising self-focusing —that potentially occurs at
one side of defocus— would be of great interest across the laser—plasma community.
This could involve a series of experiments, measuring the intensity profile evolving
over fine-tuned picosecond steps during the peak of the interaction via multi—channel
probe interferometry. Temporal measurements of the on—shot intensity, evolving with
different degrees of self-focusing by incrementally varying the defocus position over
a range of input energy values, could lead us to characterising the most efficient
combination of parameters to result in a higher on—shot intensity. This avenue of
research would prioritise interaction efficiency before increasing energy and power

further.



CHAPTER

SIX

THE MULTI-CHANNEL OPTICAL PROBE ON A

FEMTO-SECOND LASER SYSTEM

In this chapter, the multi—channel probe is redesigned and developed for use with
a femto—second laser system to investigate the evolving laser pulse propagation
dynamics when interacting with a sharp density step produced by inserting a blade
in the path of a supersonic gas jet of helium. This allows the flow of a jet to create a
sharp, localised density gradient [112|. Depending on the position of the blade, the
density gradient can lead to a number of different interaction dynamics and produce
desirable conditions for electron acceleration and x-ray generation. As covered in
2, the most common use is in a down ramp position to trap and accelerate plasma
electrons in the wake of a plasma wave [112], known as wavebreaking or shock—front
stimulated injection (the result of which is typically a tunable monoenergetic electron
beam [54]). However, unlike typical Laser—driven Wakefield Acceleration (LWFA) set
ups, the experiment discussed here employs an up ramp to create a steep density
gradient transition in an attempt to control bow wave formation, which leads to

the generation of energetic, coherent x-rays through inducing BISER [55]. Although
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this is yet to be demonstrated experimentally, PIC simulation results [55] suggest
the addition of a blade in the path of a supersonic gas jet facilitates stimulated
electron injection as the propagating laser pulse crosses the shock—front boundary
and transitions into a high density region. If achievable experimentally, this would
improve the efficiency in generating soft x-—ray harmonics. The high—order harmonic
generation mechanism was named "BISER" for Burst Intensification by Singularity
Emitting Radiation in 2017 [34], following the first detection of soft x-ray harmonic
comb-like structures, in the 60-360 eV energy range, over multiple experimental
campaigns recorded on high spatial resolution spectrographs [32, 33|. Despite multiple
measurements of BISER occuring in past experiments, there still remains a need
for further experimental evidence demonstrating the unique features of laser—plasma
interactions resulting in high—order harmonic generation due to BISER. The results
that follow provide new insight into the effects of filamentation linked to self-focusing
and defocus position, when BISER occurs, measured by the multi—channel probe and

supported by 2D PIC simulations.
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FIGURE 6.1 — Schematic of the chamber set—up from a bird’s eye view. The schematic
shows the path of the interaction laser pulse to the target, and the probe pick-off line
leading to the multi-channel probe pulse generator and multiplexing system. Exiting
the multi—channel probe generator is a co—linear path of the probe pulses crossing
perpendicularly across the path of the incoming interaction laser pulse at the target,
before exiting from a chamber window to the external demultiplexing and imaging
system.

6.1 EXPERIMENTAL METHODS

The experiment was conducted at Kansai Photon Science Institute (KPSI) in Nara,
Japan, using the J-KAREN-P high power laser system. The J-KAREN-P laser is
10 TW in power, with 0.4 J pulse energy and 27 fs FWHM pulse duration, and
produces a peak intensity of >10' W /cm? in a spot size of 10 um (FWHM) when
focused by the f/9 off-axis parabolic mirror. The laser pulse has a central wavelength

820 nm, and enters the vaccuum chamber with a diameter of 30 cm, before being



CHAPTER 6. THE MULTI-CHANNEL OPTICAL PROBE ON A
FEMTO-SECOND LASER SYSTEM 101

(a) (b)

Blade
Gas jet

Blade
|
=1
Density (cm?)

TCC

Target mount {| X

FIGURE 6.2 — (a) Zoomed in diagram of the target showing the gas jet plume and
blade position from bird’s eye view. (b) Schematic of the lateral view of the blade
intersecting with the gas jet plume, and a sketch of a resultant sharp density profile
produced.

focused down by the OAP, as shown in Figure 6.1.

The probe pulse is picked off from the main 30 cm diameter laser pulse within
the chamber using a 5 cm mirror at the periphery of the focal spot. The probe pulse
is directed toward the multi—channel probe pulse generator and multiplexing system.
Following this, the probe is directed perpendicularly across the interaction, and then
exits the chamber to the multi-channel demultiplexing and imaging set—up. The
central diagnostics in this experimental campaign are the XUV spectrometer, to
confirm the presence of BISER, and the adapted multi—channel probe, to characterise
the propagation and interaction dynamics. The position of the XUV spectrograph is
along the laser propagation direction behind the target centre. Although the XUV
spectrometer data is referenced to correlate evidence of BISER to the interaction dy-
namics from the multi—channel probe measurements, the adaptation, implementation
and analysis of the multi-channel probe in a femtosecond laser system is the focus of
this work.

