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Abstract
The understanding and demonstration of novel laser driven ion acceleration mechanisms is key to overcoming the limitations of both well understood laser based processes and becoming competitive with conventional particle accelerators. This thesis
presents two methods of enhancing the ion energies achievable in thin solid targets
irradiated by intense laser pulses.
In the first approach, the transition to the Light-Sail Radiation Pressure Acceleration mechanism was explored with the use of ultra-thin foils, and a contrast enhanced
circular polarised pulse with a peak intensity of 5.5×1020 W/cm2 . The experimental
data indicates the presence of an (intensity dependent) optimum thickness of 15nm for
C6+ (33 MeV/nucleon) where a local minimum of 18 MeV is instead observed for H+ .
At this thickness, each species’ maximum energy is shown to scale differently with
laser intensity; C6+ scales favourably in the radiation pressure scheme (∝ I 1.2 ) with
protons scaling much slower, indicating acceleration by plasma heating. This species
dependence is attributed to the precursor laser intensity impinging onto the target. This
is shown to result in a multi-species expansion which allows for the preferential acceleration of bulk C6+ ions over sheath accelerated H+ which are displaced from the
target prior to the arrival of the main intensity peak. This is shown for the first time and
is of major significance to the development of laser based ion accelerators at currently
available, and future, high power lasers.
The second approach indicates the enhancement of radiation pressure accelerated
ions in temporally stretched pulses, with a lower peak intensity, by measuring both
higher ion energies and a greater red-shift in the back reflected light than for a fully
compressed, higher intensity pulse. This is against what would be expected in a typical
interaction. It is shown that proton energies are increased from 30 MeV to 50 MeV
by stretching the pulse by over a factor of 2 with the maximum red-shift of the 2nd
harmonic increasing from 55 nm to 75 nm, indicating an enhanced hole boring velocity from 0.1c to 0.14c. Numerical simulations indicate that this effect is due to the
development of a hot electron current, and subsequently equalising return currents, in
the overdense bulk plasma, which result in the growth of significant (10’s kT) magnetic fields within the target. These currents repel and cause a significant drop in target
density reducing the internal plasma pressure and allowing radiation pressure to dominate on the front surface over what is observed with the higher intensity pulses. The
experimental trends are qualitatively reproduced and the enhancement of front surface
acceleration is demonstrated.
i

Acknowledgements
First and foremost, I would like to thank my principal supervisor Prof. Marco Borghesi
for giving me the opportunity to work in such an interesting and challenging project.
Having the expertise on-hand, while allowing me to work with independence, allowed
me to grow as a confident researcher. Thanks also to my second supervisor, Dr. Satya
Kar, for his insight and advice for both simulations and experiments.
The experiments were always gratefully done as part of a collaboration of PhD students, postdocs and research staff. Thanks go to Dr D. Doria and Dr. L. Romagnani
for running the GEMINI experiment and for L. Romagnani for taking the time to teach
me how to run the set-up on my own. Special thanks go to Dr. H. Ahmed for running a
number of other experiments over the course of this degree, but also for all of his advice
both in and out of the lab. I was fortunate to be part of both national and international
collaborations, namely A-SAIL in the U.K. between QUB, Imperial College, Strathclyde and the CLF. Further work was done with ELI-beamlines (Prague) and JAEA
(Japan) and I met a number of great people who made the long experiments much more
bearable. I also wish to extend my thanks to Prof. A. Macchi of the University of Pisa
for all his advice and time, particularly as I butchered 200 years of electromagnetism.
Outside the lab, this degree would not have been possible without the support of my
friends and family over the past 4 years. Particular thanks go to Bob, Scott and Joseph
for listening to me talk endlessly about lasers and being there during the tough times.
Thanks to Dr P. Martin and Dr S. Houston for reading through this thesis and providing
comments. Fortunately, I had a number of opportunities to travel across Europe and
present my research for which I am very grateful. The numerous islands around the
Mediterranean were undoubtedly the best.
Finally, but most importantly, I wish to extend my thanks to my family. My
parents, in particular, provided constant love, support, unwavering positivity and
endless opportunities for me to escape from the turbulent PhD life and settle back into
the quiet countryside.

Go raibh maith agaibh.
Nollaig 2020.

ii

Contents
1

2

Introduction
1.1 Potential Applications . .
1.1.1 Hadron Therapy
1.1.2 Fast Ignition . .
1.2 Structure of the thesis . .
1.3 Role of the author . . . .
1.4 List of Publications . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Theory
2.1 Theoretical Background . . . . . . . . . . . . . . . . . . . .
2.1.1 Electron Motion in an ElectroMagnetic wave . . . .
2.1.2 Propagation of EM waves in matter . . . . . . . . .
2.1.3 Non-linear effects of intense pulses in plasmas . . .
2.1.3.1 Ponderomotive Force . . . . . . . . . . .
2.1.3.2 Relativistic Self-Focusing and Channelling
2.2 Laser-Solid Interactions . . . . . . . . . . . . . . . . . . . .
2.2.1 Ionisation . . . . . . . . . . . . . . . . . . . . . . .
2.2.1.1 Multi-Photon . . . . . . . . . . . . . . . .
2.2.1.2 Tunnel Ionisation and Barrier Suppression
2.2.2 Laser Absorption from Overdense targets . . . . . .
2.2.2.1 Hydrodynamics . . . . . . . . . . . . . .
2.2.2.2 Collisional Absorption . . . . . . . . . . .
2.2.2.3 Inverse Bremsstraulung . . . . . . . . . .
2.2.2.4 Resonance Absorption . . . . . . . . . . .
2.2.2.5 Vacuum (Brunel) Heating . . . . . . . . .
2.2.2.6 J x B heating . . . . . . . . . . . . . . . .
2.3 Ion Acceleration Mechanisms . . . . . . . . . . . . . . . .
2.3.1 Target Normal Sheath Acceleration . . . . . . . . .
2.3.2 Radiation Pressure Acceleration . . . . . . . . . . .
2.3.2.1 Hole Boring . . . . . . . . . . . . . . . .
2.3.2.2 Light Sail . . . . . . . . . . . . . . . . .
2.3.3 Transparency Enhanced Acceleration . . . . . . . .
2.3.4 Other Mechanisms . . . . . . . . . . . . . . . . . .
2.3.4.1 Collisionless Shock Acceleration . . . . .
iii

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

2
4
4
6
7
8
8

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

10
11
11
14
17
17
18
18
18
19
19
20
20
21
21
22
23
23
25
25
30
31
32
36
37
37

2.3.4.2
3

4

Magnetic Dipole Acceleration . . . . . . . . . . . . . 38

Experimental Methods, Diagnostics and Simulations
3.1 High Power Lasers . . . . . . . . . . . . . . . . . . . .
3.1.1 VULCAN . . . . . . . . . . . . . . . . . . . . .
3.1.2 GEMINI . . . . . . . . . . . . . . . . . . . . .
3.2 Laser Contrast and Plasma Mirrors . . . . . . . . . . . .
3.3 Ion Diagnostics . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Thomson Parabola Spectrometers . . . . . . . .
3.3.1.1 Image Plates . . . . . . . . . . . . . .
3.3.1.2 Differential Filters . . . . . . . . . . .
3.3.1.3 MicroChannel Plates . . . . . . . . .
3.3.1.4 Energy Resolved Spectra . . . . . . .
3.3.2 Calibration of MCPs to absolute carbon number .
3.3.3 RCF beam profiles . . . . . . . . . . . . . . . .
3.4 Optical Diagnostics . . . . . . . . . . . . . . . . . . . .
3.4.1 Signal and Noise Determination . . . . . . . . .
3.5 Particle in Cell Simulations . . . . . . . . . . . . . . . .
3.5.1 Field Solvers . . . . . . . . . . . . . . . . . . .
3.5.2 Ionisation . . . . . . . . . . . . . . . . . . . . .
3.5.3 Collisions . . . . . . . . . . . . . . . . . . . . .
3.5.4 Simulation Set-Up . . . . . . . . . . . . . . . .
3.5.5 Simulation Diagnostics . . . . . . . . . . . . . .
3.6 Hydrodynamic Simulations . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Selective Ion Acceleration by Intense Radiation Pressure on GEMINI
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Set Up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Polarisation Dependence and Thickness Scan . . . . . . . .
4.3.2 Intensity Dependence . . . . . . . . . . . . . . . . . . . . .
4.3.3 Optical Diagnostics . . . . . . . . . . . . . . . . . . . . . .
4.3.4 Beam Profiles . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.5 Species Spectra . . . . . . . . . . . . . . . . . . . . . . . .
4.3.6 Angular Dependence . . . . . . . . . . . . . . . . . . . . .
4.4 Simulations of LS acceleration in idealised conditions . . . . . . . .
4.4.1 Thickness scan and Intensity dependence . . . . . . . . . .
4.4.2 Energy gain in the LS regime - theory and simulations . . .
4.4.3 Simulated Beam profiles . . . . . . . . . . . . . . . . . . .
iv

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

39
40
40
41
42
44
44
46
47
47
49
50
53
54
55
56
57
58
58
59
60
61

.
.
.
.
.
.
.
.
.
.
.
.
.

65
66
67
69
69
71
72
73
74
77
79
79
80
82

4.5

4.6

4.7
5

6

Simulations of Selective ion acceleration via RPA . . . . . .
4.5.1 Expansion and Re-compression . . . . . . . . . . .
4.5.2 Species Dependent Acceleration . . . . . . . . . . .
4.5.3 Transparency Contribution . . . . . . . . . . . . . .
4.5.4 Intensity Scaling . . . . . . . . . . . . . . . . . . .
4.5.5 Dependence on Rising Edge . . . . . . . . . . . . .
LS-RPA to higher ion energies . . . . . . . . . . . . . . . .
4.6.1 Pulse shaping for thinner targets and stabilised RPA
4.6.2 Scaling to 1PW . . . . . . . . . . . . . . . . . . . .
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

Ion acceleration from thin foils with stretched, high energy pulses
5.1 Introduction and Experimental Set-up . . . . . . . . . . . . . .
5.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . .
5.2.1 Ion spectra and maximum energies . . . . . . . . . . . .
5.2.2 Red shift . . . . . . . . . . . . . . . . . . . . . . . . .
5.2.3 Beam Profiles . . . . . . . . . . . . . . . . . . . . . . .
5.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3.1 Non-linear effects in pre-plasma . . . . . . . . . . . . .
5.3.2 Target Thickness Dependence . . . . . . . . . . . . . .
5.3.3 Weibel Instabilities and Filamentation . . . . . . . . . .
5.3.4 Pulse Stretching and Magnetic Channelling . . . . . . .
5.3.5 Enhanced Hole Boring Velocity . . . . . . . . . . . . .
5.3.6 Post HB acceleration . . . . . . . . . . . . . . . . . . .
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

Conclusions and Future Work
6.1 GEMINI investigations . . . . . . . . . . . . . . . . . . . . . . . . .
6.1.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . .
6.1.1.1 LS-RPA in the fast focusing regime . . . . . . . . .
6.1.1.2 Intense magnetic fields to control plasma expansion
for LS-RPA enhancement . . . . . . . . . . . . . .
6.1.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 VULCAN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bibliography

.
.
.
.
.
.
.
.
.
.

86
89
91
95
96
99
101
102
105
107

.
.
.
.
.
.
.
.
.
.
.
.
.
.

109
110
113
113
117
120
120
123
123
127
129
130
133
136
140

142
. 143
. 143
. 143
.
.
.
.
.

144
145
146
146
147
148

1

Chapter 1

Introduction

Particle accelerators are fundamental for answering some of the most probing scientific questions in our time such as the discovery of the Higgs Boson [1] at the European
Organization for Nuclear Research (CERN) [2], and its search for Dark Matter candidates, or the generation of synchrotron radiation for probing condensed matter [3]. On a
societal scale, these particle or photon beams are often used in the treatment of cancers,
a disease which comes in many forms without a general cure [4]. One thing all these
sources have in common; they are large and expensive, typically requiring national or
multi-national investment. If the size and cost of such devices could be reduced, these
devices could exist on a university or hospital level making research or treatment more
accessible.
A fundamental limit is the size of accelerator required to produce particles of sufficient energy; charged particles are injected into a vacuum in the presence of an intense
electric field (MV/m) and steered by massive superconducting electro-magnets. Beyond this electric field strength, solid matter will begin to break down since the field is
sufficiently strong to ionise the matter. Thus if the field strength can’t be increased any
further, the size must increase incurring a heavy cost.
One way to overcome this is to use matter which is already broken down: plasma.
Since a plasma can sustain much larger fields without the worry of damage, they were
envisioned as a compact accelerating medium for electrons and subsequently ions [5].
An intense laser pulse, with sufficient amplitude to drive electrons to relativistic velocities (v → c), will generate a plasma from a target (solid or gas) and travel through
it. In its wake, huge longitudinal 1011 V/m fields are generated which can accelerate
electrons to GeV energies over a few cm instead of a few km for conventional accelerators. This is known as Laser Wakefield Acceleration (LWFA) [6], the current record
for electron energies is 7.8 GeV from the BELLA laser [7].
Ions have also attracted significant attention however they have so far remained at
sub-relativistic velocities (v  c) due to their much higher mass. A large international
research community has grown to generate ion beams of sufficient quality for use in
industry or healthcare. Typically, ion beams have been generated with thermal (exponential) spectra due to plasma heating and so far reaching a maximum energy of 94
MeV [8].
While the plasma physics community has made significant advances in target optimization, conversion efficiency etc., the laser community has also seen huge growth due
this growing demand. This has seen peak intensities grow in time due to inventions of
Chirped Pulse Amplification (CPA) for visible wavelengths, which received the Nobel
Prize in 2018 [9], but also research into different gain media and cooling to shrink the
size of high power lasers. High power lasers can now be purchased commercially and
3

customised for the research in question, their much reduced spatial footprint compared
to a conventional accelerators means they can occupy a large lab space with sufficient
radiation protection without major infrastructure changes.
As will be discussed in the following sections, ion beams generated in laser-solid
interactions have a number of potential uses either as an alternative to conventional
accelerators or for applications which lie outside the capabilities of current accelerator
technology. For example, the pulse duration of these ion beams can be on the order of
the laser pulse duration (∼ps at source) with high brightness and laminarity.

1.1
1.1.1

Potential Applications
Hadron Therapy

Particle beams, and hadron particles in particular, have long been known to potentially provide more effective radiotherapy than conventional X-ray sources whilst at the
same time reducing the damage done to surrounding healthy tissue. [10]. Damaging
healthy tissue with ionising radiation can result in mutations from damaged Deoxyribose Nucleic Acid (DNA) in the cell nuclei, which can then cause the cell to become
cancerous. Protons and heavier ions (such as carbon) have a much more suitable energy deposition relation in matter, known as Linear Energy Transfer (LET) resulting in
the famous Bragg Peak. Figure 1.1 shows that by generating a suitable energy of ion
for the required depth in tissue, one can reduce the amount of energy deposited in the
surrounding tissue and thus reducing the chances of DNA damage.
While the absolute energy deposited is not the only fundamental measure of the
usefulness of radiotherapy, how the energy is deposited can also have a significant
impact. For example, the complexity of the damage can determine whether or not
the cell will be able to repair the damage; if a single strand of DNA is broken, the
information is also stored on the other strand meaning the cell can repair itself. If a
double strand break (DSB) occurs, this information is now lost, causing gene damage
and potentially lethal cell damage. The complexity of the damage is typically quantised
with an associated radiobiological effectiveness (RBE) term, where the damage caused
by the technique is compared to that of an X-Ray beam depositing an equivalent dose.
Carbon ion beams have been shown to have a higher associated RBE due to their
higher LET which can cause cluster damage to the cell’s DNA [11] while at the same
time, having a sharper Bragg peak, and a reduced relative dose deposited in its leading
edge. This can make it particularly important where damage to surrounding tissue can
be critical to development or livelihood (such as in the brain) where normal photon
sources or surgery produce too high a risk. Thus the dose can be escalated inside the
4

tumour with a reduced risk to the surrounding tissue. The high localised dose also
makes C ions as a potential alternative to cancers which are typically regarded as radioresistant [12].
100
X-Rays
Protons
Carbon

Relative Dose (%)

80

60

40

20

0

0

5

10
Depth in Tissue (cm)

15

20

Figure 1.1: Relative dose of different ionising radiation sources in human tissue.
Adapted from [13].
One of the unique properties of laser accelerated beams is their ultra-short pulse
duration which can lead to extreme dose rates on the order of 109 Gy/s (where 1 Gy
is the absorption of 1 Joule of energy deposited in 1 kg of matter in units of Jkg−1 ),
leading to some of the highest dose rates recorded in literature [14–17]. These dose
rates can enter into a relatively new regime of radiology known as the FLASH effect
[18, 19]. Some of this reported work, discussed in a recent review [19], demonstrates
the enhanced survivability of normal healthy tissue calls whilst still producing the same
tumour response. The full mechanism behind this effect is still debated but with the
likely reason being that of oxygen depletion as discussed in the previous reference.
The presence of oxygen in cells can lead to indirect DNA damage whereby the
newly ionised electrons can react with oxygen, producing free radicals which can then
later react with and damage DNA. Over the course of a conventional irradiation, the cell
is supplied with fresh oxygen which can, in turn, induce further damage. At ultra-high
dose rates however, the irradiation is so quick that the cell does not have enough time
to replenish the oxygen and thus the level of oxygen damage is saturated and can spare
the tissue. It should be noted that this is still a topic of debate with some reporting
no enhanced survivability at ultra-high dose rates. However, the typical FLASH rates
are on the order of 10’s Gy/s and usually done with electrons, the regime of 109 Gy/s
is still in its infancy in terms of research but the combination of a possible FLASH
effect along with the benefits of hadrons over other particles make it a promising and
interesting venture.
Furthermore, independent of the FLASH effect (significant or not), laser driven
5

sources already provide a cheaper and more accessible method of generating multiMeV beams of different species, including electrons, X-rays, neutrons, protons and
heavy ions. Post selection and moderation can be used to isolate most of these species.
Multi-TeraWatt (TW) systems are becoming more common place due to their affordability as research into advanced optical systems surges forward; thus universities
with the expertise (and some grant money) can fit a multi-TW system into a large lab
with sufficient radiation shielding. These systems can typically generate 10 MeV protons which is sufficient to do basic biology experiments on living cells (cancerous or
healthy) to further research the benefits of hadron therapy.
At the time of writing, only a handful of proton centres are available worldwide due
to their huge expense (>£100 million) [20] (additional capital is required for carbon
ion acceleration), thus only large scale government or private investment is able to fund
such a facility. These centres are understandably focused on treatment rather than research thus using laser driven sources provides an alternative pathway for researchers
to access such beams. While some work has so far been done using laser driven protons [16, 17, 21–23], there has been no work done for carbon so far, likely due to the
difficulty in accelerating these heavy ions in the presence of lighter ones. The acceleration, control and selection of these ions via different mechanisms will be explored in
this thesis which can hopefully make a step forward in making laser driven sources as
an equivalent or alternative source of high energy hadrons for cancer therapy.

1.1.2

Fast Ignition

Nuclear fusion can be seen as the future of clean energy production due to its high gain,
safe by-products and renewable fuel. However, driving a process that powers the sun
itself has been met with huge challenges which multiple nations and their researchers
have devoted huge sums of time and money into overcoming. Magnetically confined
fusion (MCF) and Inertial Confinement fusion (ICF) are two of the fusion processes
which have attracted most of the attention and are each hindered by numerous instabilities which limit the energy gain. For this discussion, only ICF will be mentioned and
potential uses that laser accelerated ions could have on achieving energy gain.
Direct drive fusion involves irradiating the surface of a solid fuel pellet containing
deuterium and tritium, causing ablation and launching multiple converging shocks to
the centre of the target to compress and heat the fuel [24]. However, this requires a
large amount of symmetry and numerous laser driven shocks converging at the same
time. Indirect drive sought to overcome this by using a holraum target which would
generate soft x-rays to more symmetrically heat the target [25]. In addition, Fast Ignition (FI) [26] was proposed as an alternative method of heating the fuel core by using
6

laser generated electrons which could isochorically heat the pre-compressed core which
could alleviate some of the issues of the previous mechanisms.
However, this method is prone to its own issues (some of these will be discussed in
Chapter 5) of hot particle transport in overdense plasma and thus ions were proposed
as an alternative to electrons for heating the core [27]. Again, the core would be precompressed and a high intensity, ultra-short pulse would generate a bright, high energy
ion beam directed towards the core. Ions with their characteristic Bragg Peak would
deposit most of their energy in the core, and heavy ions in particular are less prone to
scattering and thus will not suffer the same detrimental issues of electrons [28].

1.2

Structure of the thesis

This thesis will focus on the acceleration of multiple ion species from the interaction
of high power lasers with thin foils. Chapter 2 will discuss the theory required to understand these mechanisms, from the interaction of plane waves with charged particles
and by extension, the inclusion of multi-dimensional non-linear and relativistic effects
with a focus on how this pertains to the research in question. The focus will shift to the
different heating mechanisms of various laser intensities have with over-dense plasmas,
before describing current theories and models which describe the relevant ion acceleration mechanisms. This will be followed by a short literature review to show the current
state of research in the field and how this thesis fits into it.
Chapter 3 is devoted to explaining how the results of the thesis were produced and
analysed. Hence, a short description of how light power laser systems work and how
this could affect the interaction of a high power pulse with a target. Next, a description
of the diagnostics for measuring the ion energies along with their calibrations will be
mentioned. A significant portion of the results are supported by simulations and hence
the chapter will finish with how each of these codes work.
Chapter 4 focuses on the transition to Light Sail acceleration from the interaction of
high contrast, circularly polarised, ultra-short pulses (40 fs) with ultra-thin foils (10’s
nm). In particular, the experimental results which indicate different acceleration mechanisms for light and heavy ions will be discussed in detail with simulations with focus
on how heavy ions (carbon) are favourably accelerated to high energies. This is extended to further understand the underlying Light Sail mechanism, characterising the
ion beam properties of such an interaction and how the energies will scale with higher
laser intensities. The work here is particularly relevant to the generation of ion beams
for clinical purposes.
Chapter 5 will also discuss high power pulses, but longer duration (100’s fs) for
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thin foils (100’s nm), with no contrast enhancement, where results indicate that ion
energies benefit from a stretched pulse as opposed to a higher peak intensity against
conventional results for ion acceleration. Supporting simulations propose a potentially
novel mechanism of enhancing conventional ion acceleration mechanisms with magnetic channelling. The mechanism will be discussed in detail and how it can improved
in future experiments since the interaction of relatively thick targets with no contrast
enhancement is particularly important for the application of these ion beams at high
repetition rates. Finally, chapter 6 will discuss the conclusions from the two experimental chapters along with future work and ideas to progress the field even further.

1.3

Role of the author

The work done by the author was performed under the supervision of Prof. M. Borghesi
and Dr. S. Kar at QUB. The experimental work was always gratefully done as part
of a team. The GEMINI experiment in chapter 4 was a collaboration between QUB,
University of Strathclyde, Imperial College London and the Central Laser Facility as
part of the EPSRC funded A-SAIL collaboration and programme grant. M. Borghesi
was the Principal Investigator (PI) with D. Doria, L. Romagnani and H. Ahmed acting
as Target Area Operators. The author, along with the other students, was involved with
the setting up the diagnostics and data acquisition over the 8 week period. The analysis
of the ion data, simulations and interpretations were carried out by the author unless
otherwise stated. The experimental work mentioned in the PPCF paper was carried out
by C. Scullion with D. Doria and the other co-authors of the paper. The primary author
performed the 2D simulations and are included in this thesis. The 3D simulations from
the PPCF paper were performed by A. Macchi and A. Sgattoni. M. Borghesi and A.
Macchi provided invaluable advice and corrections for paper drafts.
The experiment on VULCAN was a collaboration between QUB, ELI-beamlines
and CEA Grenoble. D. Margarone was PI with S. Kar as co-PI. The author acted as
(D)TAO along with H. Ahmed for the duration of the experiment with focus on the day
to day running of the experiment and safety. The author was also involved in most of
the set up of the optical and ion diagnostics. The author performed the data analysis
and simulations unless otherwise stated.
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Chapter 2

Theory

2.1

Theoretical Background

Before the production of multi-MeV ions from high power lasers, significant multiparametric work over the decades was performed dedicated to the understanding of
high peak power laser interactions with plasmas. This work created a platform to understand the underlying physics contained within this thesis and therefore the background
basic physics will be initially described working towards the theoretical framework for
the various ion acceleration mechanisms being investigated currently. The theoretical
background describing electron motion shown here is summarised from the following
textbooks and review papers [29–33].

2.1.1

Electron Motion in an ElectroMagnetic wave

The motion of an electron in an Electro-Magnetic (EM) wave is the most fundamental
aspect of laser plasma interactions since their dynamics typically dictate the nature of
the interaction since, due to their much lower inertia than ions, ions are usually seen as
being at rest of the electron’s timescale.
A simple 1D EM plane wave can be described by:
E(x,t) = E0 ei(kx−ωt) ŷ, B(x,t) =

E0 i(kx−ωt)
ẑ
c e

(2.1)

where E is the electric field vector product, k is the wavenumber, k = 2πc
λ and ω is the
wave’s angular frequency, ω = 2π f . E × B is the propagation direction of the wave. An
electron which is present in this field will experience the Lorentz Force:

F=

dp
= q(E + v × B)
dt

(2.2)

with an energy equation:
d
(γmc2 ) = −e(v · E)
dt

(2.3)

where p is the momentum vector of the electron, p = γme v, where v is the velocity
vector and γ is the Lorentz factor; γ = (1 − β2 )−1/2 with β = v/c. For weak fields, and
v  c such that the electron’s velocity in the electric field remains sub-relativistic, the
v × B term can be ignored and the motion follows the polarisation direction, i.e. the
direction of oscillation of E. Hence in the case of linear polarisation, the electron’s
motion traces out a line in the plane of polarisation and a circle when the polarisation
is circular (shown in figures 2.1 and 2.2 respectively).
11

For the context of this thesis, the electrons’ velocity will rarely be described in a
classical case but as a combination of non-linear and relativistic effects. Thus it is
useful to describe a term which can quantify the regime in which one works. This
term will describe the peak ‘quiver’ velocity, that which it obtains at the peak of the
electric field of the laser pulse. One can obtain v by integrating equation 2.2 and the
time dependent equation 2.1. Thus the peak velocity can be written as v0 = eE0 /me ω
or as a dimensionless velocity term in terms of c, henceforth referred to as a0 is:

a0 =

eE0
me ωc

(2.4)

When the intensity (I) of the EM wave is low, v  c, then a0  1. The intensity of
the wave is defined as the cycled average of the Poynting vector (S), the cycle averaged
magnitude of the cross product of E and B :
E 2 ε0 c
1
I = hSi = h|E × B|i = 0
2
2

(2.5)

where ε0 is the permittivity of free space. When the intensity of the laser, and thus peak
electric field becomes large, v → c, and the linear solution for the electron trajectory and
its velocity breaks down; the motion becomes more complex. Here a0 > 1 implying that
relativistic effects become important. This value can then be estimated using convenient
parameters:
Iλ2
a0 = 0.85
1018 Wcm−2


1/2
(2.6)

When a0 > 1, the v × B term starts to become significant, affecting the trajectory.
With an electron beginning at rest, and assuming a plane wave propagating in the x̂
direction, the vector potential can be written as:
h
i
2
1/2
A = A0 ŷδ cos φ + ẑ(1 − δ ) sin φ , φ = kx − ωt

(2.7)

where δ ≤ 1 and describes the polarisation with δ = 0 and 1 for polarization in the ẑ
√
and ŷ respectively where as δ = ±1/ 2 for circular polarisation. Using the relation
E = −∂A/∂t and B = ∇ × A, the perpendicular component of equation 2.2 can be
written as:
dp⊥ ∂A
∂A
=
+ vx
dt
∂t
∂x
12

(2.8)

which can be integrated to give:

p⊥ − A = p⊥0

(2.9)

where p⊥0 is the initial perpendicular momentum of the electron. The longitudinal
components of equations 2.2 and 2.3 can be subtracted from each other and integrated
to give an equation:
γ − px = α
(2.10)
where α is the constant of integration. If the electron is at rest (p = 0 and A = 0), this
corresponds to taking p⊥0 and α = 1. This also shows that p⊥ is equal to the laser
vector potential. The solution for the equation of motion using equation 2.7 results in
the following trajectories:


a20
1
2
−φ − (δ − ) sin 2φ
x̂ =
4
2
ŷ = −δa0 sin φ
1/2
ẑ = a0 1 − δ2
cos φ

(2.11)

which are plotted for linear polarisation in figure 2.1. The significance here lies in the
inclusion of the 2φ term whereby the electron will oscillate along the x̂ direction with a
frequency of 2ω. By considering the frame of the electron’s motion, this motion traces
out a figure of 8 and shown in on the left side of figure 2.1. The different amplitudes
relate to the value of a0 .
For circular polarisation on the other hand, there is no net contribution of the magnetic field to the trajectory when considering the 2 phases of orthogonally polarised
electric fields, the velocity terms from the E components that are π/2 out of phase will
cancel after taking the cross product with the magnetic components. In the electron’s
moving frame, the trajectory remains as a circle.
When a0 > 1 one must also take into account relativistic effects such as the Lorentz
factor, and that light itself carries momentum which can be transferred to the electron.
Another significant point is that of the cycle average of these oscillations, for example,
the x̂ position in equation 2.11 the cycle average of the sin 2φ term will go to 0, leaving
a2
a2
a cycle average hx̂i = − 40 (khxi) and hence v̄x = p̄γ̄x = 4+a0 2 when using equation 2.10.
0
This has a physical meaning of a drift velocity in the x̂ direction which depends on the
peak amplitude of the pulse for both linear and circular polarisation shown in figures
2.1(RHS) and 2.2 respectively.
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Figure 2.1: Electron trajectories for linear polarisation in the moving frame (left) and
the laboratory frame (right)
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Figure 2.2: Electron drift for circular polarisation displaying the electron’s drift in the
laser propagation direction.
2.1.2

Propagation of EM waves in matter

Since the fundamental processes involve intense electromagnetic (EM) waves interacting with plasmas of varying densities, it makes sense to derive the dispersion relation.
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In their differential SI form, Maxwell’s equations are written as:
∂B
∂t

∇ · E = ρ/ε0

∇×E = −

∇·B = 0

∂E
∇ × B = µ0 J + µ0 ε0
∂t

(2.12)

where ρ is the charge density and J is the current density. Faraday’s and Ampere’s Law
(RHS) can be combined (after taking cross products of Faraday’s law) to form the wave
equation (in an un-magnetised medium):
∇2 E =

1 ∂2 E
∂J
+ µ0
2
2
c ∂t
∂t

(2.13)

By considering the ions as immobile, the current density of an electron fluid can be
written as J = −ene ve and hence:
∂ve
∂2 r e2 ne
∂J
= −ene
= −ene 2 =
E
∂t
dt
dt
γme

(2.14)

by substituting the acceleration from the equation of motion in equation 2.2. The wave
equation can now be written as:
∇2 E =

1 ∂2 E µ0 e2 ne
E
+
c2 ∂t 2
γme

(2.15)

this can be solved by assuming the solution as in 2.1 leading to a dispersion relation of:
ω2 − ω2p = k2 c2

(2.16)

where ω p is the characteristic plasma frequency:

ωp =

ne e2
εme

1/2
(2.17)

Physically this means that the electrons are able to respond to electric fields and
screen its effect inside the plasma. Electrons respond to the external field with oscillations to frequencies up until their characteristic plasma frequency, ω p meaning that
oscillating fields, such as a laser with angular frequency ω, can pass through the plasma
so long as ω < ω p . Since the laser frequency is fixed, it is more suitable to discuss this
in terms of the plasma critical density, nc when ω = ω p :

nc =

ω2 ε0 me
e2
15

(2.18)

such that if the plasma density (ne ) is less than the critical density, ne < nc , the laser can
propagate through the plasma and it is known as underdense. If ne > nc then it is known
as overdense and the laser will reflect from the critical surface. In the relativistic case,
where a0 > 1, one must also take into account the increase of the electron’s inertia
whereby if ne < γnc , then the plasma becomes known as relativistically underdense
(Relativistically Induced Transparency).
Underdense plasmas are a dispersive media with a refractive index (η) based on
their electron density and hence plasma frequency (using equation 2.16):

η=

ω2p
1− 2
γω

!1/2



ne 1/2
= 1−
γnc

(2.19)

From the dispersion relation 2.16, if the region is overdense and therefore the wave
cannot propagate, k must then be imaginary:

ck = ω2 − ω2p

1/2

= i|ω2p − ω2 |1/2

(2.20)

which when coupled with the wave’s spatial dependence (equation 2.1) demonstrates
the wave will be exponentially attenuated into the overdense region:

eikx = e−|k|x = e−x/δ ,

δ = |k|−1 =

c
ω2p − ω2

1/2

(2.21)

where δ is called the collisionless skin depth. Hence it is possible for a pulse to penetrate through an overdense plasma if it is thin enough.
Finally, one of the most common quantities used to describe a plasma is the Debye
length, λD , the length where the electric potential will drop by 1/e and is calculated as:
s
λD =

ε0 kB Te
ne q2e

(2.22)

where Te , kB and qe are the electron temperature (in units of K), the Boltzmann constant
and the electron charge respectively.
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2.1.3

Non-linear effects of intense pulses in plasmas

The previous section works in the idealised monochromatic plane wave, something a
laser pulse significantly deviates from. The pulses described in this thesis vary from
40 fs to 500 fs in best conditions and tightly focused to a few microns in diameter.
These significant spatial and temporal dependencies mean that the electron may not
experience the same field amplitude over the course of a single cycle and can lead to a
number of interesting effects.

2.1.3.1

Ponderomotive Force

The spatial dependence of a focused laser pulse means that a0 also varies in the transverse direction. This will lead to a drift of the centre of oscillation of the charge and
is known as the ponderomotive force, one that expels charges, positive and negative,
away from regions of high intensity to lower intensities i.e. it depends on the gradient
of the intensity.
This can be calculated by using the equation of motion 2.2 and adapting for a radially changing electric field in y the direction Ey (r):
∂vy
e
= − Ey (r)
∂t
m

(2.23)

where the electric field can be taken expanded as a Taylor series and substituting the
second term into equation 2.23 yields:

fp = −

e2 ∂E02
4mω2 ∂y

(2.24)

This is a non-relativistic simplified case and only shows the electron being forced
perpendicular from the propagation direction to the area of reduced intensity. However,
in the relativistic case, we know from the previous section that the electron experiences
a drift in the laser propagation direction hence the case of a focused, high intensity
beam results in the electron moving at some angle from the laser axis. In the context
of this thesis, high intensity refers to I> 1018 W/cm2 where a0 > 1 and the electron
motion in the wave is relativistic.
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2.1.3.2

Relativistic Self-Focusing and Channelling

Due to the non-linear dependence of η on intensity (equation 2.19), a spatially finite
pulse will have a refractive index dependence across its width. The refractive index will
peak along the centre (for a Gaussian pulse) with a decreasing refractive index towards
the wings thus bending the wave-fronts. This will act as a positive focusing lens and is
called ‘self focusing’. It has been shown that there is a threshold power (Pcr ) for this
onset [34–36]:


ω
Pcr ' 17
ωp

2
GW

(2.25)

and hence for relativistic pulses, propagation through an underdense plasma can reduce
the effect of defocusing, extending the vacuum measured Rayleigh Range, or increase
the peak intensity to extremely high magnitudes.
Coupled with self-focusing, due to the transverse ponderomotive force (equation
2.23), the local electron density will decrease along the laser axis ans move to the
regions of lower intensity. This in turn causes an increase in the local refractive index
which results in a laser ‘channel’ in an underdense plasma which can act to guide the
laser pulse over many Rayleigh lengths [37].

2.2

Laser-Solid Interactions

While laser pulses are typically characterised by the temporal and spatial dependence
of the intensity, the dynamics discussed in the results of this thesis cannot be described
without the preceding laser energy arriving to the target before the peak of the pulse.
The pulse is typically preceded by some energy either from Amplified Spontaneous
Emission (ASE) or from a non-optimised optical compression set-up which leads to
ionisation, expansion and heating of the target before the main pulse arrives, this is
discussed in the next chapter. The main ionisation and heating mechanisms will be
discussed here.

2.2.1

Ionisation

It is useful to describe a term that describes the intensity regime experienced by the
target; this was described by Keldysh [38] and is thus known as the Keldysh parameter
(γK )
s
r
2Eion
Eion
∼
(2.26)
γK = ωL
IL
Φ pond
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where Eion is the ionisation energy of the ion and Φ pond is the ponderomotive potential
of the laser field, i.e. the cycle averaged quiver energy of the free electron:

Φ pond =

e2 EL2
4mω2L

(2.27)

hence higher intensities have a lower value of γK . For strong fields, γK < 1 where
Tunneling and Barrier Suppression Ionisation (BSI) can dominate and for weaker fields,
γK > 1, Multi-Photon Ionisation (MPI) will dominate.

2.2.1.1

Multi-Photon

MPI is a non-linear process common to laser intensities > 1010 W/cm2 whereby bound
electrons, even with ionisation energies higher than the equivalent photon energy of a
specific energy, can be released from the atom if 2 or more photons with a total energy greater than the ionisation potential are simultaneously absorbed. This is strongly
dependent on the intensity of the light.
Above Threshold Ionisation (ATI) occurs when more photons are absorbed than
necessary for ionisation and thus exits the potential well with a kinetic energy E f =
(n + s)h̄ω − Eion where n and s are the number of photons absorbed below and above
that needed for ionisation respectively.

2.2.1.2

Tunnel Ionisation and Barrier Suppression

For MPI, it is assumed that the atomic potential well is undisturbed by the incident
laser field. This is not the case when the strength of the laser electric field is sufficient
to disturb this potential well. An approximate value can be calculated by assuming an
electron orbits a hydrogen nucleus at the Bohr radius and calculating the corresponding
electric field; the field strength is ∼ 5 × 109 Vm−1 which translates to ∼ 3.5 × 1016
W/cm2 .
Qualitatively this can be thought of as an external electric field suppressing the
atomic Coulomb barrier which increases the probability of the electron inside to tunnel
outside of the well. If the barrier is suppressed to less than the ionisation potential, the
electron can escape spontaneously and this is known as BSI.
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2.2.2

Laser Absorption from Overdense targets

In this section, the dominant laser energy absorption and deposition will be discussed
since their respective importance (or not) to the interaction are fundamental for accessing some ion acceleration mechanisms. The laser will deposit energy over a wide range
of time-scales and plasma densities due to the presence of a pre-plasma with different
effects for laser polarisation. In this thesis, solid density targets of thickness 2-100 nm
in chapter 4 and 80nm - 10 µm in chapter 5 with peak densities on the order of 1029
m−3 with an exponential gradient on either side of the target spanning 10’s of µm over
orders of magnitude of density. A range of different mechanisms will dominate over
the varying densities and laser intensities.

2.2.2.1

Hydrodynamics

Most of the processes in this thesis can’t be explained without the effect of the laser prepulse, since its inclusion provides a much fuller representation of the interaction. When
the pre-pulse causes significant expansion at low laser intensities, it is computationally
easier to model the plasma as two fluids, the electrons and ions, with a hydrodynamic
code. This is especially true when looking beyond a 1D approach. The continuity,
momentum and energy equations are solved separately for electrons and ions, this is
very important considering the vastly different temperatures between the ions and electrons. Without a hybrid approach though, the ions are treated as a single species with
an average mass and charge state.
The adapted Euler fluid equations are as follows:
∂ρ
+ ∇ · (ρu) = 0
∂t
∂ρu
+ ∇ · (ρuu) + ∇P − f p = 0
∂t


∂ρE
Qei
+ ∇ · (ρE + P)u − κe ∇Te −
− Φa = 0
∂t
γe − 1

(2.28)
(2.29)
(2.30)

where ρ is the fluid density, u is the fluid velocity, P is the pressure and E is the sum
of the internal and kinetic energy. Qei is the electron-ion equipartition rate, κe is the
thermal conductivity and Φa is a laser absorption term. Equation 2.30 can also be
adapted for ions with the absorption term assumed to be negligible. The temperature
and pressures are equated via an equation of state which is typically input over a broad
range for a hydrodynamic code (discussed in section 3.6). The advantage of using the
hydrodynamic approach is that inverse Bremstraulung can be computed since this is a
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significant source of heating for the low density plasma and discussed in section 2.2.2.3
this forms part of the Φa term in equation 2.30.

2.2.2.2

Collisional Absorption

The properties of the plasma, i.e. the density and temperature, dictate whether or not
Coulomb collisions play a major role in the dynamics of the plasma itself. High power
laser matter interactions are usually regarded as collisionless due to the high temperature or their diffuse nature; this results in a long mean-free path between collisions
(greater then the target thickness). The MeV temperatures produced by the high peak
intensities mean the collective dynamics can be regarded as collisionless. This is not
the case for cold or dense plasmas where the mean free path is short and collision
frequency, νei , is on the order of the plasma frequency.
This is important for the laser pre-pulse which precedes the main pulse with a much
lower intensity, yet is sufficient to ionise the target. The target begins to expand but can
remain between 1-100 eV thus collisions can play a significant role in the interaction.

νei =

πe4 n
(4πε20 )2 (KTe )3/2 m1/2

(2.31)

Hence, for an overdense plasma (ne > 1027 m−3 for the 800-1053 nm lasers in this
thesis), if the temperature remains low, < 100 eV, then the collisional frequency is on
the same order as the plasma frequency. Collisions are also an important source of
ionisation whereby an electron can collide with a bound electron, transferring sufficient kinetic energy to escape the atomic potential. This is important for ionisation
throughout the laser pre-pulse where the laser field is not sufficient to ionise the rear of
the target. As the intensity increases, and subsequently the temperature, collisions will
play less and less of an effect as νei decreases for the overdense plasma. Thus, the high
intensity regime can be regarded as collisionless.

2.2.2.3

Inverse Bremsstraulung

Collisional absorption is also known as Inverse Bremstraulung (IB) such that the electrons gain energy from the laser and lose it with collisions with ions. The light wave is
damped by the plasma with the plasma correspondingly heating up. It has been shown
that a Maxwellian distribution of electrons in a linear density gradient, the absorption
due to IB ( fIB ) is given by [39]:
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32 νei (nc )
fIB = 1 − exp −
Ln
15 c

(2.32)

where Ln is the density scale length and νei (nc ) is the collisional frequency evaluated at
the critical density using equation 2.31. Thus, the absorption is large for long density
gradient plasmas with a low temperature due to the increase of νei . The assumptions
governing this derivation will break down for the case of high power lasers, because
the electron temperature can no longer be considered Maxwellian as it is dominated by
oscillations in the laser’s electric field. However, as discussed previously, νei decreases
significantly for high intensities as the temperature increases to > 100 keV where it
enters the collisionless regime. Thus IB is only important for the long laser pedestal
for low temperature, high densities plasma. While IB will still contribute to heating at
high intensities, this will be much reduced compared to collisionless mechanisms.

2.2.2.4

Resonance Absorption

While it may not be pertinent to this thesis (since the plasma was irradiated at normal
incidence), it is useful to mention the effect of Resonance Absorption whereby a large
amplitude plasma wave is driven by the laser when irradiating at oblique incidence
[40]. As the p-polarised pulse passes through a plasma density gradient at oblique
incidence, it refracts due to the density dependent refractive index shown in equation
2.19. Thus, the wave’s reflection point will not necessarily be at the critical surface, but
at ne = nc cos2 (θ), where θ is the angle of incidence. Since the wave is p-polarised, it
has an electric field component parallel to the density gradient of the pre-plasma. The
wave will have a non-zero amplitude component with an exponentially decaying profile
past this critical surface, known as an evanescent wave, which can drive a resonant
plasma wave at the critical surface where ω = ω p .
The absorption can be estimated as shown in Kruer [41] by assuming a linear density profile, the evanescent wave decays as e−β where β = (2ωL/3c) sin3 (θ) for this
profile. The component of the electric field that drives the resonance, Ed has an angular
dependence:
EFS
φ(τ)
(2.33)
Ed = p
2πωL/c

where φ(t) ' 2.3τ exp −2τ3 /3 sin(θ) with τ = (ωL/c)1/3 , L is the scale length and
EFS is the value of the electric field in free space. Hence as the angle θ → 0 (normal
incidence), Ed → 0 as E · ∇ne → 0 despite the reflection point approaching the critical
density. Likewise, as θ → 90◦ , Ed → 0, since the incident wave has to tunnel a larger
distance to the critical surface despite the field component along the density gradient
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being larger. Therefore, the greatest absorption can be calculated as being ' π/4 '45◦ .
The energy is either transferred from this wave via collisions at low intensities by particle trapping or wave-breaking at high intensities. Kruer shows that the fraction of
energy absorbed fA ' φ2 (τ) /2. This can lead to quite high absorption fractions of
0.5-0.6 at the peak angle.

2.2.2.5

Vacuum (Brunel) Heating

Resonance absorption is applicable when the density scale length is much greater than
the laser wavelength. However, the resonance will break down if this oscillation amplitude is greater than the scale length, which is the case for very sharp vacuum-plasma
boundaries. Thus, electrons on this boundary will be pulled out into the vacuum by the
laser field and as this field reverses, the electron is accelerated into the target at a high
velocity. Since the plasma is overdense with a sharp boundary, the laser will only penetrate to the skin depth. If the electron’s velocity is sufficient then it will penetrate much
further than this depth. The electron can then transfer energy via collisions, which is
known as Vacuum or Brunel heating [42]. These electrons are ‘lost’ since they propagate out of reach of the laser field and thus a resonance wave cannot be set up; the
energy is transferred from the laser to the electrons.
This transition from resonance absorption to Brunel heating can be quantified where
L/λL < 0.1 and Iλ2 > 1016 W/cm−2 µm−2 whereby the electron’s return velocity can
be relativistic when I > 1018 W/cm2 . The fractional absorption rate ηB is calculated by
Brunel [42]:

ηB =

i sin θ
1/2
1 h
−1
f 1 + f 2 a20 sin2 θ
πa0
cos θ

(2.34)

where f = 1 + (1 − ηa )1/2 , which increases with θ and a0 . In the ultra-intense limit
where a0  1, the use of a Taylor expansion reduces the absorption to:
f 2 sin2 θ
(2.35)
π cos θ
which is independent of a0 and only dependent on θ. This will peak at about θ ' 73◦ .
ηa =

2.2.2.6

J x B heating

While the previously mentioned mechanisms will likely be present in some
way for laser-solid interactions, Brunel heating and resonance absorption require
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p−polarisation and oblique incidence. While this is the most common arrangement for
laser-ion acceleration due to the efficient coupling of laser energy into hot electrons,
this will typically suppress other mechanisms from manifesting. As will be described
later, circular polarisation was used in one chapter whilst normal incidence was used
for both. At normal incidence, there is no discernable difference between p and s polarisation since neither have a component parallel to the density gradient.
J×B heating is so named because of the inclusion of the magnetic field as part of
the driving force which has been neglected in the previous mechanisms. Thus, using
equation 2.7 and assuming a step-like density profile, the wave equation inside the
plasma will be [30, 43]:
h
i
a(x,t) = a(0)e−x/`s ŷδ cos(ωt) + ẑ(1 − δ2 )1/2 sin(ωt)

(2.36)

where a(0) = 2a0 /(1 + η) from Fresnel equations. The v × B contribution to the
Lorentz force can be evaluated as the cross product of the velocity (from the equation
2.36) with B:

Fx = −me c2


∂ 2
a = F0 e−2x/`s 1 − (1 − 2δ2 ) cos(2ωt)
∂x

(2.37)

where F0 = (2me c2 /`s )(ω/ω p )2 a20 since (1 + η)2 = (ω p /ω)2 , and δ is again the polari√
sation where δ = 0, 1 for linear and ±1/ 2 for circular. The cycle average of equation
2.37 is the steady ponderomotive force which is polarisation independent. Physically
this equations can be separated into two terms, a steady force and a rapidly oscillating
2ω term. This fast term is the J × B term which drives hot electron bunches into the target at twice the laser frequency (the simple visualisation is shown in figure 2.1) leading
to strong absorption at high intensities. This term vanishes for the case of circular polarisation and normal incidence, which can lead to substantially reduced heating even at
high intensities and this can be exploited to prevent even an ultra-thin target becoming
underdense.
The hot electron temperature from this mechanism was first shown by Malka and
Miquel [44] which quantitatively agreed with the ponderomotive scaling discussed by
Wilks [45] as:
q

2
Th = (γocs − 1) me c =
1 + a0 /2 − 1 me c2
2

(2.38)

For solid density targets, Denavit [46] showed that these electrons could efficiently
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transfer their energy to ions as well.

2.3

Ion Acceleration Mechanisms

As noted by the vastly different heating mechanisms associated with high power laser
matter interactions, the interplay of these mechanisms during the interaction can affect
the acceleration of the ions also present. During the interaction of the pulse with a thin
foil, 3 main mechanisms occur at different stages and dominate depending on a number
of parameters; Target Normal Sheath Acceleration (TNSA), Radiation Pressure Acceleration (RPA) and Breakout Afterburner (BOA) during Relativistic Induced Transparency (RIT). Special cases with tailored plasmas can result in Collisionless shock acceleration (CSA). All of these interesting mechanisms have their advantages and drawbacks and the background theory required for their description will be discussed in the
following sections.

2.3.1

Target Normal Sheath Acceleration

TNSA originates from rear surface acceleration of ions typically ionised by the TV/m
magnitude field induced by hot electrons, produced at the front surface by the previously mentioned heating mechanisms. These electrons propagate out the rear of the
target setting up the ‘sheath field’. This sheath is directed along the target normal,
extending over µm’s and, in turn, accelerate ions. Protons are typically the species
most efficiently accelerated, in terms of particle number and kinetic energy, even when
metallic foils are irradiated. It was found that the protons typically originate on the
surface of the foil as a contaminant layer, from hydrocarbons and water vapour adhered
to the surface. The protons, with their higher Z/A ratio, can be accelerated more efficiently than the heavier ions and screen the electric field from these heavier ions. Some
of the most attractive properties were that of the high brightness and laminarity and
short pulse duration.
Initial experiments generating 10’s MeV protons from solid targets [47–49] in the
forward direction with high particle numbers required a theoretical description; this
was first proposed by Wilks [50]. This provides a qualitative description since further
theoretical work has refined the model.
The laser pulse’s preceding intensity, usually a result of Amplified Spontaneous
Emission (ASE), can have sufficient intensity to ionise and heat the target. This front
surface plasma will expand out over 10’s µm’s. The main pulse will then generate a
huge number of hot electrons in this plasma as it also reflects from the critical surface, these electrons will pass through the target relatively unimpeded due to their high
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velocity. The hot electrons then escape the rear as a ‘cloud’ of electrons and set up
an electrostatic sheath field almost normal to the target. The ions on the rear side are
ionised, and the field can be thought of as ‘holding back’ the electrons as the ions are
accelerated.
Although TNSA has been demonstrated over a huge range of laser and target parameters, there isn’t a single model which perfectly describes every situation. However,
they are all based on a plasma expansion into a vacuum, which has been studied extensively before (see [51]), but additional considerations were later considered to explain
the ion energies seen in these ‘initial’ TNSA experiments. The following model described by Mora [52] gives a reasonable estimate for the maximum ion energies from
TNSA but does not provide a full picture. Other models (i.e. Passoni et al [53]) use
a 2 temperature electron model since the ‘cold’ background electrons will affect the
dynamics of the sheath over time. Other work e.g. Tikhonchuk et al [54] use a two
ion species model to explain some spectral peaks in the energy spectrum arising from a
multi-species expansion from TNSA. The simplest model of the quasi-stationary, single
electron temperature will be discussed here since it provides a sufficient explanation of
the process.
A semi-infinite plasma is assumed such that at t = 0, for x < 0, ni = ni0 where ni is
the ion density and ni0 is the initial ion density; at this time, the ions have not gained
any kinetic energy hence for x > 0, ni = 0 where the boundary is step-like (infinite
gradient). In 1D, the electron distribution follows a Boltzmann distribution:


eΦ
ne = ne0 exp
kB Te


(2.39)

where ne0 is the electron density of the plasma for x < 0, Φ is the electrostatic potential
and Te is the electron temperature. Φ satisfies Poisson’s equation such that:

ε0

∂2 Φ
= e (ne − Zni )
∂x2

(2.40)

with the boundary condition at x= ∞, Φ = 0. The electric field can be evaluated at the
boundary by integrating equation 2.40 from x = 0 to x = ∞ resulting in:
Efront, 0 =

p
2/eE0

(2.41)

where E0 = (ne0 kB Te /ε0 )1/2
The electrons remain in equilibrium with the potential so that equations 2.39 and
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2.40 remain true. The ions then expanding from the target rear into the vacuum by the
equations of continuity and motion:




∂
∂
∂vi
+ vi
ni = −ni
∂t
∂x
∂x


 
∂
∂
Ze ∂Φ
+ vi
vi = −
∂t
∂x
me ∂x

(2.42)
(2.43)

where 2.42 is the same as equation 2.28 and vi is the ion velocity. The equation of motion for the ion fluid in a non-uniform potential is given by equation 2.43 and calculated
with:
dvi (x,t) ∂vi ∂vi dx ∂vi
∂vi
=
+
=
+ vi
(2.44)
dt
∂t
∂x dt
∂t
∂x
which is the transformation of the velocity to a fluid element fixed in space, since the
typical time derivative is taken at the position of the particles. The change in the fluid
velocity is now considered at a fixed point in space (first term on the right hand side of
equation 2.44) and the change in the fluid velocity into a region where the fluid velocity
is different (second term in equation 2.44) [31].
−eni ∂Φ
i
Differentiating equation 2.39 with respect to x, ∂n
∂x = kB Te ∂x and substituting into
equation 2.43, a non-linear self similar solution whereby every variable is a function
of x/t such that ni (x,t) = ne0 exp(−x/cst − 1) where cs is the ion acoustic velocity,
cs = (Zkb Te /mi )1/2 . This means the self similar electric field (ESS ) can be calculated
as [30, 55]:

ESS = kB Te /ecst = E0 /ωpit

(2.45)

1/2
where ωpi = ne0 Ze2 /mi ε0
is the ion plasma frequency which is valid for when x >
cst and vi > 0. For x < cst, the ions in the plasma bulk have not started to move yet and
Ex = 0. This model, due to the isothermal expansion assumption, means the ions can be
accelerated indefinitely to infinite energies. Although this can be avoided by using an
electron temperature which cools with time, or a truncated spectrum, this significantly
complicates the model which is usually simplified with a maximum acceleration time
when the acceleration stops.
The velocity can be estimated when the self-similar solution breaks down when the
local Debye length, λD = λD0 (ne0 /ne )1/2 = λD0 exp [(1 + x/cst) /2] is equal to the scale

length, cst, hence: 1 + x/cst = 2 ln(ω pit) and vi, front = 2cs ln ωpit , which means the
field at the ion front is twice that of ESS in equation 2.45. A more accurate approach is
solving it numerically which produces more precise values such that the electric field
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at the ion front becomes:
1/2

Efront ' 2E0 / 2e + ω2pit 2

(2.46)

becoming equation 2.41 and 2ESS for t = 0 and ωpit  1 respectively. This can be used
to find the velocity and position of the front by integrating dvfront /dt = ZeEfront /mi and
dxfront /dt = vfront respectively with Efront from equation 2.46:

 p

2
vfront ' 2cs ln τ + τ + 1
h  p
 p
i
√
xfront ' 2 2eλD0 τ ln τ + τ2 + 1 − τ2 + 1 + 1

(2.47)
(2.48)

√
where ωpit/ 2e. Thus, the maximum ion energy of the ion front can be calculated:
Emax ' 2ZkB Te [ln(2τ)]2

(2.49)

when ωpit  1. The maximum energy is shown in this case to scale linearly with the
electron temperature. While this model is quite limited with the assumptions used, it
provides a relatively straightforward means of estimating the ion energy in the simplest
case. The model also shows some properties typical of TNSA, namely the very steep
gradients which peaks at the target surface and decays over a few µm. The fastest ions
are accelerated from this surface through the sheath on a shorter timescale than typical
plasma expansion and electron cooling. Since the model is not affected by the ions
flowing through it, ni  ne , the model will be most accurate for the fastest ions since
the large population of low energy ions will significantly affect the sheath field.
This model has been used to predict and model many of the TNSA experiments
over the first few years in Fuchs et al [56] using equation 2.49 and empirically setting
the maximum acceleration time as 1.3τlaser . The hot electron temperature was also
found numerically [45] and experimentally [44] to match the ponderomotive scaling
generated in the laser pre-plasma.
While the scaling reported by Fuchs was in good agreement for intensities up to
W/cm2 and proton energies up to 20 MeV, this model overestimated the energies
that would be found at higher intensities. Robson et al [57] show that for intensities
up to 6×1020 W/cm2 that the scaling is much slower from experiments. By adapting
the models used, they show that at the low end of their intensity scan that the scaling
does match that shown by Fuchs using the Mora model, but this will quickly deviate.
1020
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(a)

(b)

Figure 2.3: Scaling of maximum proton energies for (a) irradiance from Borghesi et
al [61] and (b) intensity on target from Zeil et al [62]. Both show the faster scaling of
ion energy for shorter pulse length.
Robson shows scaling of I 1/2 and experimentally measured proton energies of ∼50
MeV at 6×1020 W/cm2 where the scaling by Fuchs was predicting up to 200 MeV at
8×1020 W/cm2 .
Robson accounts for this by adapting the model updated by Mora [58] where electron cooling is taken into account by transfer of their energy to ions. Here, the electron
temperature increases linearly with the pulse duration and then decreases adiabatically.
In effect, the updated model accounts for a finite density gradient on the rear surface,
which will decrease the efficiency of the acceleration. It also introduces another limit
to the acceleration time in this 1D model by stopping the acceleration when the longitudinal plasma expansion is equal to twice the lateral expansion of the sheath. This
provided a much more realistic scaling matching experimental results however it remains somewhat empirical.
While a significant amount of work has been on using PW-class ps lasers, recent
developments in laser technology make fs class 10-100’s TW lasers available. These
are typically designed to work a high repetition rate (0.1-10Hz) making them more
suitable for applications (as opposed to high energy Nd:glass systems with 1 shot every
30 minutes.) More recent experiments have attempted to optimise TNSA with this laser
class which have more desirable scaling with intensity, albeit requiring much higher
intensity to achieve the same maximum ion energy as the Nd:glass systems shown in
figure 2.3. More recent experiments have shown to produce up to 40MeV protons from
the ultra-short pulse regime [59, 60].
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So far, the highest energies from this mechanism have been 85 MeV from Wagner et
al [63] from a high energy system. However, TNSA is not limited to protons. Although
they are typically the highest energy ion generated in the interaction, groups have studied multi-species expansion numerically and experimentally to accelerate heavier ions,
typically carbon and bulk target species. Early experiments showed that by removing
the proton contaminants (by resistive heating), it lead to more efficient acceleration of
heavier ions up to 5 MeV/nucleon [64] using high energy lasers, whereby experiments
with ultra-short laser pulses can produce similar energies [65]. By tailoring the rear
surface composition, other species, such as deuterium, can also be accelerated to this
energy [66].