At the target centre is a mount fixed with a supersonic helium gas jet and blade,
as depicted in Figure 6.2(a). The blade is angled at 15 degrees to produce a steep
density upward-ramp as shown in Figure 6.2(b), and to enhance the source stability
of BISER. The exit nozzle of the gas jet has a diameter of 1 mm, and the laser target

propagation axis is 1 mm above the nozzle exit.



CHAPTER 6. THE MULTI-CHANNEL OPTICAL PROBE ON A

FEMTO-SECOND LASER SYSTEM 102
Level 0 Level 1 Level 2
, =TS - N £ N g \
@ N [® NN [N ©

1 i | H i i H

= | = a- : - :

Delay | | i | Delay | & | Delay | | i | Delay | !

stage i i stage i; stage i I | stage
H
i i |
i
4§ A
v P PN N A
7y v
1
- , :
waveplate PBS DBS, ~JBS
X\ N
BS
4 A
Elevator Elevator Elevator Elevator Elevator Elevator Elevator Elevator Elevator
3

To From
target pick-off
(d)
---->Level 2
---->Level 1
---->Level 0
Elevator 3 Elevator 2 Elevator 1
BS
Mirror | #f———> Level 2 Mirror | #f———> Level 2 > \|\ > Level 2
BBO
crystal _
Mirror | N Level 1 DBS \ﬁ Level 1
Mirror \~ Level 0 Mirror \b—> Level 0
(e) ) (8)

FIGURE 6.3 — Detailed schematic of the optic design on each of the multi—channel
probe levels (a) 1wS on level 0, (b) 2wS and 2wP on level 1, and (c) 1wP on level 2;
(d) is a schematic of the multi-channel probe levels stacked and connected by three
optical elevators, the optical details of which are shown in schematic (e).
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The backing pressure of the helium gas jet is varied between 1-8 MPa, producing
an electron density of 10'-10%° ¢cm™2 [33]. The defocus position of the laser relative
to the target is adjusted using a step motorised positioning target stage with a
resolution of 0.5 pm (1.7 fs).

The multi—channel probe design is split over three levels due to compromising
chamber space. The levels are connected by optical elevators, mirrors positioned
to reflect the incoming pulse at 90 degrees without changing polarisation, as shown
in Figure 6.3(d). As shown in Figure 6.3, Elevator 1 receives the incoming probe
pick—off pulse, and passes it through a beamsplitter set at 45 degrees, transmitting 50
% through to level 2, and reflecting 50 % downward through a 50/50 BBO frequency
doubling crystal onto a dichroic beamsplitter (DBS). There the frequency doubled
light is reflected at 90 degrees onto level 1, and the 1w light is transmitted down to
the last level, where it is reflected by 90 degrees onto level 0. Elevator 2 is responsible
for passing the light from level 0 back up to to level 2, likewise, elevator 3 for passing
the frequency doubled light from level 1 to level 2. On each level, the four pulses pass
through timing delay slides and each establish individual encoding, 1wS on level 2,
2wS and 2wP on level 1, and 1wP on level 0, before being recombined on level 2. The
optical design is shown in Figure 6.3, for (a) level 0, (b) level 1, and (c) level 2, and
(d) shows the 3D stacking of the levels connected by optical elevators as detailed in
(e), (f) and (g). Level 0, Figure 6.3(a), receives 1w pulse with 25% that of the original
pick—off intensity, from elevator 1 and is passed onto a fixed delay stage, and through
a half-waveplate, becoming 1wP. On level 1, Figure 6.3(b), the frequency doubled
part of the pulse is passed through a beamsplitter and onto individual delay stages.
One is then passed through a half-waveplate, becoming 2wS, and the remaining
pulse becoming 2wP. Both 2wS and 2wP pulses, each with 12.5% that of the original

pick—off intensity, are then recombined through a polarising beamsplitter (PBS)
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FIGURE 6.4 — Schematic of the external set—up of the multi—channel probe demulti-
plexing and imaging system that the probe pulses enter after exiting the chamber.

angled at 56 degrees to reflect the P-polarised pulse, and transmit the S—polarised
pulse into a co-linear path. The recombined 2w pulse is then passed to elevator 3.
In Figure 6.3(c), level 2 receives the transmitted half of the original pick—off pulse,
labelled as 1wS, and passes it through a delay stage. Similar to the design of level
1, a PBS is arranged to transmit 1wP, while reflecting the incoming 1wS pulse from
elevator 2, along the same co-linear path. A DBS is used to recombine the 1w and
2w pulses along a single co—linear path. Arranged at 45 degrees to the incoming lw
pulses, the DBS reflects the 1w pulses while transmitting the 2w pulses from elevator
3, along one path towards the target. After the probe line passes through the target,
it passes through a magnifying lens before exiting the chamber from a window, as
shown in Figure 6.1. The probe pulses then enter the demultiplexing and imaging
system — as depicted in Figure 6.4. The demultiplexing system employs a DBS to

split the probe pulses requency, reflecting lw and transmitting 2w. Bo ulse
plit the probe pulses by freq y, reflecting 1 dt itting 2w. Both pul
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FIGURE 6.5 — Example of image analysis tool developed to (a) sum the image along
the line of filamentation before the shock, between the orange markings, and after the
shock, between the blue markings; (b) identify and measure the coordinates of the
shock position in the image; and count the number of filaments via peak detection
(c) before the shock, and (d) after the shock.

packets are then passed through PBS to split the pulses by polarisation, reflecting
S—polarised light and transmitting P—polarised light, and passing each into a CCD
Andor Neo Camera.

Due to delays in equipment supplies, the multi-channel probe set—up on this
experimental campaign implemented three Andor Neo CCD cameras for the 1wP,
1wS, and 2wS probe lines, and one Ixon CCD camera for 2wP. Each probe image has
a magnification factor of 4, providing a field of view of 3.51 mm x 4.16 mm in the
Andor Neos, and 3.33 mm x 3.33 mm in the Ixon CCD. Both 1wP and 1wS have a
resolution of 6.5 pum. The 2wS and 2wP probe imaging systems have resolutions of
3.25 pm and 13 pm, respectively, limited by the resolution the of Ixon CCD camera.

Shown in Figure 6.5 is the output from an automated image analysis tool developed
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in Python which locates and records the position of the shock imaged by multi—channel
probe, and counts and records the number of filaments present either side of the shock.
This was developed by analysing the patterns and characteristics of the regions of
interest - the shock and the filaments. Due to limitations in image resolution and
the impact noise has on the clearly identifying the filaments, a simple peak—finding
function could not be used solely. The image analysis tool overcomes these limitations

by following these key logical steps:

1. Input raw image.

2. Invert image.

3. Average horizontal line out through entire Y plane.
4. First derivative of average.

5. Locate shock by the point of steepest gradient.

6. Use shock coordinates as a guide to set the filament measurement sites either

side of the shock.
7. Average vertical line out in front, and behind, shock separately.
8. Find and count peaks in both regions of interest.

9. Output results figures shown in Figure 6.5.

The tool begins by inverting the raw image so that the pixels of highest intensity
are now the shock and the filaments. By calculating the average of the line—outs in
the horizontal plane, consistent features like the shock and filaments become more
prominent as a regions of high contrast in pixel count, while also minimising noise.
By then taking the first derivative of this data set, the coordinates of the shock are

found as the points of steepest gradient compared to neighbouring peaks, as shown
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in Figure 6.5(b). Using the coordinates of the shock as a guide, the measurement
sites where filaments are expected in front and behind the shock are then identified
as regions of interest, as shown in Figure 6.5(a). These regions of interest are then
scanned through using a peak finding function to locate and count the number of
filaments Figure 6.5(c) in front of the shock, and (d) after the shock. The development

of this tool was integral to the filamentation results reported in the following sections.
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FIGURE 6.6 — Example proof of concept shadowgraphy images from the multi-channel
probe integrated into a femtosecond laser system: (a) 1wS -370 ps, (b) 1wP +30 ps,
(c) 2wS +433 ps, and (d) 2wP +673 ps.

6.2 EXPERIMENTAL RESULTS

In this section, experimental results are introduced that demonstrate the proof of
concept of the adapted multi—channel probe for a femtosecond laser system, and
a link measured between laser filamentation and defocus position, when a blade is
inserted into a gas jet. Figure 6.6 shows an example of the multi-channel probe
images obtained during the experimental campaign, where (a) 1wS is the earliest set
channel at -370 ps before the interaction, and (b) 1wP is 430 ps, (¢) 2wS is +433
ps, (d) 2wP is +673 ps after the interaction. In (a) we see no channel yet formed
very early on at -370 ps but a small amount of self-emission which could be due to
self-emission from a pre—pulse interacting with the gas jet. At 30 ps in (b) we see
the shock structure formed through the main laser pulse interacting with the high
density edge in the gas jet. Much later at 433 ps once the laser pulse has left, what
remains in (c) is some self-emission and reduced shock structure that appears to
be bending forward. Lastly in (d) at 673 ps the channel and shock structure are
continuing to expand and disperse. Unfortunately, due to a delay in the arrival of the
optical timing stages, two of the probe channels (1wS and 2wP) had fixed timings

at -370 ps before, and +673 ps after, the main pulse interacts at target centre. The
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analysis presented in this chapter is from one channel only, 1wP, due to contributing
factors from self-emission disturbing the signal to noise ratio on other probe lines.

The multi—channel probe, paired with the high repetition rate of the laser system
gave a movie-like insight during the experiment. As the laser energy and gas pressure
were increased; the blade moving closer to the gas jet; while the target stage edging
in and out of the interacting laser’s focal point, the shock could be seen to expand
and shrink, the number and direction of filaments and side scatter changing, and
brightness of self-emission strengthening over time. Of the propagation dynamics
observed and measured by the multi—channel probe, the fluctuation in filamentation
either side of the shock as the target moved in and out of focus from the centre of
the gas were especially intriguing.