2.3.2

Radiation Pressure Acceleration

Despite the interest in the emergence of 10’s-MeV ions from these intense interactions,
there remain a number of drawbacks associated with the mechanism, such as the slow
energy gain with intensity and exponential spectrum making it difficult for applications.
Radiation Pressure Acceleration (RPA) is a promising mechanism that can overcome
these drawbacks. RPA originates from the transfer of momentum from an enormous
number of photons reflecting off the critical surface, transferring their momenta to the
electrons, and subsequently to the ions via space-charge effects. If I, is the intensity of
the wave, then the momentum arriving per unit area is I/c. The radiation pressure (RP)
from a plane, monochromatic wave for a surface at rest is:
I 1−β
I0
RP = (1 + R − T ) = (2R + A)
c
c 1+β

(2.50)

where R, T and A are the reflection, transmission and absorption coefficients respectively with β = v/c. Thus for a perfectly reflecting mirror, where R = 1 and A = 0 and
R + T + A = 1 then the RP is related to twice that of the incident radiation. The energy
transfer can be thought of as a change in frequency of the reflected radiation. Classically, the Doppler shift of the light from source and receiver moving away from each
other is ω (1 − β). In the moving frame, S’, the frequency is again reduced but by a factor of γ so that the frequency of the incident radiation is ω0 = γ (1 − β) ω and the electric
field E00 = γ (1 − β) E0 . Using equation 2.5, the intensity in S’ is ((1 − β) /(1 + β)) I0
resulting in equation 2.50. RPA is typically distinguished between thick (Hole boring) and thin (Light Sail) targets and will be discussed separately since they pertain to
different sections of the thesis.
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2.3.2.1

Hole Boring

Hole boring is discussed in the context of RP acting on the front surface of an overdense
plasma, steepening the density gradient and accelerating it forward, thus penetrating
into the target via a deformation of the critical surface. This recession velocity, vHB ,
can be obtained by balancing the momenta from the radiation and the mass momentum
flow. In the moving frame of the mirror, ions with a number density of ni γHB (γHB is
due to length contraction) move toward the mirror with a velocity −vHB and will be
reflected back to velocity vHB . The number of particles passing through some area with
velocity vHB will be ni γHB vHB with every particle having the momentum mi γHB vHB .
A total momentum difference of ni γHB (2mi γHB vHB ) vHB = 2γ2HB mi ni v2HB where γHB =
−1/2
[32, 67]. The momentum balance is therefore:
1 − v2HB /c2
2I 1 − vHB /c
= 2γ2HB mi ni v2HB
c 1 + vHB /c

(2.51)

hence one can solve for vHB /c:
vHB
Π1/2
=
,
c
1 + Π1/2

Π=

I
Z nc me 2
a
=
3
mi ni c
A ne m p 0

(2.52)

The fastest ions are travelling at vHB in the moving frame. To calculate the velocity
(and energy) in the laboratory frame, one must transform the velocity back using the
general formula:

u=

u0 + v
0 ,
1 + uc2v

vRF =

2vHB
1+

v2HB
c2

,

2β
vRF
=
c
1 + β2

(2.53)

where u is the velocity in the laboratory frame, u0 is the velocity measured in the
moving frame, v is the velocity of the moving frame, and vRF is the velocity in the
laboratory frame. The kinetic energy can be calculated as Eion = mc2 (γ − 1) where

−1/2
γ = 1 − (vRF /c)2
so the kinetic energy can be written as:

2

Eion = m p c






1 + β2
Π
2
− 1 = 2m p c
1 − β2
1 + 2Π1/2

(2.54)

In the non-relativistic regime where vHB  c and Π  1 then vHB /c ' Π1/2 and Eion '
2m p c2 Π. The model above, along with some other work [67–69], predict the linear
scaling of ion energy with intensity. This predicts moderate ion energies from solid
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targets but with high particle numbers peaked at the high energy end of the spectrum
at vHB . These will propagate through the plasma and out the rear, assuming the plasma
is not thick enough to cause any significant energy loss of these ions. This process
will repeat for the duration of the laser pulse. In reality, the intensity is not constant
with time, but typically has a Gaussian pulse shape and thus the vHB will change with
a function of time. This can lead to multiple peaks within the spectrum.
Early experiments showed the onset of hole boring with the measurement of the redshifted back reflected light coming from the recessing critical surface. At 1018 W/cm2 ,
multi-ps pulses were used with pulse contrast steepening and measured vHB ' 0.0083c
[70]. Later experiments showing vHB ' 0.015c with 1019 W/cm2 [71] and 0.03c with
5×1019 W/cm2 [72], corresponding to '130 keV, '400 keV and 1.7 MeV respectively
(since no ion energies were reported). Simulation work sought to optimise the interaction, particularly for the fast ignition scheme [73] which showed beams of relativistic
electrons propagating from the hole boring surface. Plasma jets measured from the rear
surface of thin foils irradiated by a ≥ 1019 W/cm2 pulse were attributed to piston-like
RP on the front surface [74]. The work in [72] shows that vHB decreases with time,
despite the intensity decreasing, due to the increased density as the HB front penetrates
into the plasma as well as a reduced reflection of the light due to increased absorption
and a reduced transfer of momentum. A plasma density limit was derived showing that
there is a limit as to when the pulse can no longer sustain the charge separation and
cannot penetrate into the plasma any further [75].
Since the hole boring velocity is inversely proportional to density, work has been
performed using gas jets with densities of 1019 cm−3 and utilising CO2 lasers (λ = 10
µm) so that the plasma remains overdense. This has produced bunches of ions at MeV
energies at an intensity of ∼ 5 × 1015 W/cm2 with a narrow (4%) energy spread [76].
The intense RP can leave its imprint on the electron and ion profiles which have been
attributed to to Rayleigh-Taylor Instabilities [77, 78].
HB remains a promising method of generating high flux of high energy ions, this
scheme is particularly promising due to the linear scaling with intensity and thus potential to generate useable beams with the high intensities that will be available with
PW-10 PW laser facilities coming online.

2.3.2.2

Light Sail

When the target is thin enough that the HB front reaches the rear of the target, RP
can act more efficiently by accelerating the entire compressed bulk since the ions are
no longer screened by a background plasma [32]. The equation of motion is similar
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Figure 2.4: Cartoon showing the difference in the momentum balance between HB
(left) and LS (right) with blue lines representing density and red for laser and ions in
the 1D moving frame.
to equation 2.51 except the momentum is not transferred to background ions but to
particles in the ‘sail’ itself:

2I(tret )
d
0 1−β
(βγ) =
,
R
ω
dt
σc2
1+β

dX
= βc
dt

(2.55)

since the total momentum per unit area will be:

mi γvni ` = σγβc

(2.56)

where ` is the thickness of the ‘sail’ and σ = mi ni ` is the areal density, or mass density
per unit surface. The intensity is dependent on the retarded time (tret = t − X/c) and ω0
is the frequency in the moving frame of the ‘sail’. The velocity, β can be solved first by
writing the left hand side of equation 2.55 as:
d
d
β
3 dβ
=
γ
(γβ) =
dt
dt (1 − β2 )1/2
dt

(2.57)

by implicit differentiation. Switching to the retarded time, tred as the integration variable, w, where dw = dt − d(x(t)/c) = (1 − β)dt, equation 2.55 can be written as:
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d
dw



1+β
1−β

1/2
=

γ dβ 2I(w)
=
1 − β dw
σc2

(2.58)

and hence can be integrated over the total time from 0 to w (the integral of the intensity
with respect to time is the fluence, F):


1 + β (w)
1 − β (w)

1/2

2
−1 = 2
σc

Z w

I(w)dw ≡

0

2F(w)
≡ F (w)
σc2

(2.59)

where F is a dimensionless parameter representing the pulse fluence. One can now
solve for β:

β(w) =

[1 + F (w)]2 − 1
[1 + F (w)]2 + 1

(2.60)

and again the kinetic energy can be calculated using Eion = m p c2 (γ − 1) by taking the
limit when w → ∞, which accounts for the total fluence hence:

Emax = m p c2 [γ(∞) − 1] = m p c2

F2
2 [F + 1]

(2.61)

and the maximum ion energy of the ‘sail’ can be calculated. Since the entire ‘sail’
is moving as one, the process is inherently mono-energetic using the approximation
of this ultra-thin foil in 1D with a constant intensity. Equation 2.62 can be used to
understand the scaling:

Emax ∝ F ∝
α

F
σc2

α
(2.62)

where α = 2 for the non-relativistic case (F  1) and α = 1 for the relativistic case
(F  1). Equation 2.62 represents the desirable scaling with intensity (fluence) and
areal density (hence the use of ultra-thin foils). Equation 2.62 is sometimes written as:

Emax ∝

a20 τ p
χ

α
(2.63)

where τ p = ct p /λ is the dimensionless pulse length and χ = ρ`/m p nc λ is the dimensionless areal density where ρ is the mass density.
One of the initial attractions to this mechanism was the realisation that the efficiency
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(η) approaches unity along with β:




d σc2 γ 1
σc2
3 dβ
=
η≡
βγ
dw I(w) I(w)
dw
(2.64)
σc2 3 1 − β 2I(w)
2β
=
βγ
=
2
I(w)
γ σc
1+β
by substituting in equation 2.58. In this simple case for R=1, the entire bulk is accelerated coherently. However, further work has sought to improve it by examining
the non-linear reflectivity (R<1) taking into account the effect of self-induced transparency [79, 80]. These improved models result in a similar ion energy as the simple
(R=1) model, but demonstrate that the simple model overestimates the efficiency of the
acceleration; the improved models show that fewer particles are accelerated at the rear
of the target with the rest of the energy stored in the electrostatic field.
Circular polarisation (CP) has also been shown to reduce electron heating (due to
the absence of J × B term) allowing RPA to dominate over other mechanisms, delaying the onset of transparency which terminates RPA [68]. Significant numerical work
has been devoted to achieving stable acceleration and a transition of HB-RPA to LSRPA [81, 82], with others looking to the future with extremely high intensities so that
relativistic energies are generated within a laser period [83]. It is also found that the
supposed detrimental effects of linear polarisation can be utilised in a hybrid TNSARPA mechanism [84].
Since energies from LS-RPA scale with σ−2 , thinner foils would result in higher
energies if not for the expansion of the target and the finite skin depth resulting in
transparency. The use of skin-depth thick targets can, under appropriate conditions, be
used to stabilise the acceleration mechanism for the lighter ions with electrons drawn
from the ionisation of a heavy ion bulk [85]. The use of high-Z ions in the target
bulk have been proposed as a method of ‘replenishing’ the electrons expelled from the
target as a method to maintain steady radiation pressure as the intensity increases and
ionises inner shell electrons [86]. While the work on RPA is modelled in 1D, work has
shown that the effects can be enhanced in higher dimensions by taking into account the
transverse expansion of the foils due to the ponderomotive action [87, 88].
This benefit has been shown experimentally, initially by the generation of quasimonoenergetic spectra (albeit at a lower energy than the linear polarisation in the same
conditions) by Henig et al [89] due to the vastly reduced number of hot electrons gen35

erated in the interaction; this experiment demonstrated up to 10 MeV protons and 5
MeV/u C6+ . Higher energy ions were shown later by Scullion et al [90] with energies
of 25 and 30 MeV/nucleon for C6+ and H+ ions respectively. Kar et al showed a dependence on the ion energy (up to 10 MeV/u) on the LS parameters [91] which likely
underwent a transition from HB to LS due to the thickness of target used. This experiment did not show significant difference between CP and linear polarisation (LP),
likely due to the long (∼700 fs) pulse causing strong deformation of the target.
Bin et al [92] showed an enhancement in ion energies using pulses with CP, with
relativistic pulse shaping leading to a steepening of the pulse in time coupled with selffocusing to produce > 1021 W/cm2 with proton energies up to 15 MeV and C6+ up
to 20 MeV/u. Experimental work extended this by generating hot electrons (named
‘superponderomotive’ electrons) in an under-dense plasma before the target (using a
low density foam), which propagate through the foil and into the rear; this acts to
increase the ion energies generated by RPA by extending the acceleration length. Work
at > 1021 W/cm2 with the use of a tight focus has been shown, in a particular case,
to limit the acceleration by LS-RPA due to the strong deformation of the target. This
resulted in extreme heating off-axis even in the case of CP reducing the effectiveness
of RPA and allowing TNSA to dominate [93].
Numerical work predicts the dominance of RPA at > 1022 W/cm2 , while the use of
CP making it accessible at currently attainable intensities [68, 82]. While the experimental evidence by a number of groups has indeed shown indications of RPA, further
work (experimental and numerical) is required in order to stabilise the acceleration for
intensities available now so that further optimisation can be done at the 1-10 PW laser
powers which will become available soon. This thesis presents further evidence of HB
and LS-RPA with some unprecedented effects via experiments and simulations.

2.3.3

Transparency Enhanced Acceleration

While RPA in overdense plasmas presents a method of attaining high energy ion beams,
the transition to transparency can, under appropriate conditions, lead to an enhancement
of the ion energies. This is typically discussed in a ‘Breakout Afterburner’ (BOA) [94]
or a hybrid mechanism of RPA and TNSA in the transparency regime. At the time of
writing, the highest energy ions from a laser plasma interaction were attributed to this
hybrid mechanism reaching 94 MeV [8].
In the BOA mechanism, ion acceleration begins in the typical TNSA scenario but
when the foil is very thin, the ‘cold’ population of ions in the bulk will also gain a
significant amount of energy when the skin depth is on the order of the target thick36

ness, the laser field penetrates into the target resulting in significant volumetric heating,
leading to a spike in the longitudinal electric field. The penetrating laser field can accelerate a jet of relativistic electrons through the accelerated ions at the rear. This can
result in a ‘Buneman’ instability whereby the fast electron stream, with their much
higher frequency, pass through a colder stream of ions. Due to the Doppler shift of the
moving electrons’ frequency, the frequency can match that of the ions in the laboratory
frame [31]. The electron oscillations can have negative energy whereby their collective
energy is lower during the oscillation than without due to the phase relation between
the density and velocity governed by the equation of continuity. The ion oscillations
then grow with positive energy leading to efficient transfer of energy from electrons to
ions. Numerical and analytical work have shown that the maximum ion energy scales as
Emax ' (1 + 2α) ZTe (where α is a phenomenological factor of 3 found by simulations)
and hence ∝ I 1/2 [94–97].
In the case of Higginson et al [8], the ions are initially accelerated by TNSA and
RPA until relativistic transparency (ne < γnc ) which directly accelerates an electron jet
through the ion fronts. Hence, there is a dual peaked longitudinal electric field structure
corresponding to the initial TNSA stage followed by the RPA induced field such as
in [84]. The jet of hot electrons then enhances these field structures, arriving first at the
RPA front (which doubled the magnitude of the field), followed by the TNSA front.

2.3.4

Other Mechanisms

Although the mechanisms discussed until now have dominated the theoretical and experimental work (and will be the case for this thesis), studies have been devoted to other
mechanisms and are worth discussing briefly due to their similarities (i.e. collisionless
shock and HB) or similar effects, which will be discussed later in the thesis (similarities
to Magnetic Dipole Acceleration)

2.3.4.1

Collisionless Shock Acceleration

Driving a shock through plasmas is of interest to a number of astro-physical events such
as supernova explosion into its expelled atmosphere [98]. They have also been proposed
as an ion acceleration mechanism since the theory is very similar to that of HB-RPA and
inherently generates quasi-monoenergetic ion bunches [46,99]. Ions are again reflected
from the shock front similar to HB but the origin of the shock is different. Discussed
in [99], the shock is driven from the front surface by the ponderomotive force and
propagates through the target relatively undisturbed accelerating ions to twice the shock
speed.
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2.3.4.2

Magnetic Dipole Acceleration

In under-dense and near critical plasmas, experimental and numerical results also indicates the presence of an azimuthal magnetic field component which can focus ions
and induce a longitudinal electric field [100–103]. Here the laser channels through the
plasma generating a strong azimuthal magnetic field by the large electron current and
upon exiting the target, a strong longitudinal field will be created when the rear surface electrons are blown out by the magnetic field. While there is limited experimental
evidence for this mechanism, similar structures will be discussed later in the thesis.
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Chapter 3

Experimental methods, diagnostics
and Simulations

3.1

High Power Lasers

Lasers have applications in almost every form of technology we use today, from product
construction, reading and writing data to cosmetic and medical procedures. On the
academic side, a relatively large community has grown around the development and
use of high power lasers (HPL) (>1 TW) which provide conditions for experiments that
can’t be attained in any other way. While TW class lasers now exist in many university
scale laboratories, the highest power (100’s TW - PWs) only exist in national scale
facilities due to their much higher construction and upkeep costs.
Since the implementation of chirped pulse amplification (CPA) [104], the peak
power of lasers increased by orders of magnitude. In order to increase this again due
to the continuous push of technology, a limit is hit with the cost due to the size of the
optics in order to avoid the breakdown threshold of reflective coatings. One method is
to produce shorter pulses through the Optical Parametric Chirped Pulse Amplification
(OPCPA) technique to allow amplification of pulses with a wider bandwidth which can
then be compressed to shorter pulses [105]. For this thesis, 2 HPLs were used, both at
the Rutherford Appleton Laboratories (RAL) in the Central Laser Facility (CLF) UK.

3.1.1

VULCAN

The VULCAN laser is a Nd:glass laser, producing 6 long pulse (∼ ns) and 2 beams
which can be compressed to less than a ps [106, 107]. The multi-beam arrangement is
typically used in TA (Target Area) West. For this thesis, TAP (TA PetaWatt) was used,
using the ∼500 fs pulse without a plasma mirror. The optical path of the laser front end
is shown in figure 3.1. The pulse begins in the front end from the Ti:Sapphire oscillator
(∼5 nJ, τ ≈ 100 fs, λ ≈ 1053 ± 15 nm). It is then stretched to 4.8 ns before being
injected into the OPCPA pre-amplifier stage. Here it is amplified by a 1053 nm, 4.5 ns,
2 J Nd:YAG laser frequency doubled with an energy of 200-300 mJ. The stretched seed
pulse now has an energy of 10 mJ but without the high gain narrowing associated with
only the Nd:glass amplifiers so a short pulse can still be generated. The pulse then goes
into the VULCAN rod and disc amplifier chain.
To correct for aberrations from the optics and thermal effects caused by previous
laser shots, an adaptive optics system, consisting of a wavefront sensor and deformable
mirror is employed. This helps produce both a high quality focal spot, and the best
possible compression at the final stage. The beam is expanded from 208 mm to 600
mm which reduces the total fluence of the 670 J pulse to less than the breakdown limit
(170 mJ/cm2 )to preserve the diffraction gratings. The beam can then be compressed by
a set of diffraction gratings, separated by 13 m, to a pulse length of 500 fs-1 ps with
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Figure 3.1: Schematic of beam-line for TAP. Image taken from [108]
about 60% efficiency. The beam then passes into the interaction chamber, and focused
by an f /3 off axis parabolic mirror to a focal spot fo 5µm FWHM producing intensities
of approximately 5×1020 W/cm2 .

3.1.2

GEMINI

GEMINI [109,110] differs from VULCAN offering an ultra-short pulse (40 fs FWHM)
and central wavelength of 800nm and up to 15J per beam and can utilise shorter focal
length parabolas due to the smaller beam size of 150 mm. GEMINI is the final amplification stage of the ASTRA laser system which acts at a TW level 10 Hz laser. ASTRA
begins with a 12 fs pulse produced by the oscillator with a bandwidth of 750-850 nm
with a repetition rate of 75 MHz. These are subsequently stretched through a glass
block to >500 ps and sent to the pre-amplifier. Due to the higher energy requirements
of GEMINI, this pulse length is still too short to negate the effects of B-integral (nonlinear phase shift of light) and hence if the pulse is going to GEMINI, it takes a 2nd
path through the stretcher producing a pulse length of 1.06 ns.
Here it is pumped by a kHz, frequency doubled Nd:YLF laser via a Ti:Sapphire
medium at 1 kHz. A set of Pockels cells and polarisers then select every 100th pulse,
producing a 10 Hz seed pulse for the rest of the amplifier chain. The 1st amplifier (10
mm thick by 10mm diameter) receives the pulse and is pumped on either side with
frequency doubled Nd:YAG laser with 90 mJ of pump energy. It passes this amplifier
4 times, with a final energy of 4 mJ. It is then spatially filtered to smooth the beam and
expanded up to 6 mm before taking a 4-pass path through the 2nd amplifier with 320 mJ
of pump energy before leaving with 120 mJ in the beam. It is subsequently apodised
and expanded to 18 mm. It takes another 4-pass path through the 3rd amplifier (24
mm diameter and 12 mm thick) where it is amplified to 1.2 J and then expanded to 31
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mm. Here the pulse is selected by a waveplate and polariser arrangement to either go
to GEMINI or to TA2.

Figure 3.2: Photo of the GEMINI laser area situated above the target area. Photo
from [111]
The final amplification stage occurs in the GEMINI laser hall where large
Ti:Sapphire amplifiers (90 mm diameter and 25 mm thick) are pumped with up to 60 J
of green light producing a pulse of 25 J which is then compressed to 40 fs with about
60-70% efficiency delivering up to 15 J into the target area. The energy in the pulse is
diagnosed by leakage from one of the mirrors and seen in the control room.

3.2

Laser Contrast and Plasma Mirrors

Due to the complex optical path, multiple pump lasers and ASE, the pulse is not a perfect Gaussian of finite width. The pulse is preceded and followed by a rising and falling
edge respectively on the order of 10’s ps. This is commonly known as the coherent contrast, typically due to the imperfect compression of the pulse. These are shown in figure
3.4(a). In the context of irradiating ultra-thin foils, this can be detrimental since the intensity on target can be sufficient to cause ionisation and expansion before the arrival
of the pulse. This could in turn, destroy the target or produce an unfavourable plasma
scale length which can suppress acceleration mechanisms like RPA. Steps are taken
when building the laser to reduce this ASE level as much as possible such as using the
OPCPA system or cross polarised wave (XPW) generation [112]. The use of non-linear
processes means low level pre-pulses tend to get rejected with only the main pulse being able to propagate through the rest of the laser chain. For example, XPW process is
dependent on the intensity cubed, resulting in a huge increase on the laser contrast. The
crystal is placed between 2 crossed polarisers, with the crystal itself producing a ‘new’
wave from the input wave with the same frequency but rotated polarisation, which can
then make it through the rotated polariser. The lower intensities do not. This method is
somewhat limited by its efficiency, which is on the order of 10% and is mostly used in
the low energy stage of the amplifier chain.
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This is sufficient to suppress the 100’s ps and ns timescale ASE, however the coherent contrast can still have a negative effect on the integrity of the target. For this reason,
plasma mirrors (PM) [113, 114] can be used to control how much of the coherent contrast arrives on target. The plasma mirror acts as an optical switch, with the laser being
focused, typically by a long focal length parabola, onto the surface. This is composed
of an anti-reflective (AR) coating with a ∼1% reflectivity. The low level laser energy
mostly passes through the mirror and exits the optical path, however when the intensity is high enough, the intensity on the surface is sufficient to ionise the surface and
produce an expanding, overdense plasma. This will then reflect the pulse.
The expansion is on a short enough time-scale that the surface remains extremely
flat (< λ) causing uniform specular reflection. The intensity at which the PM is triggered can be controlled by changing the size of the laser spot on the surface by changing
the focus of the parabola. The PMs can be used in succession to further enhance the
contrast. However this typically reduces the energy in the pulse, without about 70%
reflectivity from each PM. In chapter 3.2, a double PM arrangement (DPM) is used
which would have about 50% reflectivity. This is a satisfactory compromise since the
removal of the 10’s ps rising edge can preserve the target integrity for a more favourable
interaction.

Figure 3.3: Photo of the plasma mirrors used on a follow up 2018 experiment in
GEMINI, used in the same conditions.
The photo in figure 3.3 shows the used plasma mirrors with the regular burn marks
indicating the laser shot. Typically the spot on the first PM is larger, to prevent early
activation with a size of (2.5×4 mm) with the second being smaller (2.6×3.5 mm) for
example. The first parabola will focus through the 1st PM, with the reflection also on
the 2nd PM. The beam is then re-collimated with a 2nd parabola before continuing
along the beam path.
Figure 3.4(a) shows the contrast from 2017/2018 which shows a low 10−10 laser
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Figure 3.4: (a) shows the GEMINI contrast using a 3rd order auto-correlator with the
ASE, pre-pulses and coherent contrast marked. Data reproduced with permission from
GEMINI staff. (b) displays measurements of contrast enhancement from another laser
system [114] which shows the effect of a PM and DPM on the contrast on a high power
laser.
pedestal with some minor short pre-pulses. This has the potential to cause target ablation, ionisation and expansion when tightly focused. This high contrast is in part thanks
to the XPW installed in the front end of GEMINI. Unfortunately, due to the huge dynamic range associated with the contrast, it is extremely difficult to measure the contrast
on shot. For the experiment carried out in chapter 3.2, the contrast on target after DPM
was not measured. However, it can be calculated with knowledge from others’ work
on similar systems as shown in 3.4 and by knowing the size of the laser spot on the
plasma mirrors, we can know when the plasma mirrors are triggered. By using the spot
sizes as mentioned previously, it can be estimated that the PMs trigger between 5 and
8 ps before the main pulse. The effect of this on the target will be discussed in detail in
chapter 3.2.

3.3

Ion Diagnostics

Both experiments focused on producing high energy ions from different types of targets
with different acceleration mechanisms. However they employed the same suite of ion
diagnostics since they are robust, well characterised and widely used in the community.

3.3.1

Thomson Parabola Spectrometers

The Thomson Parabola Spectrometer (TPS) is an ion detector consisting of a small
pinhole to sample a small portion of an ion beam (< µSr) and disperses them in a plane
depending on their energy, by using a strong permanent magnet, and by their charge
state by using a strong electric field. This is turn leads to multiple parabolic traces of
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different charge to mass (Z/A) ratios which are now energy resolved. Here they fall
onto a detector which is sensitive to ionising radiation. In this context, and with most
similar experiments, two types of detectors will be considered: Image Plates (IP) and
MicroChannel Plates (MCP)s.
When designing a TPS, the energy resolution, flux and trace separation must be
considered. For example, a narrow pinhole can be used to help improve the resolution
and reduce the size of the Zero Point (ZP), the point where undeflected particles/X-Rays
pass. This tends to reduce the noise associated from particles scattering and makes it
easier to resolve the high energy ions which are closest to the ZP. However, this will of
course reduce the signal itself, which tends to be orders of magnitude lower for high
energy particles compared to the low energy end.
A suitable strength magnet must also be chosen; whilst higher energy resolution
is good, low energy ions may get deflected out of the plane of the detector and thus
limiting the spectrum which can be resolved. A lower strength magnet may provide a
better alternative and still provide adequate energy resolution. A 5 cm long, ∼ 1 T is
typically employed providing a resolution up to 1 MeV/u/pixel at 30 MeV/u for carbon
for chapter 4.
A strong electric field is important for separating traces, particularly the high energy
ones and for removing any lower charge states of the same ion. Strong electric fields
can sometimes cause arcing if the vacuum is not good enough thus increasing the risk
of losing the data during a shot. The gap between the plates is 1 cm with a maximum
potential of 25 kV. The distance a particle will travel in the detector plane due to the
magnetic and electric fields are given by:
q
2 + qLB1 LB2
SB = rL − rL2 − LB1
2
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where rL corresponds to the ion’s Larmor Radius (rL = mv0 /|q|B), v0 is the particle’s
velocity and everything else is defined by the schematic in figure 3.5.
The energy resolution of the detector is arguably the most important aspect, with
particular emphasis on the maximum energy produced in the interaction. The magnetic
field separating the ions must be very well calibrated. Firstly, a scan of the magnet is
performed using a Hall Probe to map the magnetic field at points along the central axis.
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Figure 3.5: Schematic of a simple TPS set up
This is very consistent along the magnet with it only decreasing a few mm from each
end.
To be sure of the calibration, the detector can have a set of filters in front of it along
the dispersed direction. A number of energy points can be selected and filters designed
in terms of material and thickness to place at these points. If placed correctly, the filters
will block energies below that of the energy in question. The point where signal first
begins is the known energy. If this is done for multiple energies, then the magnetic field
can be fitted until it passes through all the points, assuming all the distances have been
measured accurately. This is a reliable way to measure the effective B field, since the
dipole magnet will not be perfectly uniform due to fringe effects for example.
One downside of using a TPS is that the traces of the same Z/A ratio will overlap,
for example, D+ and C6+ (Z/A=1/2). This is an issue for solid target experiments
employing solid deuterium or deuterated plastic foils. This can be overcome with the
use of differential filters [115]. However this will not work for ions with similar Linear
Energy Transfers (LET) such as C6+ and O8+ and such cannot be distinguished in
a TPS. Since it tends to be carbon foils which are under investigation, they are the
dominant heavy species and as such can be assumed to make up the majority of the
spectrum.