From this defocus scan, the probe images of the interactions analysed are shown
in Figure 6.7, in order of increasing defocus position (a) best focus (0 um), (b) 4200
pm, (¢) +800 pm, and (d) +1200 pm, where the XUV count exceeds 500,000; the
probe timing (+30 ps) and blade position remain constant, and the laser energy and
gas pressure are 6.9 + 1.6 J and 7.1+ 0.5 MPa. For context, the Rayleigh Range for
this laser system is &~ 276um. The figure shows the change in position of the centre
of the gas jet, as the target mount (gas jet and blade fixed) moves closer toward the
incoming interaction laser, which, relatively, is a change in defocus position. The
shock front is formed at the steep density gradient in the gas jet where the blade is
fixed on the target mount. The density of the plasma at the shock front also changes
with defocus position as the spot size increases and intensity of the laser pulse incident
on the shock front decreases. The laser focal plane is no longer positioned at the
centre of the gas jet at 0 um as shown in Figure 6.7(a). Relatively speaking, as the
gas jet centre moves further away from the laser focal plane (fixed at X = 0 pum) (a)

to (d), the laser has more pre—plasma to propagate through before coming into focus
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FIGURE 6.7 — Shadowgraphy images from the 1wP probe 30 ps after the interaction
(time zero), with varying defocus positions where X = 0 pum represents the target
mount fixed at (a) best focus, before moving toward the incoming laser pulse and
therefore further away from the focal plane at X = 0 pum by (b) +200 pm, (c¢) +800
pm, and (d) +1200 pm.
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FIGURE 6.8 — The difference in filamentation measured before and after the shock
with (a) shock x—axis position, (b) shock length, (c) shock width, (d) XUV counts,
(e) defocus position, (f) intensity, (g) gas jet pressure, and (h) laser energy.

at X = 0 pm. By visual comparison, the probe images show a decrease in side scatter
and turbulence as the defocus increases from (a) — (d). The degree of filamentation is
quantified as the difference in the number of filaments measured before and after the
shock detected by the image analysis tool introduced in Figure 6.5. A positive result
indicates that more filaments have been produced after the shock than were present
before, whereas a negative result indicates a loss in the number of filaments following
the interaction. This analysis tool also measured the co—ordinates and dimensions of
the shock.

Figure 6.8 summarises the measurements of the degree of filamentation with other
experimental results and set—up parameters such as (a) shock x—axis position, (b)
shock length, (c) shock width, (d) XUV counts, (e) defocus position, (f) estimated
on—shot intensity, (g) gas jet pressure, and (g) laser energy. Where the degree of

filamentation is the difference in the number of filaments measured before and after
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the shock. In Figure 6.8(a) the difference in filamentation decreases with shock
X—axis position moving upstream towards the incoming laser pulse. This is consistent
with the trend of decreasing filamentation with increasing defocus position shown
in Figure 6.8(e). These measurements also demonstrate the relation between the
defocus and shock position previously outlined. The shock forms at the transition
into the steep density gradient created by the blade regardless of the laser focal
position. Therefore, it is important we account for the change in the density profile as
a different part of the laser pulse interacts with density spike with increasing defocus
position. As the defocus position increases, and spot size at the centre of the gas
jet therefore increases, the length of the shock is measured to be increasing while
decreasing in width as expected. Comparing this to the other key diagnostic in the
experiment, the XUV spectrograph, Figure 6.8(d) shows the degree of filamentation
decreasing with increasing XUV counts. In contrast, filamentation increases with
increasing nominal intensity, at the shock position, in Figure 6.8(f). It is shown in
Figure 6.8(g) and Figure 6.8(h) that there is little correlation between filamentation
and pressure and energy, therefore it is deduced that the main parameter likely to
be driving the change in filamentation is defocus position, and thus the change in
electron density profile at these positions. Figure 6.9 takes a closer look at how the
difference in filamentation, in front and behind the shock, and XUV signal vary as a
function of nominal intensity in the defocus scan. The experimental results show that
while the degree of filamentation increases with increasing nominal intensity, the XUV
count decreases with nominal intensity. Since it is expected that the maximum XUV
signal measured would be when the steep density gradient is centred at best focus
[55], and therefore the XUV counts would scale directly with increasing intensity,
these experimental results suggest that the intensity estimation at the centre of

the gas jet at various defocus positions could be underestimated. At the defocused
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FIGURE 6.9 — The difference in filamentation as a function of nominal intensity
compared with XUV counts on the secondary y—axis as a function of nominal
intensity.

positions, because the laser is passing through increasing amounts of pre—plasma
and interacting with a different part of the electron density profile, it is critical to
consider the different effects this would have on: the filament formation either side of
the shock front, and the self-focusing of the laser pulse. The unaccounted effects of
selffocusing in a defocused laser pulse could explain the underestimation, but we
now look to the simulation results for further investigation of self-focusing in these
conditions and the relation it has to filamentation, which may also be linked to XUV

strength.
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6.3 SIMULATION RESULTS

To investigate the effects of the presence of a sharp density increase 2D PIC simula-
tions were conducted for three set—up scenarios with the same incoming laser pulse
parameters. The 2D PIC input parameters are detailed in Table 6.1.

The first of the three is the gas jet only case with a Gaussian approximation
of the gas jet density profile; the second is the blade case with a simplified and
symmetric up—jump ramp electron density profile added to the background Gaussian
approximation electron density profile (similar to that induced by a blade positioned
in the gas jet); lastly, the no target case is to simulate the laser propagation in vacuum
without a blade or gas jet.

The three simulation scenarios allow us to gain an insight into the difference
that the introduction of a blade makes over several backing pressure densities and
defocus positions. Figure 6.10 shows the 2D electron density profiles of (a) gas jet
only case, (b) the blade case, and (c¢) shows the 1D electron density profiles for both

cases simulating the gas jet with and without the "blade induced" density spike.

Quantity Value
FWHM 10 pm
Peak Intensity 5 x 101 W /cm?
Peak Density 20 Nt
Pulse Duration 40 fs
Simulation Duration 2 ns
Ion Species He
Initial Electron Temperature 10 keV
Mesh Size 6000x 16000
Box Size 30 pmx80 pm

TABLE 6.1 — 2D PIC EPOCH simulation input parameters and values, for a laser of
peak intensity 5 x 102 W/cm? interacting with a helium gas.
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FIGURE 6.10 — 2D electron density profiles, from 2D PIC simulations, of the propa-
gation dynamics 2 ps into the laser pulse interaction with a gas jet electron density of
1x10%° m~3 at best focus, (a) without, and (b) with the blade simulated. (c) shows
the electron density profiles simulating the gas jet with and without a blade inserted.
The laser direction is noted on (a), and the area where the coefficient of variation is
measured is shown in (b).

In each case, the electron density is varied between 1-8x10* m~3 and the defocus
from -200 pm to +300 pum. Figure 6.11 shows the 2D electron density profiles of

from the blade case at (a) best focus, (b) -75 pm, (¢) +75 pm, (d) -125 pm, (e) +125
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pm, (f) -200 pm, (g) +200 pm, and (h) +300 gm. By visual comparison, the region
after the shock, looks more turbulent in the negative defocus position Figure 6.11(b),
(d), (f), than the positive Figure 6.11(c), (e), (g). To quantify this, the coefficient of
variation (CV) is calculated using Equation 6.1, where o is the standard deviation
and p is the mean, within the white square region marked in Figure 6.10(b) for all
defocus positions. The results of which are represented as a percentage and plotted

with defocus position in Figure 6.12.
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FIGURE 6.11 — 2D electron density profiles, from 2D PIC simulations, of the propa-
gation dynamics 2 ps into the laser pulse interaction with a gas jet electron density
of 1x10% m~3 and a blade simulated density jump of 1x10%% m=3, over a range of
defocus positions (a) -75 um, (b) +75 pum, (c) -125 pm, (d) +125 pm, (e) -200 pm,
and (f) +200 pm. The focal plane, where the laser would be at best focus, is shown
with a black dotted line and the incoming laser pulse is again from right to left.
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FIGURE 6.12 — Coefficient of variation with defocus position measured from the
filamentation zone of 2D PIC simulations electron density plot for each simulation
with varying defocus position, for the blade and no blade simulations.

CV = (6.1)

o
1
In agreement with the visual comparison — the coefficient of variation results show
an asymmetry (either side of best focus) in the turbulence measured before and after
the shock with defocus position. In Figure 6.12, for the blade case, the coefficient of
variation decreases from negative defocus toward best focus. However, for the same
change in defocus position in the positive direction towards the incoming laser pulse,
the coefficient of variation is less severe than the negative defocus, and even begins
to decrease with increasing defocus beyond +125 pm to 4300 pm. The turbulence
at +300 pm is even less than that measured at best focus. These simulation results
provide further evidence to suggest that the plasma turbulence and filamentation
are more dominant in a negatively defocused laser and, as measured experimentally,
filamentation decreases with increasing positive defocus. Although filamentation and

turbulence are separate features, due to limitations in the image resolution in the
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experimental probe images, the degree of filamentation is a surrogate measure of the
break up of the laser beam.