3.3.1.1

Image Plates

The most widely used detector with a TPS is an Image Plate, typically a Fuji BAS-TR
plate due to its robustness and ease of use. It requires little set up, and can store the information for hours after irradiation. When the IP is hit by ionising radiation, it excites
an electron to a metastable state. The decay time is quite long and the information is
typically read by used a scanner with a 650 nm laser which passes over the film with
a set resolution (typically 50 µm). The scanner then stores this information as a 16-bit
grayscale TIFF file and can be converted into its photo-stimulated luminescence (PSL)
value via a calibration from Fuji [115]. This type of film is used in particular since it
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has no protective layer which would otherwise stop high LET ions (low energy and/or
heavy ions).
However the passive nature of the ion detection here has a downside, since it typically exists inside the vacuum chamber, the shot cycle is limited to how ever many
IPs can be sequentially used. Hence the vacuum chamber must be let up to air and the
detectors replaced and scanned. This is an extremely time-consuming process and has
prompted exploration of other detectors which can overcome these issues. However
these detectors have been calibrated to a number of different species in the context of
laser driven ions [116–118].

3.3.1.2

Differential Filters

In chapter 5, sets of filters were placed in front of the IP in order to differentiate between
two ion species of the same Z/A ratio, but different LETs such as D+ and C6+ . Since
this experiment employed deuterated plastics, deuterium spectra were a critical part of
the analysis and thus any signal contribution from C6+ should be removed. This is done
using differential filters [115] which are designed, in terms of material and thickness,
to remove the C6+ but let D+ pass. The change in the transmitted particles energy can
then be accounted for when calculating the spectrum.
These must be well constructed since any gaps in the filters will result in that part
of the spectrum being unusable and can lead to incorrect interpretations of the spectral
shape. An example of the IP placed behind the filters is shown in figure3.6a with the
corresponding proton spectrum in 3.6b. The gap in the filter could be interpreted as
a break in the spectrum, evident of non-thermal acceleration processes, however this
is just due to a small gap in the filter. These are tricky to be built by hand, especially
since the dispersion of the ions at these energies is very low that a gap of a few hundred
microns will remove this part of the spectrum. However they were successfully used,
as in the past, at removing C6+ from the spectrum.

3.3.1.3

MicroChannel Plates

MCPs provide an alternative solution which can overcome many of the drawbacks associated with IPs however at the expense of their cost, stringent operating requirements.
MCPs work under high vacuum (<10−6 mBar) to avoid damage due to the strong
(∼1kV) potential between the channels and the anode. It consists of an array of thousands of quartz tubes (10’s µm diameter), shown in figure 3.7, at oblique incidence to
the incoming radiation. As the material is ionised, the electron moves in the electric
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(a)

(b)

Figure 3.6: (a) Scan of IP with proton and deuterium spectra. The different filters are
shown and are easily visible due to the change in signal as they attenuate different levels
of background. Black lines have been added as a guide showing the different filters. (b)
displays the corresponding proton spectrum is shown.
potential, colliding with the walls of the tubes and causing an ionisation cascade. These
are accelerated towards a phosphor screen which then fluoresces. A CCD is then positioned to capture this decay with a long (100 ms) exposure. The image can then be
saved remotely. The image decays on the order of ms and hence can be used again
almost instantaneously.

Figure 3.7: Schematic of a Hamamatsu MCP. Image taken from the website Hamamatsu Catalogue
This removes the need to let up the chamber to replace the detectors thus it does
not become a limiting factor for the number of shots which can be taken per day. In
order to preserve the high vacuum required, they can be placed in an external chamber,
attached to the interaction chamber separated by a gate valve. This allows the TPS48

MCP assembly to remain isolated and remain under vacuum as the interaction chamber
is accessed to replace targets. The space between the phosphor screen and the CCD
(in air) is best enclosed in a light-tight environment, removing stray light which could
contribute to noise on the detector.

3.3.1.4

Energy Resolved Spectra

Producing the spectra from these detectors requires a calibration of the ion number to
the pixel value of the scan/image of the detector for every energy. In this thesis, it was
done with the use of a MATLAB script (developed by Dr A. Alejo, detailed in [119]).
Here the width of the trace, ZP and measurements required to solve the equations 3.1
and 3.2 are input. Any filters that were placed in front of the detector, or angle of the
detector with respect to the vertical direction, can be adjusted by the user.
The pixels which fall within the range of the distance from the ZP provided by the
E and B fields will have their values summed as the total for that energy. This will
then be converted to particle number per energy interval per steradian (dN/dE/dΩ) via
a calibration and the known solid angle of the detector. Noise is typically determined
as the signal of the parabolic trace approximately 10 pixels away from the trace under
investigation. Background subtraction, from a position much further from the trace, is
removed from the signal to prevent the over-estimation of the number of particles.

(a)

(b)

(c)

Figure 3.8: Images of MCP phosphor screen and extracted spectrum: (a)image of MCP
from 15 nm amorphous carbon, 5.5×1020 W/cm2 and CP. The main trace is C6+ and (b)
is contrast enhanced to show the much weaker H+ signal. The C6+ spectrum is shown
in (c) (blue) along with H+ (black). The noise was determined as a trace to the left of
the C6+ , a moving average and standard deviation were calculated and plotted as well
showing that the signal is present up to 33 MeV/nucleon.
When presenting multiple spectra in a figure, it is much clearer to present a simple
threshold value for the noise rather than the true plot. Figure 3.9 shows the signal
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Figure 3.9: An example of a proton spectrum captured on an IP. The fitted line represents the moving mean + 2σ and this is what is shown in all spectra in this thesis. The
maximum energy is recorded as the value where the signal meets this threshold line.
together with the corresponding noise (discussed in the previous paragraph) along with
the fitted power function +2σ. All of the spectra shown in this thesis will be presented
with only the fitted threshold value but is shown here for clarity.

3.3.2

Calibration of MCPs to absolute carbon number

In order to retrieve absolute particle number from the detector, they must be calibrated
to particle number and energy, since the response of the detector is not necessarily
linear with either of these. These types of detectors have already been calibrated to low
energy heavy ions and up to 10MeV for protons [120, 121], however for the work with
high energy ions from current lasers nothing exists above this point. The following
section is adapted from McIlvenny et al [122].
To gain both of this energy in one go, a piece of slotted CR-39 (Columbia Resin #39,
a plastic particle track detector) was placed in front of the MCP. The MCP used was a
Hamamatsu MCP F2226-14PF227; a 77 mm diameter circular MCP with a thickness
of 1mm and a P47 phosphor screen. It has fluorescent 10% decay time of less than 1ms,
and captured with an Andor Neo CCD with a 100 ms exposure. The CR-39 was 500 µm
thick, meaning that the C6+ will deposit all of its energy within the plastic. The plastic
becomes damaged by the ion, as it breaks bonds in its track. These tracks can become
visible by ‘etching’, a process of dissolving the surface in 6 M NaOH at 85 ◦ C where
the damaged area will etch faster than its surroundings, and viewed under an optical
microscope. A large field of view can be acquired by taking multiple images under
high magnification and placing them back together in order, shown in figure 3.10a. The
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particle tracks can then be counted; ImageJ was used in this case.
By using a grid of alternating CR-39 and the detector, the number of particle tracks
can be compared to the signal on the detector. Since the spectrum can be assumed to be
exponential, the number of particles over a very small area will not change significantly
so the number of particles on the CR-39 will be similar to that on the detector. Doing
this for multiple energies can then build up a calibrated response of the detector to the
ion.

(a)

(b)

Figure 3.10: Example of part of the MCP calibration to carbon:(a) showing the reconstructed CR-39 image with particle tracks (e.g. blue circle) and some damage (green
circle). The red lines define the width of the parabolic trace created by the TPS from
equations 3.1 and 3.2. (b) shows the image taken by the CCD of the phosphor screen
with the CR-39 causing regular blocks in the signal
Ideally this would be done with multiple ion species so each ion spectrum can be
returned, however in an effort to produce high energy carbon ions for the shots, proton energies were not sufficient to be detected on the MCP. At the time this was not
understood but will be discussed in Chapter 4. Hence no calibration shots performed
can take into account absolute proton numbers, which makes comparing C6+ and H+
unreliable on shot but still allows comparison between shots since all the camera and
MCP settings remained the same.
To compare the CCD to CR-39 counts, the same area must be taken between the
two. The CCD has a resolution of 100 µm per pixel, where every pixel in the vertical
direction corresponds to a different particle energy determined by equation 3.1. The
trace also has a finite width due to the magnification from the pinhole over a relatively
long distance, on the order of 20pixels. By summing the row of pixels at a vertical
position produces the total pixel count at that energy. The same resolution is then
applied to the CR-39, measuring the same distance, 100µm in the vertical direction,
and counting all the particles along this width.
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This was done for the 3 closest sections of the CR-39 to the edge, since the edge
itself is very difficult to count particles and leads to an increased uncertainty. The standard error was then produced for each interface and plotted and shown in figure 3.11(a).
This, in turn, can be used to return the absolute particle number for other shots since the
solid angle of the detector is known for this case, 400 nSr, and is displayed in 3.11(b).
The response above 10 MeV/nucleon can be seen to be mostly flat, this is promising
for using this detector when moving to higher energies since the C6+ ions still deposit
enough energy as they pass through the detector. Hence for energies associated with
this experiment (up to 33 MeV/nucleon), the response was simply extrapolated from
this calibration. The MCP response (R) is best described using a power law function
for C6+ energy (E) in equation 3.3:

R = 1.2 ± 0.1 × 10−2 × E 3.3±0.9 + 1.0 ± 0.4 × 10−4

(3.3)

Since the calibration shows a slow decrease, this means that as the energy of the
incident particle increases, the pixel value increases with respect to the number of pits.
This can be thought of as the higher energy ions depositing more energy, and producing
more electrons via ionisation. For the ions, this short thickness of MCP means the ions
have not deposited their energy in the Bragg Peak but still in the leading edge. The
particles’ Bragg Peak could be located within the MCP for the low energy and this
could in turn lead to a highly non-linear process where the signal depends very strongly
on the initial energy, which is not the case for the high energy.

Figure 3.11: Calibrated spectrum: (a) shows the calibration of the MCP-CCD to C6+
from 2 to 21MeV/nucleon. (b) shows the spectrum from a 15 nm amorphous carbon target irradiated with a CP pulse. The uncertainty in the spectrum (shaded area) represents
the standard error of the fit (the uncertainties in equation 3.3).
This calibration method is limited in that it is only calibrated against the spectrum
produced on shot; since this is not captured on one device during the calibration, there
remains some ambiguity if a change in the calibration is due to a change in the response
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of the detector, of if there is some fluctuation in the spectrum, which tends to be quite
common in the context of RPA on thin foils. -2 This would also have the advantage
of being used on high repetition rate lasers; which, if the they can produce higher peak
power, could be routinely used to generate ions of these energies and become more of
a mainstream diagnostic in laser plasma experiments.

3.3.3

RCF beam profiles

While the TPS has its many advantages for ion beam characteristics, its extremely
small acceptance angle makes it hard to diagnose the divergence and angular properties
in the beam. Typically, Radiochromic film (RCF) would be placed a few cm from the
interaction in order to capture the full ion beam. As a diagnostic, it is constructed as a
stack utilising two films with different thicknesses and sensitivities, separated by filters
to alter the energy resolution of the stack.
HD-V2 and EBT3 from Gafchromic are typically used with HD-V2 used at the
front of the stack where the large number of low energy ions will deposit most of their
energy. HD-V2 has a dose range of 10-1000 Gy and EBT3 has one of 0.2-10 Gy.
Typical doses for the huge flux of low energy particles is hundreds of Gy and hence
would saturate EBT3 making it impossible to resolve in spatial structures in the beam.
High energy particles have a few orders of magnitude fewer particles and since they are
usually the ions of interest, it is important to use more sensitive film to measure these
ions.
A stack can be designed using the SRIM software to determine the energy resolution (typically 1 MeV per layer) and maximum detectable energy. However, the RCF is
sensitive to any form of ionising radiation meaning it can’t differentiate between multiple ion species. In a multi-species beam, such as H+ and C6+ , their very different
LETs mean they stop in different layers of RCF. C6+ will stop in the first few layers of
the RCF hence its maximum energy cannot be determined. H+ ions, with their lower
LET, will penetrate further into the stack meaning the signal on the last layer will be
the maximum energy of H+ .
An improvement is to use thin layers (500 µm to 1 mm) of CR-39 within the stack.
These are only sensitive to ions and neutrons, with the size of the pit depending on the
size of the ion and its energy. As it is etched, the pits created by the ions will become
more visible at different rates, with larger pits, created by C6+ , becoming visible before
the H+ . This can help differentiate the beam profiles of the 2 species and allow for a
coarse, but species resolved energy spectrum.
The RCF is calibrated against a known source; in this case, the Birmingham cy53

clotron, with an energy of 29±1MeV was delivered to the RCF with varying doses,
detailed in [123]. These were then scanned using our Epson Perfection v750 scanner,
with a resolution of 1200 dpi into a 48bit, RGB TIFF file as a measurement of the optical density (OD). The calibration was then applied which would take the OD in each
of the three RGB channels and convert it into a final dose measurement. An example
of some dose profiles is shown in figure 3.12.

Figure 3.12: Dose profile of RCF irradiated by a mix of ionising radiation generated
by the laser-solid interaction on GEMINI for a 25nm amorphous carbon target. The
images show HDV2 (<18MeV) and EBT3 (>18MeV) for (a) no background correction
and (b) with background subtraction.

3.4

Optical Diagnostics

In chapter 5, a spectrometer was placed to measure the back-reflected light from the
interaction. It was collected from the re-collimated light from the parabola and taking
the leakage from the turning mirror between the compressor and parabola. Here it was
collected by a Celestron telescope to collect as much as possible, and passed into 2
spectrometers: an Andor Shamrock 500i (high resolution, lower spectral range) and
an Aventes AvaSpec StarLine (full visible and IR spectral range but lower resolution).
These both looked at the same portion of the beam, separated by a 300-1100 nm 50:50
beamsplitter.
The goal of this diagnostic was to measure the red-shift of either the 1st (ω) or 2nd
harmonic (2ω) which would be evidence of the accelerating critical surface in RPA.
The fundamental wavelength will show the full picture however it tends to introduce a
lot more noise into the spectrum due to more emission in this region of the spectrum,
or extra scattered light that does not pass along this line. For this reason, the shift of
2ω was investigated, since this is only produced in the areas with the highest intensity,
where RPA would be most prevalent.
The Doppler shift of a non-relativistic object is given by:
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v 1/λ20 − 1/λ2
=
c 1/λ20 + 1/λ2

(3.4)

which can be used to measure the hole boring velocity which is again given by:
vhb
B
=
c
1+B
where

s
B = a0

Zme
ma ne /nc

(3.5)

(3.6)

producing the hole-boring velocity of the critical density surface. Thus we can estimate
the maximum shift we can expect from the laser and target parameters. Using an a0 =20
for Vulcan (500 J, 500 fs and 5 µm FWHM focal spot) and a density on the order of
5-50 nc (since the thin foil has expanded by the pre-pulse) then a hole-boring velocity
of less than 15 MeV can be expected. This equates to a Doppler shift of about 86 nm.
This restricts the resolution we can obtain since a higher resolution would require a
grating with more lines (since the optical path inside the spectrometer is set) which
will disperse too much of the spectral range off the CCD. Using 150 or 300 lines/mm
produces a resolution of greater than 0.4 nm per pixel meaning this shift could be easily
detected. The Aventes spectrometer, whilst being much smaller, had a slightly lower
resolution of 0.6nm per pixel which is still sufficient for this investigation.

3.4.1

Signal and Noise Determination

To measure the maximum shift, the background noise must be determined to discern
the signal from noise. A MATLAB script was written to process every spectrum with
a set of criteria to measure the background noise and return the wavelength where the
maximum signal was present. The signal regions of interest for either spectrometer
were determined as 500-630 nm and greater than 1040 nm. These were exempt from
the calculation of the background noise (shown as the grey boxes in figure 3.13). The
remaining data was then smoothed with a 5-point moving average, along with a 5-point
standard deviation,helping to remove high count spikes in the spectrum which typically
come from scattered light. The moving average is also vital since the background is not
constant over the full spectrum.
A sharp spike data point for the red shift would not be expected since the critical
surface is continuously accelerated, a shape resembling the incident pulse would be
expected. Hence random signal spikes that were less than 5nm were also excluded.
The noise level on either side of the signal region is then interpolated and assumed to
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Figure 3.13: Example of a back reflected spectrum displaying the 1st and 2nd harmonic. The grey boxes demonstrate the wavelength regions where the background was
measured with the solid grey line displaying the mean of the noise +2σ.
be linear to determine a line for the noise level. If signal exists for this noise level +
2 standard deviations then it was determined to be signal. This was done for every
spectrum with the same criteria to help remove any bias.

3.5

Particle in Cell Simulations

The interactions involved in high power laser solid interactions generate extremely hot
dense plasmas and in the context of ion acceleration, acceleration mechanisms are occurring on the sub-ps timescale. In this regard, it is very difficult to diagnose the interaction region of the plasma with most of the information being inferred from ion
and electron energies, light transmission and reflection. To understand how some of
the complex physics arise during the interaction, simulations are performed based on
a number of assumptions to test theories. Plasma physics requires a code to solve
Maxwell’s Equations for a collective plasma which can be extremely computationally
intense. Monte-Carlo simulations do not take into account collective effects and as
such, relativistic particle-in-cell (PIC) codes are used which are massively parallel and
scalable.
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3.5.1

Field Solvers

PIC codes work through a series of fixed grid cells with macro-particles which represent
a specified number of real particles [124]. These are free to move through the grid with
their movements dependent on 2 core solvers: the particle pusher which calculates how
the particle moves under the influence of the electromagnetic fields; and the field solver
which solves Maxwell’s equations based on the currents created by the particles. The
solver uses a finite-difference time-domain (FDTD) method where the fields are solved
in a leap-frog method: it is updated at both the full time-step and half time-step where
n is the time-step. Using the current in step n, the fields advance half a timestep:
n+ 12

E

∆t
=E +
2
n

n+ 12

B



Jn
2
n
c ∇×B −
ε0


∆t 
n+ 12
=B −
∇×E
2
n

(3.7)

(3.8)

with the current being updated to Jn+1 by the particle pusher and the fields progressed
to a full time-step:
1
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(3.9)
(3.10)

with the spatial dimensions defined as the size of each grid dimension. The time-step
is then set by:

∆t < c−1 (∆x−2 + ∆y−2 + ∆z−2 )−1/2

(3.11)

which, with a typical spatial resolution of ∆x = ∆y = ∆z = 5nm produces a time-step
of 10 as or 0.01 fs. The particle’s momentum can then be updated by solving the
relativistic Lorentz equation of motion for each particle and calculated at the half timestep:

pn+1
α

= pnα + qα ∆t






n+ 21
n+ 12
n+ 21
n+ 21
n+ 12
E
xα
+ vα × B
xα

(3.12)

where pα , qα , xα and vα are the particles momentum, charge, position and velocity
respectively. This process is repeated for every particle before moving to the next timestep.
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3.5.2

Ionisation

Ionisation methods were mentioned in chapter 2 and will only be discussed briefly
how the code handles ionisation. If ionisation is switched on, the code will test every
particle capable of ionisation if the field is strong enough to match the ionisation energy depending on the different mechanisms. The Keldysh parameter provides a useful
measure of this [125]:
√
ω 2me ε
(3.13)
γ=
eE
with ω, me , ε, e and E being the photon frequency, electron mass, ionisation energy,
electron charge and magnitude of electric field at the electron respectively. The ionisation rate is dependent on the test of the E against certain criteria and which model to
use [125]:
Ionisation Process

Condition

Single Photon
h f > EB
MultiPhoton
EB > h f  U p
Above Threshold
EB > U p  h f
Tunneling
U p > EB > h f
Barrier Suppression
E > EBSI
Table 3.1: Ionisation Conditions

where h f is the energy of the incident photon, EB is the binding (ionisation) energy,
U p is the ponderomotive potential, E and EBSI are the incident field and BSI field
respectively. The newly ionised species is added to the system with the same velocity
and position. The energy is conserved as the energy lost in tunnelling or BSI becomes
the ionisation energy of the electron or, in the case of multiphoton, the energy is equal
to the number of photons absorbed.

3.5.3

Collisions

When discussing the peak laser intensities and solid target densities required for laser
driven ion acceleration, the plasma can be assumed to be collisionless, dominated by
collective effects and fields. However, if the intensity drops and the temperature remains in the keV region at these high densities, collisions begin to play an important
role in the plasma behaviour; the mean free time between collisions now on the order of
the timescales being investigated. EPOCH uses a binary collision algorithm described
in Kemp et al [126]. In order to conserve momentum in the simplest way possible,
all calculations are performed in the centre of momentum frame using the relativistic
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Lorentz transformations.
The scattering frequency is defined as:
ναβ =

2

n j log(Λ) 1
v3r
4π (ε0 µ)2

qα qβ

(3.14)


where µ = mα mβ / mα + mβ is the reduced mass of particles α and β, vr is the closing
velocity and log(Λ) is the Coulomb logarithm. The scattering angle is calculated as:
p
θ = 2 arctan(Q −ν∆t log(R)/R)
φ = πS

(3.15)

where Q ∈ [−1, 1), R ∈ [0, 1) and S ∈ [0, 1) are random numbers. θ is the angle with
respect to particle i’s momentum vector and φ is with respect to j. This produces a
post-collision momentum of:

p0i = |pi |(eˆ1 cos θ + eˆ2 sin θ cos φ + eˆ3 sin θ sin φ)

(3.16)

where (ê1 , ê2 , ê3 ) are unit vectors with ê1 parallel to particle i’s initial momentum direction.

3.5.4

Simulation Set-Up

Due to the high computational demands of running full-scale simulations, a number
of approximations, limits and compromises are made; these should not prevent the
prevalent physics from manifesting but provide realistic run-times (CPU-hours) and
manageable output file size.
The time step is defined by the simulation resolution (3.11) however the file output
frequency is defined by the user so the disk space is controlled. To fully understand
an interaction, the case for Chapter 4 will require a low frequency output (50 fs) for
the pre-pulse, and high frequency (<5 fs) for the main acceleration stage. Although
arbitrary, it reflects the time-scales of the the dynamics in question.
Since each macro-particle represents a fixed number of real particles, the accuracy
scales with the the number of particles (N) per cell (noise ∝ N −1/2 ). Using a higher
number should return a value closer to reality, however this will significantly increase
computation time. A convergence test is carried out for the problem in question, where
the target and laser is initialised equally for every simulation, with varying resolution
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and numbers of macro-particles. This way, one can be confident that the resolution
is sufficient if the results of the simulation converge to a value. Hence it may not
be necessary to define such a high number, since the simulation may converge to the
‘correct’ answer at a lower number of particles, saving time and resources. For the
context of this thesis, at least 200 particles per cell (PPC) per species was determined
to be sufficient and is deemed an adequate value in the field of laser plasma physics.
Another consideration is the resolution of the grid. This has to be sufficient to adequately resolve the laser wavelength, the target thickness and small scale (yet important) fluctuations which will be generated in the interaction. In the context of RPA with
thin foils, the target thickness is the limiting factor (2-100nm) and hence the grid needs
be able to resolve this. However, resolving a 2nm foil for a grid that needs resolved
over 10’s of µm during the interaction will produce massive simulations and outputs.
One method to avoid this is set up in EPOCH itself to reduce the effect of self-heating;
the target is spread into neighbouring cells with each having a lower density. The target
will now be thicker but a lower density; this in turn will still have the same areal density
which is the important factor for RPA. A reduced resolution can then be used to resolve
the thinnest targets.
For solid density plasmas, the Debye length will also be very short, on the order
of a few nm. Since the conditions for this short Debye length will be short lived (the
temperature will increase due to electron heating which will also result in the plasma
expansion), it would also be over-cumbersome to resolve this for the duration of the
simulation. EPOCH will then update the fields using Ohm’s law instead of Ampere’s
law thus preventing EM and electron - plasma waves to propagate where they would
normally be damped by Debye screening and collisional damping respectively [124].

3.5.5

Simulation Diagnostics

A different set-up was required in Chapter 5 since a higher frequency output was needed
to resolve the harmonics and Doppler shift measured from the simulations. Since it
would not be feasible to produce a full file output as this frequency (<1 fs), so two
separate outputs were generated. A full simulation output was produced every 20fs to
present the interaction, with a subset of the left boundary, Ey value and the time-step
output, every 0.1fs to resolve the back-reflected spectrum.
It is then possible to run a full Fourier Transform (FT) of this data to return the full
spectrum of the Ey field in frequency space. At the extent of some accuracy, it is also
possible to run a short-time Fourier Transform where the data is broken up into a finite
number of overlapping chunks and a fast FT (FFT) performed on each of these discrete
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chunks. This can give information on how the spectrum changes with time, which in
the context of this thesis, allows determination of red shifted spectral peaks which can
be compared to the hole boring velocity.
The critical surface can also be tracked in simulations which was typically done by
taking a finite width of cells in the y (transverse to laser propagation direction), taking
the mean of the density in y for every x grid cell, and finding the minimum position
where ne >nc . The electron γ was also calculated for each cell by means of a 2D
histogram of every electron’s position on the grid and taking a mean of their γ factor.
Both of these positions were tracked at each simulation output.
This method will only produce something meaningful if the movement of the surface is parallel to the laser propagation direction. In some contexts, this was not the
case. To measure the density along a line at an angle to the x or y axis, one can simply
define an equation for a straight line and find the cells which are closest to each finite
co-ordinate of the line. The density could then be written as a function of distance of
this line. Knowing the displacement of the critical surface and the time-step, one can
calculate the velocity of the surface over time.

3.6

Hydrodynamic Simulations

PIC codes are extremely useful methods of modelling a laser-plasma interaction but at
a great computational cost. When the intensity is low (a0  1, and I  1016 W/cm2 ),
it is useful to discuss the interaction in terms of fluid dynamics particularly since the
dominant heating mechanism will be collisional inverse Bremsstrahlung. This can help
model the expansion of the target due to the ns ASE (for chapter 5) and rising edge.
The interaction can be modelled until I > 1016 W/cm2 when non-local heating and
other kinetic effects start to dominate.
The publicly available FLASH [127, 128] code, developed and maintained at the
University of Chicago was used for this. Although it is mostly used for the study of
astro-physical systems, it includes a 3 temperature solver (electron, ion and radiation),
ray-tracing, adaptive mesh (shown in figure 3.14), and massive scalability with number
of processors. The code uses the fluid equations 2.28, 2.29 and 2.30 solved for both an
electron and ion fluid. The code also uses an equation of state (EOS) for polystyrene
along with opacity data and ionisation levels. Another advantage is the adaptive timestep whereby the time-step is long (10’s of ps) when the intensity and heating is low,
compared to 10’s-100’s fs during the rising edge of the pulse. While these problems are
typically solved using cylindrical co-ordinates, since the beam was entering at normal
incidence it is equivalent to the Cartesian case thus removing any need for reflecting
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boundaries which would otherwise be required by the solver. This allowed for a relatively compact grid which could have a sufficient cell resolution for initialising the thin
targets without being overly demanding computationally.

(a)

(b)

Figure 3.14: Adaptive mesh from FLASH show the grid (a) initialised (b) shifting after
1 ns. The target is initialised as a 500 nm target located at y=10 µm. Units are in cm.
Laser is propagating in the positive y-direction and entering from the bottom.
For a 3 temperature solver, the fluid equations are split for each species (electron,
ion and radiation) with a change in energy (relating to collisions between species) governed by the specific heat which is calculated from the EOS file with energy also passing
through the fluids via a diffusion solver using conductivity values. Energy is deposited
in the system by laser deposition where a number of ‘rays’ are loaded in across the beam
where they propagate towards the focused spot. Each ray has an energy determined by
the spatial function of the intensity across this spot (a Gaussian with 5µm FWHM in
this case) and the energy is deposited by inverse Bremsstrahlung which depends on the
electron’s temperature and density. A sample of the ray-tracing is shown in figure 3.15
with the rays reflecting from the critical surface with their colour determining their energy, this is a function of their transverse position. The electron density is shown as the
blue colour-scale for context.
The data, electron and ion temperature and density could then be re-sampled from
the mesh used in FLASH onto a fixed grid required by PIC codes. The PIC grid was
produced as a 2D array (in MATLAB) where the FLASH grid was overlaid and mapped
onto the grid with linear interpolation for the PIC solver. This was saved as a machinereadable binary file which could be read by EPOCH. This prevents the need for fitting
any function to the data which would be cumbersome for 2D data.
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Figure 3.15: Ray tracing (copper-scale) and electron density (blue-white scale) at the
end of the simulation showing a selection of rays reflecting from the critical surface of
a 500 nm target.
The laser power was set up with a finite number of time points with a specific power
(shown with crosses in figure 3.16), with the code using linear interpolation between
these points. For this work, seven different time points were used.