To assist in our understanding of what this means in terms of intensity, Figure 6.13
compares the maximum intensity reached in the (a) gas jet only (no blade), and (b)
the blade case for defocus positions -125 pm to +300 pum. In the gas jet only case,
the maximum intensity increases with increasing defocus in the positive direction, but
decreases with increasing defocus in the negative direction. This is most likely due to

the laser pulse self-focusing more in the gas jet when there is more plasma for it to
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FIGURE 6.13 — Maximum intensity over the simulation time for each 2D PIC

simulation at defocus positions (-125 pm to +300 um), (a) without, and (b) with the
addition of a blade simulated in the gas jet at fixed density 1x10%° m~3.
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FIGURE 6.14 — 2D PIC simulation results demonstrating (a) the intensity enhancement
factor, and (b) the x—axis position of the maximum intensity measured over the
full simulation, with defocus position for two background densities (1x10% m~3 and
2x10%° m~?) with and without the addition of a blade in the gas jet path. The no
blade case is labelled as the "Simple" case.

travel through before the focal plane. As expected, the time at which the maximum
intensity is reached (where the pulse comes into focus) increases with positive defocus.
As the focusing occurs over a larger spatial extent of plasma, the intensity is enhanced,
but as a result it takes longer in time to arrive at focus. In Figure 6.13 (b), the
blade case, the intensity overall is significantly greater compared to the simple gas
jet only case in Figure 6.13(a) without a blade. Again, the asymmetry in intensity
between positive and negative defocus can be seen. In the positively defocused cases,
the timing of when the maximum intensity occurs has underwent a dramatic shift
earlier than that measured in the gas jet only case in Figure 6.13(a). Furthermore,
there appears to be double focal points due to the addition of the blade in the gas jet,
which is symptomatic of selffocusing and scalloping behaviour. The appearance of
double focal points is the behaviour of the laser pulse coming in and out and back in

to focus. Notably, the intensity at a positive defocus of 4125 pm is even comparable
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to that at best focus just 0.1 ps later. These results provide further evidence that
could explain the experimental findings. A positively defocused laser pulse with a
blade in a gas jet, results in stronger selffocusing and less filamentation due to the
laser focusing in an unperturbed pre—plasma compared to the perturbed pre—plasma
that a negatively defocused laser pulse focuses through.

Figure 6.14 shows (a) the intensity enhancement factor, and (b) the x—axis position
of the where the maximum intensity was measured spatially, with defocus position
for the no target case, and the gas jet only and blade cases at two electron densities:
1x10% m~3 and 2x10%° m~3. The intensity enhancement factor is the maximum
intensity for each simulation over all time normalised to the maximum intensity in
vacuum with no gas jet or blade. The location of where the maximum intensity is
spatially measured in the x—axis direction, provides us with an indication of where
the laser pulse focused compared to where we would expect.

In Figure 6.14 (a), as also shown in Figure 6.13, the intensity enhancement
factor decreases with increasing defocus position negatively for all densities and
cases, whereas the intensity enhancement factor is notably higher when defocused
positively for both densities in the blade case, especially at +125 pm. Similarly to
the asymmetry discussed in Figure 6.13, this is due to there being no refocus when
positively defocused — as the laser does not have to propagate through a perturbed
plasma unlike in the negatively defocused case. For the blade case at 2x10% m™3,
beyond +125 pm defocus, the intensity enhancement factor decreases with further
positive defocus. This decline is because at this point the laser pulse spot size (that
interacts with the sharp density front of the up—jump ramp) is too large to undergo
optimal plasma focusing. However, despite this decline, the intensity enhancement
factor at 4200 pm is still higher than that at -75 pm. Overall, the intensity is most

enhanced in the blade cases, and at lower background electron density of 1x10% m™3
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— as this provides a less dense pre—plasma for the laser pulse to interact with, and
focus in for the first time. The higher the pressure of the gas jet, the denser the
pre-plasma, the sooner in time, and spatial x—axis position, that the pulse will focus.

In Figure 6.14(b), the y—axis represents the x—axis position in space as depicted in
the 2D simulation plots in Figure 6.11. The positive position is towards the incoming
laser pulse, and positive defocus, likewise the negative position is in the negative
defocus direction. The no target case demonstrates the change in focal position as it
moves with the laser becoming positively and negatively defocused. In vacuum, with
no gas or pre—plasma to focus in, the no target case provides us with a benchmark
in the x—axis position of the focal planes that we can then compare the change in
focal positions for the gas jet only, and blade cases with. With the introduction
of the helium, in the gas jet only cases, the focal position continues to follow the
same trend with defocus position as the no target case, but focuses closer to best
focus due to self-focusing in the plasma. As expected, this becomes stronger for the
higher electron density. The higher the gas target pressure, and therefore electron
density, the sooner the laser pulse will undergo selffocusing; and in the case for the
blade, too high an electron density results in the pulse undergoing self-focusing before
reaching the density spike induced by the blade. In Figure 6.13(b), for the blade
cases, all defocus positions come into focus, and reach a maximum intensity, much
closer to the vacuum best focus position. When comparing between the gas jet only
and blade case for 1x10? m~2 density, the shift in position where the pulse focuses
more strongly due to the addition of the blade is clear. This is further evidence of
strong selffocusing as a result of the steep density gradient, induced by the presence
of a blade. These simulations confirm that the self-focusing is occurring, and that
the on—shot intensities estimated for the experimental results are underestimated as

they do not account for the difference in focusing through unperturbed or perturbed
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plasma and the difference this makes to intensity enhancement and the focal plane

position.