63

100
FLASH input
Vulcan Contrast
PIC input

normalised amplitude

10-2

10-4

10-6

10-8

10-10
0

0.2

0.4

0.6
time (s)

0.8

1
10-9

Figure 3.16: VULCAN contrast (black), with the finite number of input points (blue
crosses with line) and the pulse (red) used for PIC showing the range of contrasts used.
The amplitude is normalised to the power of the pulse.
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Chapter 4

Selective Ion Acceleration by Intense
Radiation Pressure on GEMINI

4.1

Introduction

An experiment was carried out in spring 2017 on the ASTRA GEMINI laser system
at R.A.L. U.K. with the title ‘Transition to Light-Sail Acceleration from Ultra-thin
foils’. In summary, the work was a follow up to experiments carried out in 2013 and
2014, looking to explore the RPA-LS regime from amorphous carbon foils in the 2100 nm thickness range and presented in [90]. The successful 2013 experiment was
the first to show a polarization dependence on both the heavy and light ions produced
in this regime, coupled with a higher ion energies for circular polarisation, producing 25-30MeV/nucleon carbon ions and protons at 10nm, shown below in figure 4.1,
with spectral peaks indicative of RPA. This was a significant step towards experimental
demonstration of LS-RPA with currently available technology.
A follow up experiment was carried out in 2014 looking to improve the limited data
produced in the 2013 experiment and potentially find an optimum thickness for RPA in
these conditions. However due to reduced quality conditions (a pre-pulse in the laser)
the results from 2013 were not reproducible and hence limited data and conclusions
could be drawn from this. In 2017, this experiment was then repeated with the same set
up. The work was carried out as a collaboration between QUB, University of Strathclyde, Imperial College London and the Central Laser Facility and was a successful
experiment, meeting the goals of improving on the previous work, finding optimum
conditions, and opening up new avenues to explore.
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Figure 4.1: Summary of the 2013 experimental data presented in [90,129] with (a) the
maximum energies for C6+ and (d) H+ . The corresponding spectra are shown for (b)
CP C6+ , (c) LP C6+ , (e) CP H+ and (f) LP H+ . Solid grey line represents the typical
noise. For shots with higher noise, e.g. 10 nm H+ , an additional dotted grey line is
added as a better representation.
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4.2

Set Up

The experiment was performed with GEMINI’s north beam, with 40 fs FHWM, ∼18
J before compressor, ∼70% compressor throughput and temporally cleaned by a double plasma mirror system. A simplified schematic of the set-up is shown in figure 4.3.
The first plasma mirror was placed in the focusing beam of an f /7 parabola with an approximately 4×3 mm (semi-major and semi-minor axis) elliptical spot with the second
placed at the parabola’s focus with a 3×2 mm elliptical spot. This arrangement allows
for the controlling of each plasma mirror’s activation; a large focused spot means it will
activate much later and typically mean a much reduced energy in the final focal spot,
at the expense of a greater plasma scale length of the target front surface. A tighter
focus on the second plasma mirror means it can activate at much higher fluences (because of the contrast enhancement from the first plasma mirror) resulting in a slightly
higher reflectivity [114]. The contrast was approximately 10−12 at the 100’s ps to ns
timescale and 10−6 at 1 ps. The beam was re-collimated by a second parabola, and
passed through the chamber with turning mirrors as well as a deformable mirror used
as adaptive optics helping to remove higher order aberrations which cannot be corrected
for by optimising the final focusing parabola. The wavefront was measured a few times
per day, using the same high magnification set up used for focal spot optimisation and
target alignment. This helped retain as much energy in the focal spot as possible and
produced the best quality data towards the end of the experiment when the focal spot
was optimised (shown in figure 4.2).

Figure 4.2: Colormap of the normlised intensity of the focal spot captured with the
x50 objective lens. The x=0 (FWHM = 2.5µm) and y=0 (FWHM = 2.8µm) lineouts
are plotted as white lines on their respective axis.
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The energy of the pulse after passing the final amplifier was typically ∼17±1 J
and assuming a compressor throughput of 75%, a double plasma mirror reflectivity of
∼50%, the energy on target was ∼6.9J. The beam then passed through a λ/4 waveplate which could be altered in vacuum and was used to change the polarisation from
linear to circular and occasionally through different degrees of ellipticity. The beam
was finally focused by an f /2 parabola at normal incidence onto the target producing a
∼2.7 µm FWHM spot and a peak intensity of 5.5×1020 W/cm2 by calculating ∼25%
of the energy being contained within the focal spot.
The main diagnostics consisted of 3 TPSs in the forward direction at angles of -4◦ ,
0◦ and 9◦ (with respect to the laser axis/target normal) to sample the beam divergence.
These varied in resolution with the TPS at 0◦ and 9◦ utilising stronger magnets (0.9 T)
for higher resolution of high carbon energies and -4◦ with 0.3 T to look at lower energy
ions. They also had different sized pinholes attached at the front so that a balance
could be found between flux and resolution; a wider pinhole will also increase the
width of the parabolic traces for each species spectra and potentially lead to overlap
removing the ability to distinguish between different species. The TPSs then had 20 cm
parallel copper plates, with a 25 kV potential across them, to provide ample separation
of the different charge species, particularly between high energy C6+ and protons (30
MeV/nucleon).

Ion Diagnostics (In plane)

GEMINI
North Beam
40fs, 800nm

TP0
9
TP

TP
4
Transmission
Diagnostic
(out of plane)

f/7 OAP PM
focusing and
collimation

Plasma
Mirrors

Target
0°
𝜆/4
waveplate

f/2 OAP

Deformable
mirror

Figure 4.3: Simplified schematic of the set up used in the experiments.

The TPSs each had an MCP attached at its rear side and this meant that the ion spectra could be captured by a CCD and saved remotely. The result of the shot could then
be instantly analysed and provide feedback for the next shot. With this arrangement,
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the chamber could remain under vacuum for as long as there were targets available to
shoot providing us with large data sets in the same conditions.
The MCPs were only calibrated to carbon numbers (discussed in section 3.3.2),
unknown to us at the time, by generating the highest energy carbon in this regime, we
did not produce high energy protons to provide a reliable calibration. Comparisons
between species will be made based on an un-calibrated raw detector image. In the
future, it would be beneficial to use an alternative target thickness which generates
much more comparable energies for carbon and protons unlike what was observed here
(discussed in the following section.)
RCF and CR-39 stacks were also used, but this was on dedicated shots, since their
use blocked the TPS from the beam. A limited number of shots also utilised a hole
in the RCF where the beam could pass through and still be sampled by the on-axis
TPS. This produced simultaneous results on the ion energy per species but also on
the beam divergence. These two quantities cannot be accurately diagnosed simultaneously together with a single currently available diagnostics so this provides a useful
approach to retrieve as much information per laser shot as possible. The experimental
data will initially be presented followed by extensive supporting simulations to answer
open questions and verify the interpretation of the experimental data.

4.3
4.3.1

Experimental Results
Polarisation Dependence and Thickness Scan

In order to identify a change in acceleration mechanism, a target thickness scan was
performed from a relatively thick target (100 nm) to ultra-thin (2 nm). The polarisation
was also altered between linear and circular to further control the interaction by means
of modifying the electron heating. The maximum energy for H+ and C6+ for these
variables is shown in figure 4.4.
C6+ and protons are the main ions of interest since they are the dominant species
accelerated in the interaction. Fig. 4.4(i) shows that when using CP and reducing the
target thickness from 100 nm to 15 nm (a factor of 6.6), the maximum C6+ energy
increases to 33 MeV/u (a factor of 5.5). Below this thickness, the ion energies start to
decrease again. A much weaker trend is observed for LP, although a smaller increase in
C6+ energies is seen from 100 nm to 20 nm (12 - 17 MeV/u) before the energies again
decrease for the thinnest targets.
The proton data in figure 4.4(ii), for the same shots as in figure 4.4(i), does not show
the same trend as C6+ . Although an increase is seen for thinner targets, there is not a
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Figure 4.4: Average maximum ion energies from a thickness scan of amorphous carbon
targets irradiated at >5×1020 W/cm2 . Solid lines indicate CP, dashed indicate LP. Blue
represents C6+ and black for protons. (i) Average maximum C6+ energies as a function
of thickness for CP (solid) and LP (dashed) (ii) Average maximum proton energies with
the same variables (iii) average C6+ energies (blue) and protons (black) for LP and (iv)
average C6+ energies (blue) and protons (black) for CP. Errorbars represent the shot
to shot variation. Note the altered x-scale for target thicknesses > 25 nm. Error bars
represent shot-shot variation.
peak but rather a local minimum in the proton energies. This striking feature can be
seen more clearly in figure 4.4(iv) showing that when the C6+ is at a maximum, proton
energies are at a minimum. This ion energy inversion is only present for CP, a dip is
also seen for proton energies as seen in figure 4.4(iii) however it is much smaller and
H+ remains at higher energies/nucleon than C6+ , which does not show a clear peak.
The typical number of shots represented by the error bars is 7. While many more
shots were taken over the course of the experiment, this data-set represents the final
2 weeks of the experiment where the adaptive optics system had been optimised and
the intensity remained reasonably constant (with some fluctuations due to the laser
energy). The shot-to-shot variation is observed to be much larger for CP rather than
LP. This is for 2 reasons: firstly, more data is collected in the regime of interest which
is a consequence of experimental bias and time limitations when beam time is granted.
This is coupled to the strong sensitivity of the mechanism (RPA-LS to be discussed
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later) to the conditions where instabilities can dominate and cause large fluctuations in
the maximum ion energy with small changes in the experimental parameters. LP, on the
other hand, shows a reduced variation which is likely a consequence of the mechanisms
being less sensitive to small changes in the laser parameters or target condition.
This polarisation dependence on the dominant species being accelerated can also be
seen in a polarisation scan performed, by varying the ellipticity of the beam from linear
to circular. Due to time restrictions, the points in between linear and circular are not
numerous and without statistical significance. Nevertheless qualitatively it provides a
clear indication of a transition of C6+ being favourably accelerated by gradually changing the polarisation from LP to CP. The change in the preferential acceleration of the
species is evident, with protons consistently accelerated to higher energies than C6+ for
LP, with the opposite for CP.
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Figure 4.5: Maximum ion energies for C6+ (blue) and protons (black) as a function
of the pulse ellipticity. (0 is LP and 45◦ is CP.). Phase shift was generated by a λ/4
waveplate.

4.3.2

Intensity Dependence

The target thickness and polarisation dependence of the maximum ion energy suggests
the transition to RPA-LS making 15nm the (intensity dependent) optimum thickness for
RPA for this target density and experimental conditions. Varying the laser intensity (by
changing the laser energy) can provide additional information on how the ion energy
scales to make further inferences on the acceleration mechanism.
In figure 4.6 one can see the fast scaling of Emax ∝ I 1.23 , where R2 =0.85, of C6+
energies with laser intensity . The theoretical scaling of Emax ∝ I 2 does not produce as
good a fit where R2 = 0.75. This is much faster than the conventional TNSA (Emax ∝
I 0.5 ) and placed between the theoretical scaling for RPA-HB and RPA-LS (Emax ∝ I and
I 2 respectively.)
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Figure 4.6: Maximum ion energies (points) for C6+ (blue) and protons (black). Error
bars represents the uncertainty in the intensity due to on-shot variations. The grey
dashed line represents the detection threshold for protons.
Protons on the other hand do not show the same scaling. Maximum proton energies
for shots < 3 ×1020 W/cm2 drop below the detection limit of the 0◦ TPS of 8 MeV.
While it is not possible to do a best fit line over the same intensity range, it is quite
clear that the scaling is much slower with only a few MeV gain in maximum ion energy
over the intensity range explored. This implies that a different acceleration mechanism
dominates for the proton species and this difference will be explored later in the chapter
with PIC simulations.

4.3.3

Optical Diagnostics

A transmission screen was also used on the experiment, placed behind the target without blocking the ion beam going to the TPS (shown in figure 4.3). The reflected light
was imaged by 2 cameras, filtered individually for the 1st and 2nd harmonic and calibrated with a number of Neutral Density (ND) filters for shots with no target and a
known laser energy. This allowed a quantitative measurement of the amount of transmitted light from the interaction. The diagnostic was operated and analysed by E. J.
Ditter from Imperial College London and is reproduced here with permission for completeness.
The transmission data above gives us further insight into the dependence of the
acceleration mechanism on target thickness; it is clear and unsurprising that for thinner targets the amount of transmitted light increases with targets thicker than 25 nm
showing little to no transmission for both polarisations. Below 25 nm the amount of
transmitted light starts to become more significant being >5% for 25 nm and increasing
steadily to over 40% for 2 nm. This implies that for targets below 25 nm, the interaction
will enter into the RIT regime before the end of the pulse, with this transition happen72

Figure 4.7: Percentage transmission produced for the fundamental frequency for LP
(black) and CP (blue) as a function of target thickness. Data and Graph analysed and
provided by E. J. Ditter from Imperial College London.
ing earlier as target thickness decreases. For targets thinner than 20 nm, the average
transmission is higher for LP than for CP.

4.3.4

Beam Profiles

To diagnose the ion beam profile, a feature that can’t be fully mapped using such a
small solid angle as captured by each TPS, stacks of RCF were placed ∼5cm from the
interaction. Each piece was 2.54 x 2.54 cm and could capture a 30◦ (opening angle)
cone of ions. The colour of the film changes permanently depending on the amount of
dose deposited in the active layer, and thus RCF acts as a passive diagnostic. Since it
captures the full beam, it blocks the beam from the TPS so it was only used on dedicated
shots. In this case, the RCF could confirm any indication of angular dependence of the
maximum proton energies provided by the TPS.
A thick target of 5µm Al is used here as a reference (figure 4.8g) producing up to 9
MeV with a smooth beam. Going to thinner targets, thicknesses between 15 and 25nm
start to show different profiles including the presence of a ring-like structure in the first
layer which persists to higher energies for thinner targets (eg 8MeV for a 10 nm target
with CP, shown in figure 4.8c). Looking at the thinnest targets, the situation changes
again; for 2 nm the profile after the first layer is now dominated by the presence of lobes
which form line structures. Since a 2 nm target will go transparent long before the peak
of the pulse, it is likely that these structures are formed by the transmitted laser pulse
directly heating the electrons as it passes through the underdense target which in turn
will affect the shape of the accelerated proton beam.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 4.8: Example background-corrected RCF beam profiles for each target thickness and polarisation.The energies correspond to the energy of the proton Bragg Peak
for each RCF layer. From left to right, top to bottom (a) 2 nm, (b) 5 nm, (c) 10 nm, (d)
15 nm, (e) 20 nm, (f) 25 nm, (g) 5 µm Al.
4.3.5

Species Spectra

In order to further qualify the maximum energies shown previously, it is also useful to
show the spectra for each so that the flux of each species can be compared. The C6+ is
calibrated to absolute number where as protons will be discussed only in terms of raw
counts, a limitation which has been discussed earlier. The comparisons between each
species’ flux will be done in relative qualitative terms, assuming a similar response of
the detector to each species.
The increase in the maximum cut-off energy of the spectrum is the first feature that
emerges clearly from the thickness scan for CP. However there are no distinguishable
74

dN/dE/sr

10

(a) 2 nm

(b) 5 nm

(c) 10 nm

(d) 15 nm

(e) 20 nm

(f) 25 nm

10

dN/dE/sr

10 8

10

10

10 8
0

dN/dE/sr

(g) 50 nm

(h) 100 nm

10 10

10
20
Energy (MeV/u)

30

C6+ CP
Noise
C6+ LP
Noise

10 8
0

10
20
Energy (MeV/u)

30

0

10
20
Energy (MeV/u)

30

Figure 4.9: C6+ spectra for CP (blue) and LP (black) for (a) 2, (b) 5, (c) 10, (d) 15,
(e) 20, (f) 25, (g) 50 and (g) 100 nm targets. 2 MeV/u was the detection threshold
for this TP. The noise (fitted with a power law) for these shots is also plotted in the
corresponding colour as a dotted line. The uncertainty in the spectra is the same as that
shown in figure 3.11(b).
peaks in the spectrum, a feature which is usually associated with LS acceleration [91];
the reason will be explained through simulations; due to the complex interplay of multiple acceleration mechanisms, the emergence of peaks in spectrum, typical of bulk
target acceleration, can become masked by the end of the interaction.
The effect of reduced proton acceleration is attributed to the interaction rather than
any difference in the target composition. Figure 4.10(d) shows an example of targets
from the same batch being irradiated under the same experimental conditions, but with
different laser polarisations. As shown in figure 4.11, protons are still efficiently accelerated for 15nm targets for LP which indicates that the difference in the proton energies
and flux is not due to differences in the targets, but arises from differences in their acceleration.
The noise here was fitted using a weighted moving average of the noise (+2σ) to
accurately represent the signal to noise at the high energy end of the C6+ spectrum. This
will also slightly under-estimate the noise at the low energy end, however the signal to
noise ratio at the low energy (<10 MeV/u) is an order of magnitude greater than at the
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Figure 4.10: H+ spectra for CP (blue) and LP (black) for (a) 2, (b) 5, (c) 10, (d) 15, (e)
20, (f) 25, (g) 50 and (g) 100 nm targets. 8 MeV was the detection threshold for this TP.
The noise (fitted with a power law) for these shots is also plotted in the corresponding
colour as a dotted line.
high energy end. This smoothing was done mostly for presentation however, it also
provided a simple criteria to measure against the signal to remove any analysis bias.
The same calculation was performed for each shot with a MATLAB script, in order to
improve repeatability of the analysis against different criteria.
8 MeV was the detection threshold for the TP on the laser axis arising from the
compromise of the spectral capture and resolution for high C6+ energies. While the
noise is also plotted to determine where the energy spectrum cuts off, the signal was also
corrected for background counts. A drawback of using the MCP - CCD system means
that when pixels get saturated, they can spill charge over to the next pixel, creating a
large saturated area.
This is not the case for IP since they can be re-scanned to release more photons
from the metastable state until no saturated pixels remain on the image. Since the settings on the MCP - CCD system must remain constant over a range of target thickness
and laser intensities (for the calibration to particle number), sometimes the zero point
gets saturated and some charge in the CCD can spill over, closer to the high energy
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Figure 4.11: C6+ spectra (blue) and H+ (black) for LP (left) and CP (right). Units are
the raw pixel value and hence don’t account for the different sensitivities of the MCP
to different LET radiation.
end of the particle spectra. This effect tends to be greater for LP and thicker targets
where there is a higher X-Ray flux from energetic electrons. So while it is background
corrected, the signal and noise level is much higher for thicker targets or LP, where
there is increased signal, and increased scatter. The background correction allows for
comparison between different target thicknesses and polarisations.
Considering this, one can compare relative changes in the proton flux. Variations
in proton number are significantly larger for LP with flux increasing from thinner to
thicker targets. For the thinnest targets, there is not such a significant difference between the interactions for different polarisations since they will both go transparent
early. For the thickest targets, the much stronger heating associated with LP will result
in more efficient sheath acceleration.
For the targets around the optimum thickness, (10-20 nm) protons are also more efficiently accelerated for LP. For C6+ , LP produces a higher flux of particles particularly
for thick targets (>25 nm) and low energies (<10 MeV/u). For targets thinner than 25
nm, LP produces a slightly higher flux of C6+ , with CP producing comparable particle
numbers in the low energy range, although the maximum energy is significantly higher
for CP.

4.3.6

Angular Dependence

In addition to the beam profiles provided by the RCF in figure 4.8, the maximum energy
per ion species was diagnosed at -4◦ and 9◦ from the target normal. This is shown in
figure 4.12 for each target thickness and presented as the average of the maximum
energies recorded, for the same shots as presented previously.
77

30

(a) 2 nm

(b) 5 nm

(c) 10 nm

(d) 15 nm

(e) 20 nm

(f) 25 nm

(g) 50 nm

(h) 100 nm

Maximum Ion Energy (MeV/nucleon)

20
10
0
30
20
10
0
30

-4
0
9
Angle from Target Normal (°)
CP C6+
CP H+

20

LP C6+
LP H+

10
0
-4
0
9 -4
0
9
Angle from Target Normal (°) Angle from Target Normal (°)

Figure 4.12: Average C6+ (solid) and H+ (dashed) for CP (circles) and LP (crosses) at
each TPS angle. If the negative errorbar is drawn to zero, then the upper limit is shown
as a point without a positive errorbar. This to highlight that sufficiently high energy ions
were not detected at this angle compared to the target normal. The detection threshold
for protons for -4◦ was 6 MeV and 8 MeV for 0◦ and 9◦ .
In this figure, the error bars again represent the shot to shot variation, however for
the thickest (100 nm) and thinnest (2 nm) targets, sometimes the maximum energy was
not measured due to the limited size of the detector and the maximum energy falling
below the detection threshold. Hence to help convey that the maximum proton energies
were always higher along the laser axis (as opposed to -4◦ and 9◦ ), if the maximum
energy fell below the detection threshold for these angles, a negative errorbar was added
from the detection threshold down to zero (2 nm and 100 nm -4◦ ). If the energy was
detected, the positive and negative errorbars represent the shot-to-shot variation.
It is evident from the data presented here that the maximum energy was always
detected along the target normal (laser axis) for the angles sampled. This, along with
the RCF, demonstrates that there is no evidence of preferential acceleration occurring
off the laser axis, meaning that the maximum energies measured by the laser axis TPS
represent the highest energy ions produced in the interaction. Furthermore, although
RCF data is not available for target thicknesses greater than 25 nm, these thicker targets
have a tend to have a much reduced angular dependence (compared to thinner targets)
where the dominant acceleration mechanisms tend to produce much more structured
beams.
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4.4

Simulations of LS acceleration in idealised conditions

To investigate the open questions from the experiment, complementary work was carried out with PIC simulations. Initially, idealised simulations (Gaussian pulse truncated
at -100 fs with no collisions or ionisations being calculated) were carried out to benchmark the output against previous work to provide broad understanding on the dependence of ion energies, spectra and beam profiles to the Gemini pulse. The simulations
provide some similarities to the experimental finding, such as the transition to LS-RPA
for thin targets and CP, however they do not account for difference observed between
C6+ and H+ on the experiment. This will be explored later. This work also extended
published work to include further theoretical comparisons of LS interactions as well
as ion beam profiles generated in the interaction. Finally, LS acceleration was investigated for the ultra-intense regime to verify theoretical scaling; this is important when
planning experiments on upcoming >1 PW lasers and discussed in section 4.6.2.

4.4.1

Thickness scan and Intensity dependence

Initially, the different target thicknesses used in the experiment were investigated with
a 40 fs, 3 µm FWHM temporal and spatial profile, representative of Gemini, before
varying the peak intensity to investigate the maximum energy dependence. The results
are shown in figure 4.13. The observation of an optimum thickness for C6+ for CP at
10 nm is similar to the experiment and consistent with previous work [90]. These simulations were repeated with higher resolution as shown in table 4.1 about this thickness
to both verify this finding (an optimum thickness of 10±2.5 nm) and that this is due
to a transition from TNSA for targets with thickness greater than 25nm, to the onset
of LS-RPA below this thickness; below 10 nm, the target becomes relativistically underdense earlier in the pulse and hence does not partake in a significant LS-RPA stage.
Furthermore, while the lower resolution simulations are shown to be in good agreement
with those of higher resolution, while underestimating the maximum ion energy at the
optimum thickness, they present the same trend.
Section

Description

Collisions/
Ionisation

∆x (nm)

∆y (nm)

Temp. (eV)

4.4

No pre-expansion

No

5

20

1×103

4.4

No pre-expansion

No

5

5

1×103

4.5

Expansion

Yes

5

20

300

Table 4.1: Table showing the grid resolution and initial temperature used for the different sets of simulations.
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The LP simulations also present qualitative agreement with the experiment by
showing a much broader peak at lower energies with a much earlier transition to transparency due to the presence of the J×B term. The intensity scan represents the LS-RPA
scaling with a best fit of y = 1.1I 1.96 and R2 = 0.9985. Comparing the simulation data
in figure 4.13 to the experimental results in figure 4.4 and 4.6 show that while C6+ is
in qualitative agreement, there is no agreement for the H+ energies about the optimum
thickness for CP and the intensity scan which show a lower maximum H+ energy than
C6+ and a much slower scaling with intensity. The optimum thickness in the experiment is shown to be slightly greater at 15± 5 nm compared to the simulation of 10±2.5
nm. The qualitative agreement will be explored in the following section with emphasis
on 10 nm and 25 nm target thicknesses between the polarisations and compared to the
2013 experiment. The difference between the species acceleration will be explored in
section 4.5.

Figure 4.13: 2D PIC thickness scan with no expansion for (a) CP and (b) LP for
a pulse with a peak intensity of 5.5×1020 W/cm2 , 3 µm and 40 fs FWHM Gaussian
spatial and temporal profile. For CP, a low spatial resolution grid with ∆x = 5 nm,
∆y = 4∆x thickness scan is compared to a higher resolution of ∆x = 2.5 nm, ∆y =
2∆x. for thicknesses between 5 nm and 15 nm. (c) displays the maximum ion energy
dependence on the peak intensity displaying the LS-RPA I 2 scaling for a 15nm target
with grid resolution ∆x = 5 nm, ∆y = 4∆x.

4.4.2

Energy gain in the LS regime - theory and simulations

Assuming a Gaussian pulse (truncated at -100 fs) and a fully ionised C6+ target with
ne = 350nc with a 10 nm 10nc proton containing contaminant layer, the LS regime
was investigated for CP and LP. Using equation 4.1, the ion energy for the compressed
LS layer can be calculated as a function of time for a Gaussian laser pulse. Hence to
calculate this over time, the pulse is integrated as a function of time to work out the
fluence.
vLS [(1 + εion (t)]2 − 1
=
c
[(1 + εion (t)]2 + 1
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(4.1)

where
εion (t) =
and

Z t
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Hence substituting equation 4.3 into 4.2 and subsequently into 4.1 provides the ion
energy as a function of time.
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Figure 4.14: Simulated C6+ energy over time for CP (red) and LP (blue) compared to
theory (back solid) for a GEMINI-like Gaussian pulse (black dotted)
Equation 4.1 produces a final value of 23 MeV/u for an intensity of 5.5 ×1020
W/cm2 and a FWHM of 40 fs and shown in figure 4.14 as a solid black line. The density
used was 360 nc and 10 nm thickness, equivalent areal density to the simulations. The
output for the ion energy at each output time is seen to match reasonably well for CP
(red curve), with the curves showing the same gradient before deviating after the peak
of the pulse. The case for LP (blue cirve) shows a much slower energy gain with time,
indicating that it does not partake in LS-RPA for a significant amount of time but rather
gains energy in a combination of RIT and TNSA mechanisms.
The deviation of the maximum C6+ energies after the peak of the pulse indicates
that at this stage, there is a reduction in efficiency in the acceleration whereby the pulse
is not transferring its momentum to a compressed layer where the critical surface is
co-moving with the highest energy ions; thus the process is no longer a perfect ‘Light
Sail’. This effect can be better explained using 1D simulations and changing the shape
of the pulse from that of a Gaussian to a flat-top profile whilst maintaining the same
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laser fluence and will be shown further in section 4.6.1.

4.4.3

Simulated Beam profiles

For the initial experiment performed in 2013, simulations were carried out to compare
the proton beam profile measured from an RCF stack and compared to simulations.
Here, 2D simulations were performed to look at different thicknesses to further understand the effect of polarisation and target thickness on the profiles of ion beams
generated. The following section is adapted from McIlvenny et al [129].
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Figure 4.15: CP (a-d) and LP (e-h) proton beam profiles at 10MeV (left) and 20MeV
(right) obtained experimentally from RCF (a,c,e,g) and through 3D PIC simulations
(b,d,f,h). Note the ellipse in (g), with the major axis (in x-direction) aligned to the laser
polarization direction. All images represent the same solid angle of the beam profile
(marked in h) . Image from [123] and [129].
The proton beam profile in the simulations can be directly compared to the experimental RCF data by selecting particles within a desired energy range and plotting their
Y and Z positions; this projection will then be representative of the flux distribution
on an RCF layer. Initially comparing the 10MeV CP case in figure 4.15(a) and (b), a
ring-like structure is observed in both. A ring like structure has been observed by [130]
in the transparency regime however in this case, as shown in the follow up simulations,
these protons are accelerated in the RPA stage whereby the target is deformed by the
intense radiation pressure causing electron heating off the laser axis due to the local
non-normal electric field.
This causes electrons to be cyclically heated off axis as shown in figure 4.16 where
electron heating off-axis can be seen. Along each lobe, they are separated in time
by one laser period, and half a period between each lobe. This shows they are being
directly accelerated by the laser through the target and would result in a ring in 3D
by assuming azimuthal symmetry. This symmetry cannot be assumed for LP, where
the laser polarised in the plane of the simulation, where the beam profiles tend to be
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asymmetric with electron beam profiles formed in this plane [131]. The signal on
the 10 MeV layer for CP is assumed to be from protons since, although high energy
carbon (>20 MeV/u) will also penetrate to this depth in the RCF stack, simulations
indicate that the C6+ ions produce a more directional beam along the laser axis thus not
contributing to this ‘ring’ profile (as will be discussed later).

Figure 4.16: 2D PIC of electron density (blue-scale is overdense, grey-scale is underdense) along with the laser intensity as the peak of the pulse hits the target (t = 0fs).
For the higher energy protons from figure 4.15 one can see the formation of a
bubble-like feature. This has been attributed to Rayleigh - Taylor instabilities in previous numerical work [78, 132]. This is seen in classical fluid mechanics when a heavy
fluid (in this case the intense laser) is forced onto a lighter fluid (the electron density)
causing instabilities that can eventually lead to the target disintegration as it has been
shown experimentally in [77].
For the case of linear polarised light, the beam profile produced is similar to the
profiles from foils undergoing relativistic transparency as shown in [131] and where an
asymmetry of the proton beam appears along the direction of laser polarisation. Also
in our case, the influence of laser polarisation on the acceleration mechanism can be
characterised by a change in the proton and C6+ beam profiles. These are shown for
both 10 nm and 25 nm for LP and CP for protons (figure 4.18) and carbon (figure 4.19)
to complement and extend that of the 3D simulations in figure 4.15. This will allow
comparison of three likely scenarios: ‘thick’ targets and TNSA (25nm LP); RPA for
thin targets remaining opaque during the irradiation (10nm CP) and acceleration in thin
targets undergoing RIT (10nm LP).
For 10 nm targets, a very significant difference in the electron temperature between
LP and CP is observed at the end of the pulse (5 MeV and 1.2 MeV respectively,
estimated by fitting the profiles shown in figure 4.20); as discussed in the previous
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section, electrons are strongly heated by the LP pulse due to J × B heating, resulting
in the target undergoing RIT which further heats the electrons. This effect is delayed
in the CP case, with the electron temperature remaining low as long as the target stays
opaque.