6.4 SUMMARY AND CONCLUSION

In this chapter we have explored the physics linking filamentation and defocus position
to the degree of selffocusing in a gas jet with a density up—ramp. Experimentally,
we found that filamentation decreases with increasing positive defocus and also
increasing XUV generation. Framing filamentation as beam break up and energy
loss, the experimental results suggest that the laser—plasma interaction becomes
more energy efficient as the laser is defocused more positively. Simulating a similar
set—up, including negative defocus positions also, the 2D PIC simulations went on to
mirror this finding that turbulence decreases with increasing positive defocus, and
furthermore, increases with increasing negative defocus.

From this it could be understood that in positive defocus, the laser pulse has
an unperturbed plasma to self-focus through from the first time whereas, when
negatively defocused, the plasma is already perturbed as the pulse is undergoing a
refocus. From understanding the impact that defocus position can have on plasma
turbulence, and perhaps to the benefit of XUV generation, especially in the case
where a blade is simulated in the gas jet, the simulation analysis then looks to the
impact this has on intensity enhancement. The results demonstrated the intensity
enhancement achievable with a positively defocused laser, self-focusing through an
unperturbed plasma and getting an additional enhancement from the density ramp.

Looking forward, this work could be developed further by simulating a more
realistic, and asymmetric, density spike which will be closer to that induced by

the blade experimentally. Future experimental and simulation research could also
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include exploring the difference an up or down-ramp makes to the strength of self-
focusing. Applying the same experimental analysis and filamentation analysis tool to
all channels of the multi—channel probe will provide a deeper understanding of the time
frame in which filaments grow or converge, and how this relates to the time of where
maximum intensity is reached. The filamentation tool itself could also be developed
further if the multi-channel probe imaging technique was adapted for interferometry.
The multi-channel probe opens up many further research opportunities to temporally
and spatially measure the filamentary structures explored in simulations.

Overall finding the optimal positive defocus position, and background density,
could allow us to induce one single optimised self-focusing event through an unper-
turbed plasma while incurring minimal energy loss through filamentation growth,

which may have benefits on XUV generation, through BISER.



CHAPTER

SEVEN

SUMMARY AND PERSPECTIVES

Throughout this thesis we have discussed the development and implementation of a
novel multi-channel probe in multiple high-power laser—plasma experiments, and the
new insights into plasma dynamics that were measured for the first time, as a result.
Now we reflect back on the three results chapters by summarising the key findings

reported, and what exciting avenues this research may lead us to going forward.

7.1 'THE MULTI-CHANNEL PROBE

In chapter 4 we first explored the scientific and technological milestones in temporal
imaging that led to the pump-probing technique being employed in laser—plasma
experiments. We outlined the need for a diagnostic that can provide sufficient
temporal, and spatial, resolution to probe a single laser—pulse interaction. Following
this, the multi—channel probe concept and its many sources of inspiration, namely
Eadward Muybridge’s horse analogy, were introduced. We discussed the development

of the multi—channel probe from concept into a practical optical design, and how it
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was then implemented into a high power laser experiment for the first time, and the
first results probing underdense plasma that followed this.

Using the multi-channel probe on the TAW arm of the Vulcan laser system at
peak intensity of 1 x 10® W/cm?, the evolution of channel formation in underdense
plasma was investigated over 217 ps. When comparing these proof of concept results
to 2D PIC simulations with the same laser—plasma parameters, the results showed
differences in the early onset of channel formation and beam filamentation. The
difference ultimately demonstrates that the intra—interaction dynamics that occur
cannot be understood by simulations alone, or by a timing scan built from repeated
single—shot probe images in inconsistent conditions. A new approach, such as the
multi—channel probe, is needed to provide additional insight.

Lastly we investigated the channel formation measured by the multi—channel
probe while increasing the pressure of the helium gas jet from 20-100 bar. From
these shadowgraphs the channel gradient could be measured at each pressure, which
is indicative of the degree of selffocusing that the laser pulse is undergoing. The
results suggested that the channel gradient (degree of self-focusing) increases with
gas pressure, and moreover, so does the rate of self-focusing. Capturing the change in
channel gradient with time is the first measurement of its kind using the multi—channel
probe. This chapter demonstrated the development, implementation, and proof of
concept of the multi-channel probe as well as exploring just some of the advantages
it offers as a route to better understanding the evolving dynamics within a single

laser—plasma interaction.



CHAPTER 7. SUMMARY AND PERSPECTIVES 126

7.2 THE MULTI-CHANNEL PROBE MEASURING FRONT
SURFACE DYNAMICS

In chapter 5 the multi—channel probe was used to investigate if, and how, the front—
surface conditions of 20 um Copper targets change depending on the method in
which on—shot intensity is controlled: by laser energy and defocus position. The
experimental results discussed were from the TAW Vulcan experimental campaign
which delivered laser pulses with peak intensities up to mid 10 W/cm?.