(a)

(b)

Figure 4.17: PIC snapshots at peak of pulse + 100 fs of electron density ne (top), Ex
(middle) and laser intensity (bottom) for 10 nm (a) and 25 nm (b) target.
The effect of the laser polarisation and target thickness on the proton beam profile
can be also assessed from figure 4.18, where the beam profiles for H+ are compared
for CP and LP. For CP, a ‘hole’ in the centre of the beam persists in the spectrum at low
and intermediate energies. Extrapolating this 2D information to a 3D geometry and
assuming azimuthal symmetry, will result in a ring structure as seen in figure 4.15 for
the CP case. The beam is heavily modulated and non-uniform at all energies in contrast
to the LP case which produces a relatively smooth beam at all energies. This is likely
due to the more uniform electron heating associated with direct laser acceleration and
the absence of the instabilities associated with RPA.
Looking at the thicker targets (25 nm) in figure 4.19 and 4.18, apart from the differences in the maximum energy for the different polarisations, there are some noticeable
variations in the angular distributions of the particles. For CP, there is no longer a ‘hole’
in the centre of the proton beam, as this target will not go transparent at all during the
interaction nor do ions gain significant energy from RPA due to the above-optimal areal
density.
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For LP, although the energy spectrum of the proton beam looks similar, the maximum proton energy is lower than for the 10 nm case. LP again results in a higher
electron temperature as one would expect (1.8 MeV compared to 0.1 MeV respectively,
according to figure 4.20). This, along with the reduced electron heating suggests that
these particles are accelerated by a more uniform sheath field associated with TNSA.
LP plots in figure 4.17b for 25 nm show a smoother Ex field than for 10 nm; however, it is also seen that the 10 nm target shows strong laser transmission providing an
additional boost to proton energies compared to the opaque 25 nm target.
Comparing the CP case between figures 4.17a and 4.17b, it is seen that the 10 nm
case has resulted in a much more significant acceleration via RPA-LS, due to its lower
areal density. The strong deformation from the 10 nm target also comes with the side
effect of off-axis acceleration of protons due to the oblique interaction of the laser with
some of the deformed target, as shown in figure 4.16.
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Figure 4.18: Angular distributions of H+ for CP (i,iii) and LP (ii,iv) for 10 nm (top
row) and 25 nm (bottom row). Energies below 10 MeV are not shown for 10nm for
clarity.
The electron density is plotted in figure 4.16 normalised to the critical density along
with the laser intensity; this shows that at the peak of the pulse, the electron layer
remains overdense with no transmission.
Hence the electrons get cyclically heated and protons are accelerated off axis by an
electrostatic field as in TNSA. This results in the proton beam divergence in figure 4.16,
where a ‘hole’ in the centre of the beam is also observed. Since the target has not gone
transparent as in [78], the situation is more similar to work presented in [133] although
with different experimental parameters.
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Figure 4.19: Angular distributions of C6+ for CP (i,iii) and LP (ii,iv) for 10 nm (top
row) and 25 nm (bottom row).
In the 2D geometry, comparing these figures, LP tends to produce a smoother beam
as opposed to CP where the RPA scenario tends to result in a number of instabilities
which ae then transferred to the ion beam profiles. In turn, this tends to affect the
protons more so than carbon likely due to their lower mass, their reduced inertia makes
them more susceptible to non-homogenous acceleration from the space charge set up
by the electrons. While higher fluxes are observed off the target normal for C6+ at low
energies (figure 4.19(bi)), the flux never drops to zero along this axis as it does for H+ .
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Figure 4.20: Electron spectra in the forward (20◦ ) direction for CP and LP for a 10 nm
and 25 nm target from 2D PIC at t = 100 fs
.
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4.5

Simulations of Selective ion acceleration via RPA

While the previous section (4.4) benchmarks the interaction of the laser pulse with the
target under idealised conditions, it does not account for the difference in the acceleration of H+ and C6+ . Further simulations were required to understand the RPA-LS
mechanism in a more realistic scenario, while still working with a number of assumptions for computational ease. This mostly involved the modelling of the laser pre-pulse
for a number of picoseconds to account for the activation of the plasma mirrors and the
subsequent reflection of the laser pedestal and rising edge.
These simulations were performed in EPOCH as before. This was done for a number of reasons; the multi-species, high spatial resolution and short pulse duration is
beyond the capabilities of hydrodynamic codes due to the extremely small cell sizes
required. These are normally the codes of choice for modelling target pre-plasmas due
to the fluid-like nature of the cold plasma components. These codes normally focus
on thick targets on the nanosecond scale which are more suitable, for example, for lab
based astrophysical investigations. Furthermore, the use of collisions in EPOCH, while
extremely computationally expensive, will allow the PIC code to model the interaction
more accurately by including heat transfer via this mechanism. The code can then be
restarted (without collisions) to model the higher laser intensities where the effect of
collisions is no longer significant. This was modelled in 2D over ∼2.5ps amounting to
20000 CPU-hours per full scale simulation (for the thinnest targets). Each simulation
is done for CP unless otherwise stated.

Figure 4.21: GEMINI pulse profile (before plasma mirrors) as measured by a 3rd
Order autocorrelator (green dashed) and the input profile used for the simulations (blue
solid)
Figure 4.21 shows the measured pulse profile (without plasma mirrors) and the profile which was used for the simulations. This is compared to a 3rd Order autocorrelator
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scan of the pulse before any contrast enhancement from the plasma mirrors (also shown
in figure 4.21). The contrast enhancement is modelled on high temporal resolution, onshot measurements on a similar laser system with a plasma mirror [134] (since the
contrast after plasma mirrors was not directly measured on this experimental campaign
due to time constraints). A similar enhancement was shown in Chapter 3 figure 3.4
however the work in [134] offers a high resolution comparison between a single-shot
diagnostic and the 3rd order autocorrelator. This way, one can estimate the enhancement of the contrast, by the plasma mirrors, measured on Gemini with the 3rd order
autocorrelator to produce a truer representation of the coherent contrast.
The plasma mirrors are assumed to begin triggering at -2.5 ps (inferred from the
focused intensity on the plasma mirrors and the breakdown threshold) where the focused, on-target intensity will be sufficient to ionize the target. The plasma mirrors’
reflectivity will then increase until they cause no further contrast enhancement and reflect the main pulse. The reflectivity of the dual plasma mirror system was ∼50% with
the same decrease in intensity. Before the plasma mirrors are triggered, the contrast is
sufficiently high that the on-target intensity is below the ionization threshold and hence
it is not modelled.
The profile can be distinguished in with a simplified curve also consisting of three
parts; (i) represents the low laser intensity causing the initial expansion, section (ii) is
responsible for recompression of the plasma and (iii) which results in RPA-LS. This
profile is modelled with 3 parts; a flat pedestal (equation 4.4a), a Gaussian rising edge
(equation 4.4b) and the main Gaussian laser pulse (equation 4.4c):

Ey (t) = 6.1 × 1010 ...

(4.4a)

2
−( t−2.5
0.175 )

+ 2 × 1012 e

...

−( √t−2.5 )2

+ 4.3 × 1013 e

2∗0.024

(4.4b)
(4.4c)

q
q
√
2
2
where E(t) = Ey + Ez = 2Ey2 = 2Ey for CP and equations 4.4a, 4.4b and 4.4c
refer to parts (i), (ii) and (iii) of figure 4.21 respectively where t and E have the units of
picoseconds and V/m respectively.
Each section will be discussed for the different target thicknesses to provide an
explanation as to how the effect of selective ion acceleration occurs at this particular
thickness providing, with reference to figures 4.4 and 4.6, an explanation for the difference in each species’ maximum energy scaling with intensity as well as the local
energy minimum observed for H+ at the optimum thickness.
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4.5.1

Expansion and Re-compression

Each target thickness was simulated with the same laser pulse; this approximation is
valid due to the stability of the GEMINI laser’s energy and the criteria of shots selected
for the analysis ie 10% laser energy fluctuation and optimised adaptive optics. Each
species is plotted after 2ps (figure 4.22) before the rising edge of the laser. Here a
number of things become clear; firstly as expected the thinnest targets expanding results
in the lowest maximum density at about 2 nc , steadily rising to 30 nc for 25 nm. Hence
it is no surprise that comparing these targets to those from section 4.4 that they will go
underdense much earlier in the interaction.

Figure 4.22: Average species density (for the central 20 cells) from 2D simulations
after 2ps expansion via laser pedestal heating. Ionisation and collisions are calculated
for every time-step.
Secondly, as the thinner targets expand more, due to their higher temperature, the
relative separation between the peak H+ and C6+ density increases. This is summarised
is figure 4.23 where the plasma temperature was measured with a linear fit to the electron spectrum. This shows that for thicker targets (25 nm), the electron temperature is
low (<2 keV) and hence has a reduced expansion and reduced separation between the
species. The thinnest targets have the highest temperature (>4 keV) and the greatest
separation (800 nm). While this is within the Rayleigh Range of the laser (∼3 µm), for
the thinnest targets, the H+ species on the front surface has expanded as an underdense
plasma. Hence only the carbon species remain behind the critical surface.
89

850
Temperature
Proton Displacement

Electron Temperature (keV)

4

3.5

3

650

2.5

2

1.5

5

10

15
20
Target Thickness (nm)

25

Peak H+ to Peak C+ separation (nm)

4.5

450

Figure 4.23: Electron temperature (black points) for each target thickness as well as
the peak to peak separation between H+ and C6+ (blue points) at -0.53ps.
For any of the target thicknesses shown in figure 4.22, the expanded plasma is now
thicker than the laser wavelength but also has a density gradient on the front surface.
If the main pulse were to interact with this plasma, the effects of RPA-LS would be
suppressed; the pre-plasma would lead to higher target heating and absorption which
would likely cause the target to go underdense earlier. The low density also means the
plasma would be likely to go transparent earlier when taking into account the increased
electron inertia at the peak of the pulse (ne < γnc ) resulting in premature RPA shut-off.
This can be shown without modelling the pulse fully, but rather by reducing the
effect of the rising edge of the pulse (section (ii) from figure 4.21) and modelling only
the 40 fs FWHM main pulse only. While this favourably accelerated C6+ over H+ , the
C6+ energies were much lower than in the experiment (17 MeV/u as opposed to ∼30
MeV/u). The simulations show that without including the rising edge, the ‘effective
areal density’ doesn’t decrease i.e. all the expanded electrons get forced back into
the target and since ELS ∝ σ−2 this would again favour thinner targets like seen in
the previous section which have a lower areal density. In this case, the‘effective areal
density’ is 4.25 nc µm, significantly higher than the optimal 3.5 nc µm for a 10 nm nonexpanded target when considering the inverse squared scaling. This will be explored
further in section 4.5.5.
Considering this, the shift in the optimum thickness must be due to the rising edge.
By including this part of the rising edge, section (ii) shown in figure 4.21 which is
usually due to non-optimal pulse compression, it becomes clear that the acceleration is
favoured by the rising edge by generating a sharp density gradient due to the interfer90

ence of the forward and reflected pulse (shown in figure 4.24a)(aii) and (b), producing
a periodic, underdense plasma in the local minima of the standing wave from the interfering forward and reflected beams. This results in a much sharper density gradient at
the front surface when the peak of the pulse arrives. The overdense plasma is also compressed in the process, increasing the peak density and reducing the thickness. This
ensures that the target bulk will get accelerated while also removing the pre-plasma
electrons from the peak of the interaction. An ‘effective areal density’ similar to the
optimal non-expanded case can now be produced since these electrons are not pushed
back into the target.

4.5.2

Species Dependent Acceleration

As the intensity further ramps up towards the peak of the pulse, the re-compressed
target now has a significantly altered pre-plasma profile with a much sharper density
gradient. As the pulse interacts with this sharp density profile of the overdense plasma,
the dominant acceleration mechanism is RPA, transitioning from HB to LS; the entire
target bulk (consisting of C6+ ) is accelerated together up until the peak of the pulse
where the target subsequently becomes relativistic transparent. H+ , on the other hand,
does not experience LS-RPA since it is no longer present within the overdense plasma.

(a)

(b)

Figure 4.24: (a) PIC snapshots of the ion density (left) with the sum of the carbon
ionised species (red scale) and protons (blue scale) and the corresponding electron density at these times (right). From top to bottom the time with respect ot the peak of the
pulse arriving at x=0 is(i) -520 fs, (ii) -60 fs and (iii) -10 fs. (b) presents the density
along y=0 at the same time-steps as (a) for further clarity.
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Figure 4.25: Energy-position phase space for C6+ (top) and H+ (bottom) for the 3
times-steps shown in previous figures.
This is most clearly seen in figure 4.24b(bii) where the protons have expanded up to
1µm on either side of the target. Although this is within the Rayleigh Range of the
focusing laser, the protons on the laser side are located in the underdense region of the
plasma and hence will not undergo the acceleration via LS-RPA.
Another way to visualise the process is through the energy or momentum of each
species at these time-steps. Figure 4.25 shows the energy of the species versus xposition, corresponding to the times of figure 4.24. Here it is quite clear that at -600
fs, protons have a higher kinetic energy resulting in a more significant expansion than
carbon. At later times, close to the peak of the pulse, the carbon species gain energy
very quickly, in contrast to protons, where their energy remains significantly lower.
Hence the protons will gain all of their energy from thermal processes (TNSA, RIT)
whereas C6+ will gain a significant amount from RPA.
In general terms, during the interaction with a two species mass-limited target, the
lighter ion species will expand faster with the heavy species being left behind. The
heavy species can be ‘selected’ for acceleration by RPA by tailoring the pre-pulse conditions. This selection and control will be discussed later.
The simulations were also extended to look at different thicknesses for the same
configuration as used at the optimum thickness. The full PIC simulation accounts for
∼2.7 ps which is extremely computationally demanding and hence there is a compromise between the resolution and the total number of macro particles. The minimum
target thickness to resolve was chosen to be 5nm, because having a resolution which
can sufficiently resolve a 2 nm would require an unfeasible amount of CPU hours when
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modelling the thicker targets. The total number of macro-particles also becomes a
limitation because of the collision calculations and there 50 nm was chosen to be the
maximum thickness to model. The results of the maximum energy are shown in figure
4.26 for C6+ and H+ which demonstrate a good agreement between the simulations and
experiment. C6+ shows a clear optimum thickness reaching a maximum energy similar
to the experiment (∼ 30 MeV/u) and a corresponding 16 MeV maximum H+ energy.
On either side of the optimum thickness, there is a significant decrease in the maximum energy for C6+ , much more so than observed in the experiment, however as also
seen in the experiment, moving away from 15 nm, C6+ energies decrease to 22 MeV/u
and 23 MeV/u for 10 nm and 20 nm respectively whereas H+ energies are seen to increase again to 22 MeV and 15 MeV for 10 nm and 20 nm respectively. For 5 nm
targets, the C6+ decreases further to 3 MeV/u with H+ also decreasing to 8 MeV. For
thicker targets, C6+ energies continue to decrease to 17 MeV/u and 7 MeV/u for 25 nm
and 50 nm respectively. H+ energies are seen to increase to 25 MeV for 25 nm before
sharply decreasing to 10 MeV for 50 nm.
This trend can be explained based on the temperature and species expansion (4.23)
and the fast scaling of the maximum energy with areal density (ELS ∝ σ−2 ). Moving
from thick to thin targets, the temperature increases, along with the relative expansion
of H+ to C6+ . This is coupled to an increased ELS for thinner targets; for targets thicker
than 15 nm, ELS is much lower, but the proton species are also still present within
the overdense region which is accelerated in this regime. It is predominantly the front
surface protons which are accelerated in the forward direction in this case. Since protons are present, they will be accelerated by RPA-LS together with C6+ but will gain
extra energy due to sheath and transparency effects as they pass through the residual
accelerating fields. Although the transition to transparency is delayed for thicker targets (shown in figure 4.27), their much greater areal density results in a much lower
ELS compared to thinner targets, which have a much lower areal density, but become
transparent much sooner.
For targets thinner than the optimum, the energy gain for C6+ is fast but short lived
due to the earlier transition to transparency (shown in figure 4.27). Although the species
separation is greatest here (4.23), the proton species which have expanded at the rear of
the target will benefit the most from the transition to transparency as the pulse passes
through the target and directly accelerating electrons in a jet moving with the pulse.
Hence only in the case of an optimised areal density for LS-RPA, where the target has
a sufficiently high temperature for the required species expansion, can the effect of
selective ion acceleration by radiation pressure exist.
For LP, the simulation results show some agreement in terms of the overall trend,
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Figure 4.26: Thickness scan from the experiment (solid lines) for CP and simulations
(dashed lines) for C6+ (blue) and H+ (black) for (a) CP and (b) LP.
however the trend observed in the 2D simulations is shifted to thicker targets with
respect to the experimental data. However, since the main ion acceleration mechanism
here comes from the volumetric heating of the target as the laser passes through the
underdense plasma (due to the strong heating), one could assume that in 3D (and hence
in reality) the transition to transparency would occur significantly earlier in 3D (due to
the additional dimension for expansion) and thus favouring thinner targets; this would
likely match the experimental data much better.
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Figure 4.27: The time that each target (labelled) goes transparent is marked (black
points) with respect to the normalised pulse (blue) All pulses are circularly polarised.
The error bars represent the uncertainty due to the frequency of the simulation output.
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Figure 4.28: (a) 2D with expansion for the expanded 15 nm target (b) Comparison of
energy gain for a 10 nm target in 2D (blue) 5 nm (black) with the same parameters in
2D (dotted line) and 3D (solid line).
4.5.3

Transparency Contribution

Throughout the duration of the pulse, different mechanisms dominate and mix making
it hard to ascertain the contribution of the ion energy to each mechanism. For example,
once the target undergoes transparency, it would not necessarily be correct to associate
any energy gain after this point with transparency enhanced effects. An estimation can
be determined by running two identical simulations, one which has the full laser pulse
and determining when it goes transparent (at the peak of the pulse in 15nm CP simulation with expansion) and another where the laser pulse intensity drops instantaneously
to zero at this same time. The difference in the ion energies can then be attributed to be
directly due to a superthermal jet of electrons directly accelerated by pulse propagating
through the target. This is shown in figure 4.28.
From this estimate, one can see that the effect of removing 50% of the laser pulse
has a ∼37% reduction in the ion energies in figure 4.28(a). The energy gain directly
attributed to RPA-LS is also ∼37% and the rest due to post-pulse sheath acceleration.
The contributions of each of them would be expected to change in 3D, however it
would not be feasible to run this simulation configuration in 3D due to the huge number of particles required to resolve it. A simple comparison can be made on the effect
of dimensionality on energy gain by comparing the simple case of the perfect flat foil in
2D and 3D, figure 4.28(b). This is shown for 2 target thicknesses with 10 nm being of
more relevance since it remains opaque to the pulse for longer. The 3D case shows that
the energy gain is higher in the RPA stage likely due to the extra dimension allowing
expansion and reducing the areal density [87, 88]. The target goes transparent earlier
in the 3D case (+6.7 fs compared to +16.7 fs for 2D), but the energy gain in the trans95

parency regime is reduced compared to the 2D case. Thus one can assume the same
for the case where the expansion is included, i.e. that the energy attributed to RPA will
increase and that due to transparency will decrease.

4.5.4

Intensity Scaling

One of the main attractions of LS-RPA is the Emax ∝ I 2 relationship, with the experimental data displaying a reduced, yet still very compelling, Emax ∝ I 1.2 scaling in this
regime. However, this trend was only observed for C6+ , the H+ had a much slower
scaling indicating the different acceleration mechanisms dominating for each species.
This was also recreated in simulations and shown in 4.30 due to effects of the species
expansion described above.
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Figure 4.29: Pulse profiles used for simulations based on the change in peak intensity.
Figure 4.30 shows a comparison of and a summary of the species dependent scaling from both sets of simulations and experiment. For example, in figure 4.30(a), for
C6+ only, the effect of the idealised pulse tends to over-estimate the scaling in regards
to the experiment due to the much later onset of transparency when considering no
laser pre-pulse and thus no pre-expansion. Hence the idealised simulations discussed
in section 4.4 (red points in figure 4.30(a) and (c)) exhibit the fast I 2 scaling at this
intensity for both species, since they are both located within the target bulk. In (id),
the ratio of maximum energies for C6+ and H+ is compared for different intensities
(shown with the colour of the marker) at the optimum thickness. Without expansion,
H+ energies also tend to be 30% higher than C6+ due to the proton’ higher charge to
mass ratio. However, it is clear from the experimental data that this is not the case with
carbon energies being significantly higher at all intensities. When taking the expansion
into account (star markers), the much weaker correlation of proton energies to carbon
energies is retrieved and producing a much closer resemblance to the experiment than
without the expansion.
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An important distinction for figure 4.30(a) is the dependence on the opacity of the
target to the laser intensity. For example, for lower laser intensities, (1-6×1020 W/cm2 ),
the target is opaque to the pulse for a much longer duration of the pulse. For the
intensities greater than 6×1020 W/cm2 , the target becomes relativistically underdense
before the peak meaning the scaling for ion energy with laser intensity for LS-RPA is
valid only as long as the target remains opaque.

Figure 4.30: Comparison between experiments (points with error bars) with idealised
simulations (circles) and expansion included (stars). (a) displays the scaling of C6+
with intensity. (b) shows the experimental data with the PIC data with the expansion
included. (c) shows the scaling of H+ with intensity and (d) shows the correlation
between C6+ and H+ as a function of intensity. The colourbar (and the corresponding
colour of the markers) represents the peak intensity of the laser pulse in units of ×1020
W/cm2 for figure (d) only. The dashed line at y=8 represents the detection threshold
for H+ only. The y=x line acts as a visual aid since PIC simulations with no expansion
represent higher H+ energies than C6+ as opposed to the experimental data and PIC
with expansion included.
In figure 4.30(iv), since proton energies <8 MeV cannot be detected (represented
by the grey dashed line), the proton energies for the corresponding carbon energies are
represented by the error bars from 0 to the detection limit. This is to help display the
very different dependence of each species’ maximum energy with intensity. The grey
dotted line at y=x (C6+ =H+ ) would represent each species gaining the same amount of
energy with an increasing intensity. The points to the left (PIC with no expansion) show
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that protons are favourably accelerated over carbon. This is the opposite to what was
observed on the experiment (points with error bars). However the simulations which
include the expansion (stars as markers) reproduce the experimental trend indicating
the species dependence on the acceleration mechanism in the LS-RPA regime.
The reduced scaling from I2 → I1.2 is therefore a consequence of including the
expansion. Without the expansion, the target will enter the LS regime almost instantaneously since the hole boring time (tHB ) is much less than the pulse duration (τ) such
that tHB  τ and thus will exhibit the LS scaling. When including the expansion, the
HB phase is much more significant (typically entering the LS phase at 20 fs before the
peak of the pulse hits the target) so the energy gain due to LS-RPA will be be reduced.
As the intensity increases, the HB phase is shorter (higher hole boring velocity) and can
enter the LS phase sooner. However, as the intensity increases, the target will also become relativistically transparent sooner. Together, these effects will reduce the scaling
from the theoretical value.
This can be shown with a simple model based on the transition from HB-RPA, LSRPA and RIT. Based on previous work [91] and now including the non-negligible terms
it is possible to demonstrate reduced scaling in this regime.
(ε + Z0 )2
Eion
,
=
m p c2 2 (ε + Z0 + 1)


Z0 =

1 + β0
1 − β0

1/2
−1

(4.5)

−1 R ∞
where ε is the dimensionless fluence parameter (ε = ρlc2
× t0 I0 (t) dt) and ρ and
l are the mass density and thickness of
qthe target respectively. β0 is the hole boring
0 (t)
velocity normalised to c where β0 = Iρc
3 for non-relativistic velocities (as in this
case).
Here the simple case of a 300 nm, 100 kgm−3 plasma, representing an expanded
target similar to that from the simulation, is used for three cases: (1) LS-RPA only,
(2) HB-RPA transition to LS-RPA and (3) as before but including RIT depending on
γ(t). The LS-RPA case shows the fastest scaling ∝ I 2 however shows lower energies
than the other cases. This is because in reality, the LS-RPA case will only accelerate a
portion of the target at the rear side rather than the full target [79, 80]. When including
the HB term, Z0 ≈ ε for these thick targets the energy is higher since HB-RPA is not
accelerating the full target as the LS-RPA case (which would be). The transition from
HB-RPA is determined when the distance travelled is greater than the thickness:
Z tHB
0

β0 (t)cdt ≥ l
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(4.6)
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Figure 4.31: Final ion energy for equation 4.5 where ρ=100 kg/m3 , l = 300 nm representing an expanded target. For LS-RPA, Z0 = 0, for HB and LS-RPA, ε ≈ Z0 . Inclusion
of RIT is based simply on peak electron γ(t).
with the remainder of the pulse integrated to get the fluence term:

2 −1

ε = σc

×

Z tend
tHB

t

2

I0 × e−( 24 )

(4.7)

where I0 is varied between 1 − 6 × 1024 W/m2 and plotted as the black line in figure
4.31, without RIT, te nd = ∞. The time t is in fs. A simple best-fit shows it scales ∝ I 1.85 .
Finally, to include an RIT term, where the target will become
r underdense sooner for
p
I(t)×λ2µm
√
higher intensities, γ(t) = 1 + a0 (t)2 /2 where a0 (t) = 0.85
2 for CP and
18
2
1×10 W/cm

where the transparency time tend = tRIT = γ(t) × A where A is a constant set such that
the target becomes transparent at the peak for 6 × 1020 W/cm2 as in the simulations.
This empirical relation shows a further reduced scaling due to the reduced contribution
of LS-RPA, despite the faster transition from HB-RPA to LS-RPA for more intense
pulses. The best fit is I 1.6 , which is higher than the experiment however this does not
take into account the multi-dimensional nature of the simulations which would likely
cause an earlier transition to transparency. The result of this shows that it is possible to
exhibit a scaling of I x where x is between 1 and 2 in a scenario where HB, LS and RIT
exist in the non-relativistic regime.

4.5.5

Dependence on Rising Edge

While the more realistic profile reproduces the experimental observations, this work
can be extended to tailor the areal density of the target (for LS-RPA) acceleration or by
selecting which species is to be preferentially accelerated. This can be controlled either
by the activation of the plasma mirrors or control of the <1 ps rising edge (possible
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with control of the 3rd order dispersion of the pulse).
4 different pulse profiles are shown in figure 4.32(a) with the same pulse profile (40
fs FWHM with a peak intensity of 5.5×1020 W/cm2 ) but with the simple addition of
a another, lower amplitude and wider Gaussian to represent the imperfect compression
of the main pulse. In figure 4.32(b), the ‘effective areal density’ is also shown i.e. the
sum of the products of the density for each cell area where ne >nc . This is averaged for
every cell for y= ±100nm. The effect on the total fluence of each of these profiles, and
their shape,is summarised in table 4.2.
Cases 1 and 2 add a significant amount of fluence, however resulting in the lowest
energies on the samples whilst maintaining moderate proton energies. This is an
example of an early onset of transparency where the ‘effective areal density’ quickly
rises during the compression (indicating that some electrons are pushed back into the
target) before quickly dropping long before the peak of the pulse arrives. This is similar
to using target thicknesses thinner than the optimal (e.g. 10nm) as shown in the previous
sections.. The early onset of transparency will increase the proton energies more so than
C6+ .
C6+
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Figure 4.32: (a) Pulse profiles used for simulations to investigate the effect of the rising
edge whilst keeping the peak intensity constant with the profiles (amplitude and width)
corresponding to the values in table 4.2. (b) the effective areal density of y=±100 nm
for each of the laser profiles in (a).
For cases 3 and 4, the amplitude of the rising edge is significantly reduced, and
its width increased, and the total fluence on target is only increased by a small fraction
with respect to a clean pulse with no pedestal. By looking at the areal densities, one can
see that the total value for case #3 is significantly higher than the other cases, and case
#3 presents a higher C6+ and lower H+ energy than the preceding two cases. The LSRPA condition is extremely sensitive to the areal density (Emax ∝ σ−2 ) and hence the
energies will drop quickly above the optimal conditions. Case #3 is similar to using a 20
nm target in the previous sections. However, this has allowed for a gentler compression
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of the target bulk, whilst allowing the proton species to escape the interaction resulting
in favourable C6+ acceleration.
Case
1
2
3
4
5
6

PM trigger
-2.5ps
-2.5ps
-2.5ps
-2.5ps
-2.0ps
-2.5ps

Width (fs)
100
80
150
150
80
0

Ped. Peak (V/m)
2×1013
2×1013
5×1012
2×1012
1×1013
0

Fluence
+113%
+90%
+10%
+1%
+20%
0%

Max C6+
16
19
21
24
22
16

Max H+
23
26
11
7
32
2.5

Table 4.2: Table of results indicating the results of a number of different pulse profiles
and their affect on the maximum ion energy. The columns relate to a case (simulation) number, the width of the Gaussian pedestal, the peak value of this Gaussian, the
additional fluence this adds (with respect to the fluence of the unaltered pulse), the
maximum carbon and proton energy. The peak of the pulse always remains the same.
As discussed throughout the chapter, if one were to preferentially accelerate protons, the most ideal condition is to use the best contrast possible (such as without
plasma mirrors). Case #5 shows that triggering the plasma mirror later (by 500fs) results in much higher proton energies than the cases where the transition to transparency
was much lower. Triggering the plasma mirror earlier could be done in vacuum if the
optics can be remotely controlled and the beam profile monitored. Hence a switch in
the dominant species to be accelerated can be controlled with a small change in the
beam focusing, without having to change targets.
Finally, case #6 shows the importance of using the rising edge after the expansion.
Removing this section of the pulse demonstrates the greatest decrease in proton energies compared to all the other cases, without the density shaping from this section of
the pulse, the areal density and density gradient is far from optimised and results in
inefficient energy gain for the C6+ ions.
Due to the difficulty in making ultra-thin foils (and the inherent uncertainty in their
thickness) one still has the potential to provide a much finer scan of areal densities to
optimise the acceleration, without being limited to a coarse thickness scan; this can be
achieved by modifying the target expansion with the activation of the plasma mirrors
and modifying the density profile by altering the laser pulse profile prior to the arrival
of the pulse.