Here the multi-channel probe demonstrated that there is a difference in the front
surface conditions depending on the method of intensity control. The front surface
conditions were compared through contour analysis, and quantified by measurements
of the longitudinal and transverse plasma expansion over time. The results in this
chapter gave evidence to suggest that a change in the method of intensity control,
alters the front surface conditions and rate of plasma expansion, which subsequently
effects the interaction dynamics — evident in the RCF, back—scatter spectra, and
supported by 2D EPOCH particle-in—cell simulations.

When comparing the behaviour of the plasma when laser energy varied and defocus
position varied, the findings suggest that by defocusing the laser pulse, the severity of
self-focusing and therefore on—target intensity is enhanced by the preformed plasma
on the front side of the target. Unexpected results also suggest that there is an
asymmetry to this enhancement either side of best focus due to wavefront matching
with the contour of the preplasma expansion on the target front side.

This chapter demonstrated that, ultimately, it matters how intensity is controlled,

and that self-focusing can be induced when one approach is taken over another.
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7.3 THE MULTI-CHANNEL PROBE AND FILAMENTATION

WHEN A BLADE IS INSERTED INTO A GAS JET

Lastly, in chapter 6, the multi-channel probe design is adapted for use on the femto—
second laser system J-KAREN-P, in a considerably more compact chamber space
than the experimental set—ups reported in the two preceeding results chapters. Here
we discussed the considerations taken in this design, the challenges in the set—up,
and the role of the multi—channel probe in this underdense plasma experiment that
investigates the effect of inserting a blade into a supersonic helium gas jet.

The results of this chapter demonstrate a new found correlation between filamen-
tation and self-focusing with a positively defocused laser pulse. The multi—channel
probe results and 2D EPOCH particle-in—cell simulations demonstrate a reduction in
filamentation as the laser is defocused positively. This is explained by the difference in
preplasma conditions where a negatively defocused laser pulse undergoes a refocus in
an already perturbed plasma, whereas a positively defocused laser pulse can optimise
self-focusing in one focusing event in unperturbed plasma.

This chapter suggests that by minimising energy loss through filamentation, the
on-shot intensity can be enhanced which can lead to a boost in XUV production
via BISER, and other high intensity dependent mechanisms. However, further
work is required to establish if there is a correlation between XUV generation and

filamentation.
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7.4 REFLECTIONS AND FUTURE WORK

Central to this thesis is the development of the multi—channel probe. We have
discussed the sources that inspired the multi-channel probe, and the necessity for a
single-shot imaging diagnostic, such as this, with sufficient spatial and user—defined
temporal resolution in laser—plasma experiments.

The multi—channel probe has been designed and successfully implemented into
two different high power laser systems, the picosecond Vulcan laser at RAL and the
femtosecond J-KAREN-P laser at KPSI. The technique has measured the evolving
laser—plasma dynamics in both underdense and overdense plasma. The overarching
theme of this thesis is towards understanding when self-focusing occurs and what laser
and plasma parameters it depends upon in a variety of experimental set—ups. With this
knowledge, we could more accurately predict when the actual laser intensity is likely
to be higher then the nominal laser intensity, which could lead us an enhancement of
on—target intensity by optimising when self-focusing occurs. The multi—channel probe
has been key in providing this insight for all investigations reported here, as it was
the subtle changes it measured in the channel formation, preplasma perturbations,
and filamentation that lead to a better understanding of the dynamics at play.

Looking forward towards the future of the multi-channel probe in laser—plasma
experiments, it would be beneficial to compact the design into a portable optical
system that is compatible with a wide range of high—power laser systems. Ideally
this would comprise of two standalone sections, the multiplexing and polarisation
encoding system for inside the target vacuum chamber, and the demultiplexing
system for separating the pulses for imaging outside of the chamber. The optics
within the portable multi—channel probe system would be fixed so the user would

just have to align their input probe laser pulse in one end, and have an optic too
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receive and redirect the encoded co-linear pulses at the other end towards their
target centre. This would save the user chamber space and set—up time, while
giving them a temporal insight into their interactions. If the multi—channel probe
system became a standard imaging diagnostic in the laser—plasma community, our
understanding of the ultra—fast dynamics evolving within our experiments would
deepen, and our experimental measurements would better complement the evolving
simulation investigations of plasma dynamics. Future adaptations could look to
increase the temporal resolution of the multi—channel probe by increasing the number
of channels, and therefore encoding patterns, or by choosing a delay stage with
minimal spacing — since the temporal resolution is dependent on the staggering of
the probe pulses that translates to a physical change in path length. However, there
are limiting factors to be considered such as: the pulse length of the probe pulse;
the accuracy and mechanical, positional error within the delay stage motors; the
possibility of cross-talk between channels if the polarisation encoding reduces below
90 degrees separation; and ultimately, the diffraction limit.

To conclude, the future possibilities in applications and developments of the
multi-channel probe are promising. This novel diagnostic has been shown to offer a
flexible and reliable insight into single laser—plasma interaction events, enhancing our

understanding of the interaction dynamics.
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