4.6

LS-RPA to higher ion energies
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4.6.1

Pulse shaping for thinner targets and stabilised RPA

It was discussed in section 4.4 that the efficiency of LS decreases after the peak of the
pulse presenting the question of why, and how can this be improved? This was explored
by using different pulse shapes, such as a stretched super-Gaussian pulse (shown in
figure 4.33) with the same laser fluence to investigate the dependence on the profiles.
The effect of these different pulse shapes can be seen in the density profiles and energy
spectra shown in figure4.34. The stretched Gaussian shapes (i, iii) are compared to
stretched square shapes (ii, iv) for a 10nm (top) and 5nm target.
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Figure 4.33: Pulse length profiles of the form A× exp −
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time b
width



for the nominal

Gemini pulse (A = 5.5×1020 W/cm2 , width = 24 fs and b = 2) and a super-Gaussian
profile (A = 2.64×1020 W/cm2 , width = 50 fs and b = 20). Both pulses represent the
same laser fluence.
Initially looking at the 10 nm target, one can see in figure 4.34a(i) that at the end
of the chirped 50 fs FWHM pulse, the target has now become quite disrupted and the
critical surface (marked red line) is no-longer co-located with the fastest ions. This is
in stark contrast to a(ii) where a stretched square pulse (FWHM = 125 fs) is used. In
this case, at time t0 +70 fs, the critical surface is still co-located with the compressed
layer hence we still have a ‘Light Sail’. However, since this target remained overdense
in both cases, it does not make a significant difference to the energies generated as
indicated by the corresponding spectra. The square pulse leads to a much more defined
peak at the high energy end as the entire bulk is moving together.
Theoretically, this can be considered in terms of the balance of the Radiation Pressure (Prad ) and the electrostatic pressure (PES ) [79] which is used to calculate the optimum thickness where PES = (ene l)2 /2ε0 where ne is the electron density and l is the
foil thickness (assuming all the electrons are pushed forward as one thin sheet). Hence
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Figure 4.34: 1D simulations showing the density (a) and energy spectrum (b) for 10
nm targets initialised with ne =350 nc . (top row, (i), (ii)) and 5 nm with reduced density
(ne =70 nc ) (bottom row (iii), (iv)). All scenarios have the same laser fluence but (i) and
(iii) have a stretched Gaussian shape (τFW HM =47 fs) and (ii) and (iv) having a stretched
super-Gaussian shape (τFW HM =70 fs)
if Prad ≥ PES , all of the electrons will be removed from the target and it will no longer
be in equilibrium. This is the origin of the optimal areal density for a0 so that a0 = ζ.
Thus for Rrad ' PES :
2I (ene l)2
'
c
2ε0

(4.8)

This decoupling is likely due to the charged nature of the compressed LS layer
whereby the LS mechanism only moves a layer of ions from the target rear as it moves
forward, reducing the number of ions in the sail. Here the same is shown and by
using a Gaussian shape, the PES generated by Prad at the peak of the pulse will no
longer be in equilibrium in the falling edge of the pulse (Prad < PES ) thus the electron
layer will pulled back and oscillate about the charged ion layer. This expansion means
the critical surface now de-couples from the ‘Sail’ as shown in figure 4.34a and the
momentum transfer to the fastest ions will decrease thus decreasing the efficiency of
the acceleration. By using a square pulse, a much smaller fraction of the total fluence is
contained within the falling edge, the constant Prad balancing PES keeps the ‘sail’ intact
for the duration of the pulse, and hence allows the LS stage to act for longer and drive
ions to higher energies.
Where this becomes particular useful is the application to even thinner targets given
that the LS energies will scale as σ−2 . However very thin targets are prone to becoming
relativistically transparent to the pulse; discussed in previous work [79], if the electrostatic pressure PES created by the displacement of the compressed electron layer cannot
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Figure 4.35: 1D (a) C6+ energies for 10 nm target for pulses with the same fluence
(b) the same as (a) but 5 nm. The vertical dash lines correspond to the times when the
target becomes relativistically underdense.
stay in equilibrium radiation pressure (Prad ), the target will disintegrate (a0  ζ) Thus
by stretching the pulse, one can lower the peak intensity. However, as shown previously, a Gaussian shape is not suitable due to the de-coupling of the critical surface
with the compressed layer after the peak. The stretched pulse also has a significantly
longer rising edge than the square pulse and this results in significant heating before
RPA dominates leading to premature expansion and transparency. Using the stretched
square pulse would ensure a shorter rise time which would reduce the effect of heating
before the peak arrives; furthermore by reducing the peak intensity so that the target
can remain relativistically overdense for the duration of the pulse, the fluence in the
falling edge of the pulse can be minimised and in turn, maximise the efficiency of LS
acceleration.
This results in a significant enhancement of the maximum attainable energies from
LS by utilising the fast scaling with a reduced areal density. Thus by halving the thickness, one would expect a 4-fold increase in energy. As shown in the spectra of figure
4.34, the enhancement is a little under 4 times since the contaminant layers have been
kept constant and hence the areal density actually changes by slightly less than 1/2.
The energy gain over time for LS for the 10nm and 5nm targets are shown in figure
4.35 for the different pulse lengths. For 10nm, the maximum attainable energy is not
significantly different, however, since the 5nm target is able to stay overdense for the
duration of the pulse, the energy gained is significant. The points at which the 5nm
targets become relativistically underdense are represented by the dashed line in figure4.35(b) with the stretched Gaussian becoming transparent almost immediately since
the intensity in the rising edge isn’t sufficient for efficient LS but causes heating instead.
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Figure 4.36: (a) Scaling of the LS velocity in 1D PIC for a laser of constant fluence.
As the areal density is decreased, so too is the peak intensity. (b) 2D 5nm target with
square and Gaussian pulse profiles of constant fluence
The shortest, highest intensity pulse (such as the Gemini pulse shown in figure 4.33) is
also shown to go transparent at the peak when the electron γ is highest. Finally, when
using the the stretched square pulse, the target remains relativistically overdense for the
duration of the pulse.
For these thinner targets, according to equation 4.8, in order to prevent complete
expulsion of electrons for thinner targets, the peak value of I should decrease according
to this condition; whereby decreasing the thickness by a factor of 2, the peak intensity
should also decrease by a factor of 4. These 1D simulations provide significant motivation and the potential in the attainable energy from currently available laser driven
sources. However, 2D simulations indicate that the benefit of the stretched pulse is
not as significant since the tight focus required to attain the fluence needed for LS will
still result in excessive target heating. 5 nm targets are still seen to show an improvement however the energies remain lower than thicker targets which are still able to stay
overdense for the duration of the pulse (shown in figure 4.36b). A discussion in the
future work section provides simulations to benefit from this effect by controlling the
expansion and how this could be achieved experimentally.

4.6.2

Scaling to 1PW

Since the next generation of PW-10 PW lasers are soon to come online, it is useful to
predict what ion energies we can expect in this regime. Since intensities up to 1022
W/cm2 can be expected, RPA is likely to significantly contribute to the total ion energy
generated in the interaction. These numerical simulations were extended to include
higher laser energies while keeping the laser focus and pulse duration constant. In this
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way the analytical energy scaling for LS can be verified against the simulations.
Beginning with the equations for the optimal thickness in the LS regime, this can
be extended to higher intensities as done in Macchi et al [135]:
(Ωτ)2
2(Ωτ + 1)
Z me a20
2I
Ω = 2 = TL−1
σc
A mp ζ

εLS = m p c2

(4.9)

where Ωτ is the dimensionless fluence. By assuming non-relativistic ion energies,
Ωτ  1, and a0 = ζ which is the case for the optimum acceleration; equation 4.9 simplifies to:
 
Z m2e c2 2 τ
a
εLS ≈
A 4m p 0 TL

(4.10)

thus showing that the energy achievable from LS scales linearly with laser intensity
as the optimal thickness also increases with intensity to avoid transparency. This is
verified numerically by running a systematic simulation scan of target thickness and
laser intensity as shown in figure 4.37.
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Figure 4.37: LS scaling of the optimum thickness (top graph) and the subsequent
scaling of the maximum ion energy with laser intensity for Z/A=1/2 (bottom graph)
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(4.11)

The line shows equation 4.11 showing the dependence of that optimum thickness
scales with ∝ a0 ∝ I 1/2 ; with the red line being the best fit providing a scaling of ∝
+0.08
I 0.56−0.12 . The difference between the analytical prediction and 2D simulation shown in
figure 4.37 can be attributed to an earlier onset of transparency in the simulations due
to the tight focusing and multi-dimensional nature of the acceleration as opposed to the
1D prediction.
This scaling becomes vital when planning for the first experiments on >1 PW laser
systems that are coming online soon. By knowing this scaling and comparing with
experimental results, one can make the appropriate plans for target requirements and
diagnostics. The linear scaling remains very encouraging and demonstrates that one
could soon generate > 66 MeV/u ions, heavy or light, with a PW of laser power while
keeping the same focusing conditions and pulse length.

4.7

Conclusions

The transition to the Light Sail acceleration mechanism has been shown experimentally
and numerically with the use of ultra-thin foils and circular polarised, contrast enhanced
laser pulses. The data presents an (intensity dependent) optimum thickness of 15nm for
carbon foils where C6+ ions are preferentially accelerated over H+ (33 MeV/u and 18
MeV respectively) with a peak laser intensity of 5.5 ×1020 W/cm2 which produces a
local minimum thickness for H+ energies.
Supporting numerical simulations have explored this regime by showing this transition however, as is normally the case, with significantly higher H+ energies than
C6+ as shown in previous experimental work [90]. This work was extended where
the characteristics of the ion beams were explored numerically [129] and compared
to the experimentally obtained information. Further theoretical considerations indicate
a significantly more efficient method of increasing the maximum ion energy in this
regime by shaping the pulse into a stretched super Gaussian to balance the radiation
and electrostatic pressure for the duration of the pulse; this removes the effect of significant target heating and disintegration in the falling edge of the pulse as is seen with
Gaussian pulses. The generation of such a shape is possible with 2nd and 3rd order
dispersion control and is a requirement for a number of OPCPA seed pulses making the
application of such a pulse much more likely in the near future.
To explain the species dependence on ion acceleration, further simulation were performed that model the effect of the residual preceding laser energy (after the activation
of the plasma mirrors) onto the target, which leads to ionisation and expansion with
H+ , due to their lower mass, escaping from the target bulk. During the rising edge of
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the pulse, the overdense plasma is recompressed and the density gradient sharpened
significantly allowing for RPA to dominate on the remaining C6+ bulk with H+ being
accelerated mostly by heating and sheath effects.
This is further supported by the scaling of each species’ maximum energy with
laser intensity where the maximum C6+ energy scales as ∝ I 1.2 with protons following a much slower scaling indicative of sheath acceleration. The experimental data,
together with the numerical work, has allowed to highlight selective ion acceleration
by intense radiation pressure for the first time; this marks a significant step in the use of
laser driven sources for ion acceleration with the advantage of using a single set up to
preferentially accelerate one species of interest. It was shown that the activation time
of the plasma mirrors is key in controlling this species dependence, but finer control
can also be applied by shaping the rising edge (by changing the 3rd order dispersion).
The local minimum for the H+ energies observed at the optimal thickness for C6+
acceleration is explained by considering the effects of greater separation of the H+
species for thinner targets, with respect to the carbon bulk, with the plasma temperature
shown to be inversely proportional to target thickness. This is coupled to a significant
dependence of the ion energy gained based on the areal density (Emax ∝ σ−2 ) where C6+
gains a significant amount of energy due to RPA as the thickness decreases, but H+ is
less likely to partake in this scheme as the thickness decreases due to the increased
species separation. Below the optimum thickness, the energy gain for C6+ is reduced
due to the much earlier onset of relativistic transparency where the pulse passes through
the volume of the target causing significant heating which in turn, preferentially accelerates protons which have expanded through the rear of the target in a similar fashion
to previous work [8, 136].
This understanding is crucial for the development of ion acceleration with higher
power laser sources, such as ELI, APOLLON, where the intensity of the preceding laser
intensity will also rise, and RPA will begin to intrinsically dominate the interaction.
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Chapter 5

Ion Acceleration from thin foils with
stretched, high energy pulses

5.1

Introduction and Experimental Set-up

An experiment was carried out on the VULCAN PW system with a cryogenic deuterium target delivery system to act as a bright source of neutrons, this was subsequently
compared with deuterated plastic foils to compare the effectiveness. Within this investigation of thin deuterated foils (CD foils with a density of 1.1 g/cm3 ) a smaller
experiment was carried out to investigate the effect of HB-RPA on the front surface
of the targets without laser contrast enhancement. Typically these thin foils are used
with plasma mirrors to prevent early disruption of the target and reduced plasma scale
lengths to allow mechanisms such as RPA to dominate, however plasma mirrors, as discussed in the previous chapter, reduce the energy in the focal spot and introduce extra
experimental complications and can reduce the repetition rate of the experiment. On
the other hand, a front surface pre-plasma can result in favourable laser self-focusing
and HB-RPA in a near critical plasma.
Typical theoretical models of HB-RPA use low density (yet overdense) plasmas
to demonstrate the physics and attractive properties of the mechanism (such as [68]).
Creating these types of plasmas is possible by using low density foams however these
are extremely fragile and difficult to make. When using solid density targets (easy to
make and capable of being a high-repetition source), the hole boring velocity is so low
that other mechanisms will begin to dominate the interaction. It is possible to generate
moderate energy ions via hole boring in the pre-plasma formed by the pulse’s rising
edge or preceding ASE, however experimental and theoretical studies show that this
does not result in a significant generation of RPA ions due to the inherent exponential
density profiles on the front surface of these targets [72, 75].
These studies show that while the hole boring velocity is of course dependent on
the intensity profile of the laser, this is overshadowed by the density increase of the
plasma (with depth) as the hole boring front moves into the target. Iwata et al [72]
show there is a ‘Hole Boring Limit’ where there is a maximum density to which a hole
boring front can penetrate to, dependent on the intensity, before the thermal pressure
overcomes the radiation pressure and the target begins to expand back towards the laser
in what is known as the ‘blowout’ regime. Ping et al [75] show experimentally, with
time-resolved measurements, that the hole boring velocity decreases in time during the
rising edge of the laser pulse before seeing a reversal of the velocity resulting in a
blue-shift of their back reflected spectrum.
This chapter explores an alternative method to irradiating thin foils by altering the
pulse duration to enter an alternative regime to the conventional TNSA mechanism, and
introducing a novel method of enhancing the HB-RPA process. This can be done by
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means of a hot electron current, generated at the recessing critical surface and subsequently compensated by return currents, to generate a magnetic channel within the target bulk. This results in a significant decrease of the peak electron density and electron
pressure which consequently increases the hole boring velocity and the ion energies
from the ions generated on the front surface. This then overcomes the theoretical limits
discussed previously by removing the exponential increase in the density within the
target, allowing for generation of higher energy ions from a higher hole boring velocity
from initially solid density targets.
Experimentally this was explored by varying the target thickness, and the pulse
length for the observed optimal thickness, where a transition from TNSA dominated
mechanism was observed from targets thicker than 1 µm, to a hybrid of RPA and RIT
effects below this thickness. For the optimal thickness of 400 nm, the pulse length was
increased, and higher ion energies and a greater red-shift in the back reflected light was
observed, indicating a greater hole boring velocity from a pulse with a reduced peak
intensity.
With supporting simulations, the enhancement of HB-RPA by magnetic channelling
is inferred and qualitative agreement with experimental data is observed when stretching the laser pulse in the simulations with the experimental conditions. Magnetic channelling has been discussed in the context of overdense plasmas where the centre of the
channel remains relativistically underdense [137]. The process here will explore how
channelling in a solid density target can produce more favourable plasma densities for
hole boring acceleration (requiring it to remain opaque). The enhancement of such accelerated ions has the potential to overcome the limits of the high quality, but moderate
energy beams generated by HB-RPA from solid density targets making it an interesting
and potential method of generating beams with sufficient energy for applications with
a much simpler experimental set-up.
The generation of relativistic pulses in the 1990’s led to the observation of nonlinear pulse self-focusing and channelling in underdense plasmas [37, 138–141]. This
was further extended with simulation work to magnetic self-channelling whereby a
beam of relativistic electrons travelling ahead of the pulse front, generated a strong
azimuthal B-field and subsequently a cavity which the pulse travelled in to [73, 137].
This was important for the transport of electrons, and the pulse itself for the fast ignition scheme. The work by Pukhov et al [73] discusses hole-boring into overdense
plasma and the formation of electron jets which, when combined with return currents,
form filaments in the overdense plasma and their own respective azimuthal fields. The
maximum ion energy they found was ∼5 MeV for a peak intensity of 1×1020 W/cm2 .
Further work discussed the transport of the electron beams, their filamentation and sub111

sequent coalescence due to the attraction of their respective magnetic fields [142–144].
While this has been a research topic of intense interest, it has not been discussed in
the context of ion acceleration to the author’s knowledge. Work has been done on magnetic vortex acceleration in underdense plasmas as mentioned in chapter 2 however the
field here is induced by closed current loops which is significantly different to the work
presented here. Since typical schemes of ion acceleration depend on the peak intensity,
the pulse duration is required to be as short as possible. However, by lengthening the
pulse to reduce the peak electron γ, the fluence can stay constant and maintain target
opacity. However stretching the pulse to a few ps, also allows the formation of these
magnetic structures which would not evolve sufficiently for shorter pulses.
Significant numerical work has been dedicated to the understanding of hot electron
transport through overdense plasmas [145–148] describing a balancing return current
of cold back ground electrons such that Jhot + Jcold ' 0. The return current is required
both due an unsustainable magnetic field strength [146] but also the current would
vastly exceed the Alfvén limit [149] where the self generated magnetic field would
cause the current to reverse direction . The generated azimuthal magnetic field from a
current is given by Faraday’s law combined with Ohm’s law:
∇ × B = µ0 J

(5.1)

B.2πR = µ0 I
where I is the current and R is the distance from the current filament. Hence from
the simple approximation of a cylinder of radius 15 µm and current 24 MA moving
into the plasma, the magnetic field at the radius of the cylinder would be 3200 MG
(320 kT) [146]. Thus by measuring the current densities in the simulations, one can
compare to the magnitude of the magnetic field.
The work mentioned previously focuses on the transport of these electrons through
thick (mm thick) targets (in the context of a fuel pellet for laser fusion) which requires
a full description of resistivity and collisions with the background plasma to fully describe the transport. However, in the context of this thesis, the plasma, while being
overdense, is much hotter (100’s keV - MeV) and thus the mean-free path is much
larger than the plasma. The current densities, typically of a large number of relativistic
electrons which generate the channel, are susceptible to their self generated magnetic
fields. The laser light will then tend to follow the electron current since the refractive
index is higher in the lower density channel [150].
This experiment was carried out with an f /3 parabola and without contrast enhance112
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Figure 5.1: Simplified schematic of the set up showing the forward going pulse (solid
black arrows) being compressed and finally focused by an f /3 parabola. The back
reflected light is then ‘collected’ or re-collimated by the parabola where a portion of
the beam is collected as ‘leakage’ as <5% is transmitted through before being focused
by a telescope into the entrance slit of an optical spectrometer.
ment with the targets irradiated at an incidence angle of <5◦ to the target normal, thin
targets were permitted to be shot at close to normal incidence since the total reflection
is typically much lower, due to increased absorption and transmission. This kept the
risk of back reflected light back into the laser optics low enough so that they never
reached the damage threshold. TPSs were were fielded to capture a number of angles
with 3 in the forward direction at angles -6◦ , 2◦ and 6◦ with respect to the laser axis,
and one facing the front of the target. RCF stacks were used to capture the ‘top half’
of the ion beam so as not the block TPS. The back reflected spectrum was measured
by capturing the light from the leakage of the final turning mirror, passing it through a
telescope and into a set of spectrometers looking at the first and second harmonic. A
simplified schematic of the set-up is shown in figure 5.1.

5.2
5.2.1

Experimental Results
Ion spectra and maximum energies

The maximum energies were recorded on 3 forward TPS (TP 1-3, -6◦ , 2◦ and 6◦ ) and
one rear-facing TPS (TP4) at -160◦ . These used differential filters in order to block
carbon energies and record deuterium spectra only since their Z/A ratio is the same, the
spectra will overlap on the detector. By placing different thickness filters at different
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energy ranges on the detector, C6+ can be blocked and allowing D+ through [115]. The
maximum cut-off energies are plotted in figure 5.3 where the colour of the markers
represents the laser intensity on the shot (based on laser energy fluctuations). To show
the overall trend, the maximum proton energy (dashed grey) and deuterium (dotted
grey) at each thickness is over-plotted. Here one can see that by looking at TP1, moving
from 28 µm to 1 µm , the proton energies decrease from 55±1 MeV to 26±1 MeV
before increasing to 42±1 MeV at 400nm. The energies are similar at 250 nm before
a sharp decrease at 85 nm to 23±1 MeV. Deuterium energies increase on the other
hand moving from 8µm to 400nm, from 16±1 MeV/u to 44±1 MeV/u, producing
similar energies at 240 nm before sharply decreasing at 85nm. Hence the data presents a
relatively broad peak in this region of both high energy protons and deuterium, distinct
from the thick targets (>10µm) where proton energies are significantly higher than
deuterium.
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Figure 5.2: Maximum Ion energies for each TPS for protons (circles) and deuterium
(diamonds) over a range of thicknesses. The colour of the points represents the approximate intensity. The grey dashed line represents the maximum proton energy at each
thickness for the short pulse and the same for deuterium with the grey dotted line. The
errorbars represent the uncertainty in the maximum energy determination determined
by the resolution of the detector, this is typically ±1 MeV.
Examining figure 5.2 in more detail one can see that for the thickest (28µm) and
the thinnest target (85 nm) protons have similar energies to deuterons. For 10 µm
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Figure 5.3: Species resolved TP1 spectra for (a) 85 nm, (b) 250 nm, (c) 400 nm, (d) 1
µm, (e) 10 µm and (f) 28 µm. . The fitted noise plot is discussed in section 3.3.1.4 and
figure 3.9.
and 28 µm, the spectrum is exponential for both species which one would expect in
a TNSA scenario (shown in figure 5.3). For 85nm, a peak is observed in the proton
spectrum centred at ∼17 MeV. Instead, there are cases for the 240-1000 nm range
where deuterons are comparable to protons. While this is a similar finding to that in
chapter 4, the experimental parameters and conditions here are vastly different with
distinct mechanisms at play in the two cases.
The measured spectra here show interesting features for H+ and D+ and additional
information on C6+ will be inferred from simulations. Example spectra are shown for
each target thickness of interest in figure 5.3. For example, the deuterium spectra for
400 nm and 1 µm have a significant spectral peak centred at 30 MeV/u which is beyond
the cut-off energy of the protons which is indicative of RPA or other, non thermal,
acceleration processes.
The range in intensities is due to fluctuations in laser energy induced by shot ot shot
variations. At 400 nm, the pulse was deliberately lengthened by changing the angle of
the pulse stretcher which in turn causes de-optimised pulse compression. Figure 5.4
indicates that there is in fact a dependence on the pulse length, where the maximum
proton energy can be seen to increase when the pulse is stretched to ∼3 ps, a 6 fold
stretch of the shortest pulse, before a sharp decrease observed for a ∼5 ps pulse. When
accounting for the laser energy and the total fluence incident on the target, figure 5.5
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Figure 5.4: Maximum Ion energies for each TPS for protons (black) and deuterium
(blue) for 400 nm whilst stretching the pulse but maintaining the laser energy.
starts to show a clearer trend (when removing the longest pulse length point). One can
see in figure 5.5(a) the dependence of ion energy on laser fluence. While both species
exhibit this dependence, there must also be an angular dependence since there is an
anomalously low energy point on TP3 compared to TP1.
In addition to the target thickness scan, the pulse length scan for the 400nm targets
again show some interesting features in addition to the increase of proton energy from
the stretched pulse shown in figure 5.6 where the shortest pulse produces a dual-peaked
deuterium spectra centred at ∼22 MeV/u and ∼32 MeV/u which then disappears for
the 1.5ps pulse before reappearing at a similar energy for the 3 ps pulse (the 32 MeV/u
peak is shown with an arrow in 5.6c. Peaks in H+ spectra are less evident however, for
the 3 ps pulse shown in figure 5.6c, wide features centred at 20 MeV and 38 MeV are
evident but much less pronounced than the corresponding D+ spectra.
An interesting note is the higher deuteron energies for the lower fluences (due to
lower laser energy), which also have the shortest pulse durations. This switches when
going to higher fluences (more laser energy) and longer pulse lengths where protons are
preferentially accelerated again. This is seen on all of the TPS in figure 5.4. Looking at
the overall trend in each TPS in figure 5.5 one can see the dependence of the ion energy
on the pulse duration. Protons in TP1 and TP2 increase overall however deuterons first
drop quite significantly before beginning to increase again.
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Figure 5.6: Species Resolved TP2 spectra for (a) 400fs, (b) 1.5ps and (c) 3ps for a
constant target thickness of 400 nm. The arrow in (c) points to the 32 MeV/u D+
discussed in the text. The fit for the noise is discussed in Chapter 3 and figure 3.9 in
more detail.
5.2.2

Red shift

An optical spectrometer was also employed on this experiment in the back reflected
laser chain, measuring the red-shift from the leakage of a turning mirror. The maximum red shift was determined to be the maximum signal of the shifted spectrum above
the background signal; this was measured to be the signal outside the wavelengths of
interest (signal regions are 510 - 640 nm and 1020 - 1100 nm, the noise regions are
shown in figure 5.7) and shown in figure 5.8 with the black line. The background noise
is obtained by taking the mean of the signal off the harmonics (shown by the grey boxes
in figure 5.7) with the added condition of +2σ. The signal value within the 2nd har117
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Figure 5.7: Example of the raw data obtained from the spectrometer (blue line) from
5.8(d). The grey boxes are the determined off-harmonic noise regions. The black
line signifies the mean of the signal from these regions + 2σ. The maximum red-shift
was determined to the signal in the 2nd harmonic region which was greater than this
noise level and had at least 2 signal points on either side (to discount single pixels with
relatively high counts).
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Figure 5.8: Back reflected spectrum for different thicknesses with the average noise
(grey) and the maximum determined shift (black line) as determined by a processing
routine discussed previously. (a-c) are 500 fs pulse length for (a) 85 nm, (b) 250 nm,
(c) 400 nm with (d) at ∼3 ps for 400 nm.
monic region was then compared against this noise condition and the greatest red-shift
value determined to the signal above this condition, provided it had at least 2 signal
points on either side (to remove single pixels with high counts which are mostly likely
the result of scattering).
The recession of the critical surface by radiation pressure, or hole-boring velocity,
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can be measured from this red shift of back reflected light and in turn, how this correlates to detected ion energies. The maximum shift measured for these foils was 75±2
nm for the 2nd harmonic, indicating a velocity of 0.140±0.003c, which would measure
as an ion energy of ∼33 MeV/u in the lab frame. This is similar to a spectral peak
observed in the deuterium spectrum, while protons have a higher cut-off energy which
may indicate another source of acceleration. This will be investigated later with 2D
PIC simulations. As discussed previously, the 2nd harmonic is much less noisy than
the fundamental, making the distinction of the signal much clearer.

Figure 5.9: Maximum Ion energies (left axis) for each TPS for protons (black) and
deuterium (blue) for 400 nm whilst stretching the pulse but maintaining the laser energy.
The corresponding red shift is plotted in red (right axis)
A number of unique features can be seen from the spectra from the different targets;
for example, the much lower signal for the 85 nm target indicates that the target may
have gone transparent much earlier in the interaction. The thicker targets have much
greater reflection and a greater maximum shift with the 400 nm long pulse peaking at
shorter wavelengths but with a slower decrease in the signal for longer wavelengths.
Figure 5.9 shows the maximum red shift and corresponding maximum ion signal;
looking at figure (5.9a) one can see that as the maximum red shift increases, so too
does the maximum proton energy. For TP3, the trend is not so clear since there is a
point with much lower energy for high fluence. This point is not available for TP2 due
to a detector failure. For Deuterons, each TP shows the same trend whereby deuterons
have higher energy at low fluences/red shift, before decreasing and sharply increasing.
This indicates that there is a change in the acceleration mechanism by stretching the
pulse. The point at anomalously low energy from TP3 is not seen in the corresponding
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deuteron energy.

5.2.3

Beam Profiles

The ion beam profile was monitored on each shot with stacks of RCF (HD-V2 and
EBT-3) measuring the ‘top’ half of the beam. This prevents blocking the beam for the
TPS behind them. Figure 5.10 shows a selection of some of the dose profiles from the
beam for a range of thicknesses.
The beam profiles indicate the dependence of the beam shape on both target thickness and pulse length. Firstly for 10 µm, a relatively smooth beam along the target
normal is observed as one would expect from TNSA. For thinner targets such as 250
nm and 400 nm, the beam is very non uniform and filamented. This is particularly evident for the short pulse in 400 nm at 24 MeV which displays an extremely filamented
beam profile. While a similar structure is also seen for the stretched pulse, a relatively
well collimated beam is also present, seen along the laser axis for 32 MeV but deviating
slightly at higher energies.

5.2.4

Discussion

From the experimental data, the increase in the maximum ion energy, together with a
greater detected red-shift in the back-reflected light is an interesting result and does not
fit with the conventional ideas of an RPA dominated interaction; the pressure balance
at the interaction surface between the radiation pressure and electron plasma is given
by [75]:
E2
I
(1 + R) = ne Te + s
c
8π

(5.2)

where R is the reflection coefficient, the first term on the right hand side representing
the electron pressure and the second term denoting the sheath electrostatic potential
energy density, corresponding to the surface tension in the width of the skin depth. ES
denotes the electrostatic due to the charge separation and ES = 2πene ls where ls is the
skin depth. The work by Iwata et al [75] implies that there is a limit to HB where the
hole boring velocity (vHB ) will gradually slow down to zero, and will likely reverse as
the internal pressure becomes greater than the radiation pressure; in turn it is incapable
of sustaining the electrostatic field for ion acceleration.
In the context of the experimental data here, the use of hot dense plasmas will produce a limit to HB-RPA by means of an increasing density and temperature as depicted
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Figure 5.10: Dose profiles of the top-half of the forward ion beam with proton Bragg
Peak energies labelled in white for (a) 10 µm, (b) 250 nm, (c) 400 nm short pulse and
(d) 400 nm stretched pulse. HD-V2 and EBT3 are used and converted to dose, however
the scale is varied to highlight the structure.
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Figure 5.11: Cartoon depicting the density profiles (solid black lines) with the (relativistic) critical surface marked with a black dashed lines. The radiation pressure (blue)
and electron pressure (red) are shown with block arrows. At early time (a), t < t peak ,
the radiation pressure is greater than the electron pressure and the hole boring front (located at γnc moves forward into the target. At later time (b), t ∼ t peak , the hole boring
front has moved into the target bulk with a significantly higher electron density and
pressure, the hole boring velocity decreases with time until it stop at this limit. At time
(c), t > t peak , the plasma is significantly hotter and enters the ‘blowout’ regime and the
target expands.)
by the cartoon in figure 5.11. Initially RP is greater than the electron pressure as it is
acting on the relativistic critical surface in the pre-plasma. As the hole boring front
pushes forward, the density and pressure begins to decrease until the electron pressure
balances the radiation pressure. Finally, the electron pressure overcomes the radiation
pressure and the hole boring velocity reverses.
For our experimental parameters, with the presence of a pre-plasma profile, there
will be a hole boring element on the front surface acting on the relativistic critical
surface. However, it is unlikely that it would ever enter an LS-RPA stage since the
vHB decreases with time meaning it is unable to propagate through to the rear of the
target. This is also true for the stretched pulse, particularly because the peak intensity
decreases, so too does vHB meaning it also unlikely to enter a LS-RPA stage. This
removes the likelihood that ion energy dependence on pulse duration or fluence is due to
LS-RPA. Therefore one would expect that the use of the stretched pulse should reduce
the red-shift associated with the back reflected light.
Another possibility on the pulse duration dependence is the transition to transparency and the enhancement of the accelerating fields due to superthermal electron
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jets generated by the pulse propagating through the underdense plasma. However this
would not account for the increase in the red-shift measured for the stretched pulse
since this would indicate a greater vHB from the recession of the critical surface and the
pulse intensity has been decreased.
Hence the typical acceleration mechanisms do not account for the observations in
the experiment. Firstly, other sources of the ‘reddening’ of the spectrum will be investigated with PIC simulations. Initially, the use of the short pulse will be explored to
verify the experimental results. The attention will then shift to the stretched pulse in an
attempt to explain the experimental findings.

5.3

Simulations

5.3.1

Non-linear effects in pre-plasma

To model the interaction as closely as possible, the full 5 ns pre-pulse was considered
in 2D to account for the front surface expansion. This was followed by 100 ps of
increasing energy before the pulse until the intensity on target was approximately 1 ×
1015 W/cm2 whereby the density and temperature of the electron and ion fluids were
output and loaded into a PIC simulation where the rest of the pulse was modelled due
to the dominance of kinetic effects and full target expansion. This was previously
discussed in section 3.6.
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Figure 5.12: 500 nm CH target (a) Electron density for y=0 for 3 different time-steps.
(b) 2D electron density at 5 ns. Laser propagates in the positive x direction.
Figure 5.12 shows the expansion of the electron fluid for different time-steps corresponding to the laser intensity profile. The dominant mechanisms here will be some
initial ablation of the target with most of the laser energy being deposited via collisions.
It is assumed that densities lower than 10−2 nc will not make a significant difference
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Figure 5.13: (a) pre-plasma scale length profiles used for the investigation with each
colour corresponding to the scale length in the legend. (b) SPM and (c) self focusing
for the short pulse (black curves) and stretched pulse (blue curves) for the simulation
with 12 µm scale length.
to the heating of the target and thus computational time is saved by limiting the region
of interest to the spatial extents that will be investigated in the PIC simulations. Open
boundaries were used in this case to allow the fluid to escape.
Due to the presence of a sharp density and pressure gradient at the target-vacuum
interface, the discontinuity causes some motion which would be significant for such
a thin foil, since the code does not have knowledge of surface tension. Therefore the
initial temperature was set at 1 mK so that the only expansion was due to the energy
deposited by the laser. The non-uniform heating due to the Gaussian shaped pulse
profile, and the strong temperature gradients due to the sharp increase in the pulse’s
intensity at times < 100 ps before the peak can result in numerical errors when the
time-step becomes large. It was found that by setting the temperature to 1mK resulted
in the code running much more smoothly and without significant artefacts due to the
pressure gradients.
The 2D PIC code is initialised with x range = [-30µm, 100µm] and y range [10µm, 10µm] and a resolution ∆x=10 nm and ∆y=2∆x. 3×109 particles were loaded
for electrons, and 8.5×108 for each ion species. This amounted to an average of 1000
particles per cell for electrons and 285 per ion species. The density was loaded from
the output of the FLASH code and hence the actual number of macro particles per cell
depends on the density and varies. Likewise, the temperature was initialised from an
external file from FLASH. The front of the target is located at x = 0 in FLASH and this
position remains consistent when moving to PIC. Hence the target has 30 µm of preplasma on the front surface which the pulse must travel through, beyond this distance
the density is below 10−2 nc and was ignored for computational efficiency. The input
pulse was always initialised as a 5 µm FWHM spatial Gaussian profile and a 300-1000
fs FWHM temporal profile.
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The incoming laser pulse will also undergo some frequency modulation due to the
non-linear effect of the refractive index on the laser intensity known as (Relativistic)
Self-Phase Modulation ((R)SPM). This has been shown experimentally on the effect of
harmonics [151] generated at the critical surface. In the one dimensional case for an
intensity varying Gaussian envelope pulse, the variation in the refractive index due to
effective increase in the electron’s inertia produces a phase shift, altering the frequency
spectrum, where the rising edge of the pulse is shifted to lower frequencies, the falling
edge is blue shifted and the peak is unchanged and the plasma is left unperturbed. Thus
it would be expected to broaden the pulse symmetrically.
One can estimate the significance of self-phase modulation on the red-shift of the
spectrum from simulations by comparing the frequency spectrum of the pulse at two
points: at the edge of the plasma (left-most boundary) and at the critical surface (the
boundary between underdense and overdense plasma). This was done by running simulations and inputting an exponential density profile up to a maximum of 0.7 nc to
ensure the pulse is not reflected. This way, any broadening can be directly attributed to
the propagation through the underdense plasma rather than the effect of red-shift due
to RPA. The effect of RSPM was predicted to be extremely important as laser intensities increased [151], however contrast ratios also improved dramatically, owing to the
introduction of OPCPA and XPW, meaning the scale length of the front surface plasma
has also significantly reduced.
Three density profiles were used where ne = 0.7nc × e(x/µ) where µ is the scale
length from figure 5.13(a). The hydrodynamic simulations for the 500 nm target indicate that µ = 8 µm and hence these other values were chosen to demonstrate the relative
effect.
The broadening of the pulse from a 12 µm scale length profile is shown in figure
5.13(b) which is shown for the short pulse (higher intensity) and stretched pulse. This
is shown since it is a more extreme case, this way even if the simulations underestimate the scale length in any way, that the simulation findings do not account for the
experimental ones. Two things become noticeable: firstly, the short pulse produces a
much more broad spectrum and secondly, that the short pulse has a much more asymmetric spectrum with much more significance on the ‘reddening’. The stretched pulse
is also asymmetric but less so. The extra broadening can be accounted for due to the
non-linear effect on intensity, i.e. because the effect is dependent on the non-linear
refractive index∆n = n2 I where n2 is the non-linear refractive index. The asymmetry,
or ‘reddening’ of the spectrum is akin to work on ‘Photon Deceleration’ whereby the
frequency shifts towards the red end of the spectrum caused by an increasing refractive
index with time [152]. In this case, the decreasing refractive index is due to the radial
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Figure 5.14: Scaling of (a) the enhanced self focusing and hence reduced focal spot radius rfocus for the short pulse (black) and stretched pulse (blue). A value of 2 means the
radius decreases by a factor of 2. The broadening of the frequency spectrum measured
at the 2% for each spectrum between entering the plasma and leaving it. A value of 2
means the frequency band at the 2% level is twice as large for short pulse (black) and
stretched (blue). The red line is half the width for the stretched pulse to demonstrate
the reddening of the spectrum only.
ponderomotive force expelling the electron density along the laser axis and thus causing a drop in the refractive index. This effect is less strong for the less intense stretched
pulse and hence the reduced asymmetry.
By measuring the width (w) at the normalised 2% level, chosen to remain above
the noise level but capture the greatest width of the spectrum, the broadening can be
compared where at the entrance to the plasma (w = 18.7 nm) and the exit (w = 64.9
nm), a three-fold increase in this width over the 30 µm propagation. For the stretched
pulse, w = 10.7 nm at the entrance and w = 45.2 nm at the exit. The effect of the
plasma scale length in shown in 5.14(c). While the broadening appears to be similar
for both the short and stretched pulse, because of the asymmetry shown in 5.13(b), the
broadening for the short pulse is almost entirely a ‘reddening’ whereas the stretched
pulse is more symmetrical. To account for this, w/2 is plotted for the stretched pulse
(red line) in figure 5.14(c) to show that the extent of the ‘reddening’ of the spectrum is
much less compared to the higher intensity short pulse.
The pulse will undergo some degree of self-focusing depending on the intensity
and density profile. For the same simulations mentioned above, the effect of self focusing was compared at the same positions as the frequency spectrum was measured.
Figure 5.13(c) shows the spatial profile of the pulse for the stretched and short pulse
after propagating through 30 µm of underdense plasma. It is clear that the short pulse
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Figure 5.15: Expansion of different target thicknesses from the same laser pedestal.
The pre-plasma shows similar profiles with the main difference being in the bulkplasma thickness and peak density.
undergoes more self focusing than the stretched pulse: for the 8 µm scale length, which
is representative of the experimental conditions, the laser pulse is focused from a 5 µm
FWHM spot to 2.3 µm for the short pulse and 3.2 µm for the stretched pulse. Thus the
higher power pulse will be focused to an even greater degree than the stretched pulse
producing a much greater peak intensity.
When accounting for the effects of SPM and self-focusing for the experimental conditions, the non-linear behaviour in the pre-plasma does not amount to the increase in
the red-shifted signal measured on the experiment: not only does the stretched pulse
undergo less self-focusing, it undergoes a more symmetrical broadening due to SPM
with a reduced effect of photon deceleration due to the reduced ponderomotive force
and density expulsion. Therefore the following sections will further explore the effect of the pulse duration on the full modelled density profile to account for the extra
‘reddening’ observed experimentally.

5.3.2

Target Thickness Dependence

A range of thicknesses were simulated with the combination of a 2D hydrodynamic
code and PIC. The same laser profile was used in all of the following cases to study
the effect of the target thickness on the expansion, temperature and subsequently the
maximum ion energy. The density profile for y=0 is shown in figure 5.15 which shows
the significance of the target thickness on the pre-plasma profile and the bulk expansion.
While the front (critical surface) is not significantly different for targets thicker than
250 nm, the 100 nm target has undergone significant bulk expansion with a lower peak
density than the other targets. The 1 µmand 500 nm targets have the same peak density
of ∼600 nc (the increase in the density is due to the compression from the laser) which
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Figure 5.16: (a) Maximum ion energy from 2D PIC for the range of thicknesses for
protons (blue) and carbon (black). (b) Bulk electron temperature (blue) and ‘hot’ electron temperature (black) from the same simulations measured at the peak of the pulse.

Figure 5.17: Electron energy spectrum (blue curve) at t=0 fs from 2D and the temperature fits for 5 µm. The associated standard error in the fit is shown as the uncertainty.
The spectrum accounts for all electrons in the simulation.
is reduced for the 250 nm (∼400 nc ) and 100nm (∼100 nc .)
The maximum ion energies were measured at the end of the simulation (+800 fs,
where 0 fs is the peak of the pulse reaching x=0) and are plotted in figure 5.16(a).
These energies and trend are in good agreement with the experiment (figure 5.2) where
the proton energies for the thick targets (5 µm) are higher than for 1 µm before they
reach a higher peak between 250 nm and 500 nm. Below this thickness, the energies
decrease again.
Figure 5.16(b) shows the trend of the electron temperatures for each thickness at the
peak of the pulse. These temperatures are estimated from the electron spectrum where
at least 2 electron populations with different temperatures. The spectra and temperature
fits are shown in figure 5.17. These spectra include every electron in the simulation to
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Figure 5.18: PIC snapshots of 500 nm target showing (a) Current Density in x (Jx )
at +30 fs showing an alternating positive and negative values along x=0 and (b) the
corresponding Bz field for the same spatial dimensions.
represent the full plasma. Hence the two temperatures are typically from the ‘cold’
background, bulk plasma with a ‘hot’ population of accelerated electrons. The fits are
made with a simple linear regression where the fit comes from the logarithm of the population per energy state (dN/dE) such that log(dN/dE)∝ −E/T where E is the electron
energy and hence the temperature estimate is retrieved from the negative inverse of the
gradient of the fit. The fits for 500 nm and 5 µm target are shown in figure 5.17.
A significant dependence on each population temperature on target thickness is observed where the ‘bulk’ electron temperatures are inversely proportional to the thickness, while the ‘hot’ electron temperature is proportional to it. This is to be expected
since the thinner targets, with a much more limited electron population, can transfer
energy more efficiently, particularly when the thinnest targets (<250 nm) have become
relativistically underdense at this stage.
For the thicker targets where the pulse does not penetrate through, the electron
temperature remains comparatively lower. However the front surface electrons will
still absorb a significant portion of the laser energy and move through the target where
they will inevitably set up a sheath field at the rear. This supports that the rear surface
acceleration via TNSA dominates for the thick targets > 1 µm with the increase in the
ion energies for targets < 1µm from a combination of RPA, TNSA and RIT.

5.3.3

Weibel Instabilities and Filamentation

In the context of 2 electron populations (of different temperatures) moving through
each other, Weibel instabilities are widely reported [153–156] where a large flux of
energetic electrons propagate into a cold background plasma. This is also observed
here, through simulations, in the rising edge of the pulse as the electron temperature
begins to increase with the laser intensity.
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Figure 5.19: Angular distribution profiles (with respect to the laser axis / target normal)
for the 500 nm target (a) H+ and (b) C6+ at +30 fs from 2D PIC
Figure 5.18 shows the current density (Jx )and the corresponding Bz field showing
a region at x=0 (at the critical surface) a region of alternating positive and negative
current densities which in turn, generate an azimuthal B field (Bz ). These alternating
currents are likely associated to the formation of Weibel instability, similar to the work
mentioned above. The angular distribution profiles are shown in figure 5.19.
From the beam profiles it is seen that C6+ results in a much more modulated beam
compared to H+ and this is likely due to C6+ , with their larger inertia, being slower
to respond to the fields and hence the ions remain within the target bulk. Since these
instabilities have grown with time, the C6+ ions are more susceptible to these currents
flowing through the target as heavier ions remain in their presence for longer. While
the proton beam is also significantly modulated, there is no observation of such a filamentation being imprinted into the proton beam profile as it is with C6+ . This infers
that the filamented behaviour in the low energy RCF stacks in figure 5.10c is not due to
protons but to D+ (since C6+ do not penetrate very far due to their much higher LET).

5.3.4

Pulse Stretching and Magnetic Channelling

The stretched pulse was used to test the dependence of pulse duration on the maximum
ion energies. As mentioned previously in section 5.2.4, this would be an indication
of LS acceleration but this is unlikely due to vHB being quite small in comparison to
the thickness of the plasma and tHB being long in comparison to the duration of the
pulse. However simulations indicate that it was neither a transparency nor a RPALS dominated interaction providing the additional energy to the ions but a different
phenomenon. It is attributed to the formation of a magnetic channel behind the critical
surface due to relativistic electron currents generating a large azimuthal B field which
can generate a channel, or cavity, for the critical surface to move into at an increased
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Figure 5.20: electron density at times (a) -0.24 ps and (b) -0.18 ps (where 0 ps is the
peak of the pulse arriving at x=0) showing the formation of the channel
velocity. This effect was found to only dominate for the stretched pulses where the
duration was long enough for a significant portion of the pulse to interact with such a
structure.
It was assumed that there was no significant effect on the laser contrast when
stretching the pulse; discussions with the laser staff determined that the most likely
effect on higher orders of spectral phase was some 3rd order compensation due to the
pulse stretching. Thus the ns and < 10 ps parts of the prepulse were assumed to be the
same for the compressed and stretched pulse with the only difference coming from the
rising edge of the main pulse itself.
Hot electrons generated by the pulse propagate through the target bulk with a peak
current density of 2×1017 A/m2 , shown in figure 5.22 as the negative current density
(due to the negative charge moving in the positive direction). This current then draws a
return current surrounding the hot electron current, from the colder background plasma
as discussed by a number of papers [147, 148, 157]. Measuring the current density of
the hot electron current and its diameter (assuming in 3D it can be approximated as a
cylinder), the current can be estimated. For a peak current density of 2×1017 A/m2 and
a diameter of 0.4 µm a current of 25 kA is estimated.
Since the return current will approximately neutralise the hot electron current, the
cartoon shown in figure 5.24 shows that the magnetic field vectors between the opposite
currents add constructively. The azimuthal magnetic field generated by each current
can be then be estimated using equation 5.1 to find the peak magnetic field between the
currents to be approximately 30 kT, similar to observed cycle averaged Bz field from
the simulations seen in figure 5.23(a).
These anti-parallel currents will also generate a repulsive force between them. If
the return current is similar on either side of the hot electron current, the net force
would cause the cold electron return currents to move in the y direction away from
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Figure 5.21: Electron density lineout along x=0 at (a) -0.8 ps and (b) -0.29 ps, with
respect to the peak, showing the formation of the channel in the overdense plasma.

Figure 5.22: Single cycle averaged Jx at the same time steps as figure 5.20 in units of
A/m2 .

Figure 5.23: Single cycle averaged Bz field at the same time steps as figure 5.20 in
units of kT.
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Figure 5.24: 2D cartoon depicting the direction of the magnetic fields and the resultant force for anti-parallel currents (large coloured arrows) demonstrated from the 2D
simulations. The colour of the circle represents the associated current source, circles
with dots represent the vector pointing out of the page and circles with crosses are vectors pointing into the page. The magnetic field vectors constructively add between the
currents with net forces in the positive and negative y directions (black arrows) which
would cause the channel to expand.
the hot electron current (also shown in the cartoon figure 5.24) which would cause a
widening of the channel. This can be seen most clearly in figures 5.20(b) and 5.22(b)
which show a widening of the channel and a decrease in the current density. A lineout
along x=0 is shown in figure 5.21 showing the dramatic decrease of the electron density
along the laser axis. Here the average density is approximately 10nc which remains
opaque to the pulse at this intensity. Extending this to 3 dimensions, the hot electron
current is assumed to be a beam (approximated to a cylinder) surrounded by a hollow
cylinder (shell) of a return current. Thus the ‘shell’ would expand radially generating
the channel and cause a decrease in the plasma density from this point.

5.3.5

Enhanced Hole Boring Velocity

The decrease in the peak plasma density has a significant effect on the interaction of
the remainder of the pulse with the target. With the density now decreasing, it can
remove the ‘hole boring limit’ discussed in section 5.2.4 which would normally cause
the hole boring velocity to decrease with time. Instead of the plasma pressure term from
equation 5.2 increasing with time as the density and temperature increases, this term
can now decrease and allow radiation pressure to dominate. This is visualised in figure
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Figure 5.25: X Position of γnc (black) and velocity (red) for normal pulse (dotted) and
stretched pulse (solid) against time normalised to the peak of the pulse arriving at X=0.
5.25 which tracks the x-position of γnc (shown in black). Here one can see for the short
pulse (dotted lines) that the hole boring front remains roughly at the same position, as
radiation pressure balances the outward thermal pressure. However, at the peak of the
pulse and in the falling edge, this surface begins to move towards the laser. It is only at
the tail of the pulse (+0.5ps) when the plasma has significantly expanded that radiation
pressure can again balance and overcome the thermal pressure. This corresponding
velocity is also shown in red, normalised to the speed of light. For the short pulse, the
velocity remains steady at 0 with small increases close to the peak of the pulse up to
0.005c before decreasing to -0.02c before again increasing to +0.02c. Hence for the
back reflected pulse, it would initially be red-shifted before becoming blue-shifted.
The back reflected spectrum is shown in figure 5.26(a) and the corresponding shorttime Fourier transforms shown in 5.26(b). The short-time Fourier transforms (STFT),
breaking up the signal in time into a number of discrete smaller sections and performing
an FFT on each of them, allows for the determination of how the spectrum is produced
in time. The STFT has a much reduced frequency resolution compared to the full signal,
however by retaining some temporal information, it allows for a qualitative description
of the significant features emerging in the spectrum over time. For example, the short
pulse STFT is shown in 5.26(b) where each significant peak in the spectrum at each
time interval is shown as a black point, the maximum red shifts at each time interval
are then joined with a red line as a visual aid, with the same done for the maximum
blue-shift. One can see that close to the peak of the pulse, a red shift in the spectrum
emerges before blue shift of the spectrum dominates. This matches with the movement
of the critical surface and shows the red shift occurs in the rising edge, and blue shift in
the falling edge.
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The spectra shown from simulations are the Fourier Transform of the sum of the
Ey field on the left hand-boundary (where the laser enters). Because of computational
restraints, it was not possible to include enough space between the left boundary and the
target to temporally separate the forward and reflected pulses. Hence the signal shown
here is actually a sum of the forward and reflected pulses which is why the spectrum
includes such a prominent peak at the laser frequency. It is possible to filter for the laser
frequency but it is left here to acts as a comparison for the red-shifted peaks.
Looking at the effect of the stretched pulse pulse, by performing the same analysis,
one can see that the maximum hole boring velocity is 0.075c, significantly higher than
for the short pulse at higher intensity owing to the reduced plasma density. The critical
surface disappears just after the peak of the pulse as the density continues to drop

(a)

(b)

(c)

(d)

Figure 5.26: Spectrum and short time Fourier transforms from 2D PIC 500 nm target.
Spectrum of all light passing the left boundary of the simulation for (a) short pulse
and (c) stretched pulse. The corresponding short time Fourier Transforms for short and
stretched pulse are shown in (b) and (d) respectively. For each time interval (∼ 300
fs), each prominent peak in the spectrum is recorded as a black point. The maximum
red-shift from the central wavelength (1053 nm) in each time interval is then joined
with a red line, and the same for the maximum blue shift.
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causing it to become underdense. This greater hole boring velocity can also be observed
in the back reflected light where the significant shifted peak is labelled as a shift of
84nm, indicating a velocity of 0.077c, similar to the measured critical velocity. The
time of this measurement, ∼-0.25 ps also corresponds to the greatest shift in the STFT,
further confirming the time of this shift is due to the greatest hole boring velocity due
to the creation of the magnetic channel. Hence the greater red shift measurements from
simulations are produced due to the onset of hole boring into a decreasing density due
to the magnetic channel. Likewise, one can infer that the greater red shift measurements
from the experiment arise from a similar dynamic. Significant blue shifted peaks are
also observed at these times, a similar feature is seen in figure 5.25, since the velocity is
not constant but the critical surface is seen to oscillate. This is likely due to the periodic
balancing of the thermal pressure and the radiation pressure before the latter quickly
overcomes the former and it repeating. These oscillations have a period of ∼75 fs
which is significantly longer than the local ion frequency (period of ∼25 fs by using an
average value of A = 5 and Z = 2.3 for C6+ , D+ and H+ ) to which it has been attributed
before [150] however at this hole boring front, the electron and ion temperatures would
be similar so some damping of the ion waves would be expected [31].
The enhanced hole boring velocity can then translate into higher ion energies and
this is observed in figure 5.28 which shows the energy-position phase space. The extended ion populations for x>0 are those accelerated due to the sheath formation of the
pulses’ rising edge. However at x=0 and close to the peak of the pulse, another population of faster ions is observed characteristic of radiation pressure on the front surface.
The proton energies from this hole boring population are much higher at 7 MeV for
the stretched pulse compared to 2 MeV for the short pulse. While the ion energies
and red shift can now be accounted for, these ion energies are significantly lower than
the cut-off energies measured in the experiment indicating an additional acceleration
contribution.

5.3.6

Post HB acceleration

Due to the dynamic nature of the interaction, it is unsurprising that there can be multiple
processes occurring simultaneously. While HB-RPA is occurring on the front surface,
there will also be sheath acceleration occurring at the rear from the hot electrons being transported through the target. Thus the rear of the target will have a developed
a quasi-static sheath field through which the ions generated on the front surface will
traverse and be accelerated. In addition, as there is no significant force preventing the
expansion of the magnetic channel, this will continue resulting in the density dropping
below the critical density allowing the remainder of the pulse to propagate through.
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Figure 5.27: Pulse length Scan from simulations showing the maximum ion energy for
a constant target thickness of 500 nm.
Published work, such as [8], has shown how the transition to the RIT regime can directly accelerate a jet of super-thermal electrons which can cause further acceleration
of ions.
Figure 5.27 shows dependence of the maximum ion energy on the pulse length
for both protons and carbon. Like the experimental data in figure 5.4, the maximum
ion energy increases for increasing pulse length (decreasing intensity) coupled with an
increase in the maximum red-shift. The ion energies were then seen to decrease after
this point as the target expanded so much that the majority of the pulse propagates
through without any significant acceleration of front surface ions.
The growth of these various ion populations is also shown in figure 5.28. For the
short pulse, the HB ions undergo additional acceleration by passing through the sheath
fields at the rear with a final energy close to 20 MeV however they are not the highest
energy ions generated in the interaction which can be seen to be ions close to 30 MeV
which are mostly a sheath accelerated population. Conversely, the HB ions for the
stretched pulse receive a much more significant additional acceleration, more so than
any sheath accelerated ions, and are the highest energy population generated.
Since these ions were simulated with unique IDs attached, it is trivial to measure
their energy growth as a function of time by selecting a population with a known position and energy, these IDs can be saved and the particles (back)tracked throughout the
simulation. The average energy of the ion population shown labelled as ‘HB’ in figure
5.28 is then plotted in figure 5.29. Here the acceleration due to HB-RPA can be clearly
seen, since both ion species are accelerated to the same velocity at an early time as the
channel begins to form. The ions then pass through the channel where protons begin
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Figure 5.28: Energy-position phase space for the short pulse (left) and stretched pulse
(right) at (a) -0.09 ps (short) and (b) -0.25 ps (stretched) with respect to the peak of
each pulse and +0.35ps (bottom). The data labelled ‘HB’ in the top row are the highest energy Hole boring ions, these ions are then tracked through the simulation and
subsequently marked in the bottom figures as they undergo additional acceleration.
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Figure 5.29: Average ion energy as a function of time (with respect to the peak of
the pulse). These ions are accelerated by HB-RPA on the front surface (marked by
dashed line)), are accelerated through the channel (marked by dotted line) and accelerated through the rear sheath fields, enhanced by a super-thermal electron jet as the
pulse becomes transparent. The arrows represent the energy difference caused by the
transparent pulse for protons (blue) and carbon (black).
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Figure 5.30: Single laser cycle Averaged Ex field (and mean of the central 200nm) for
(a) -0.21ps at the greatest HB velocity and (b) the enhancement of the rear fields due to
the hot electron currents from the transparent pulse.
to gain energy more efficiently in the longitudinal electric field induced by the negative
current density (which also forms the magnetic fields). The current persists because
it is not neutralised and a longitudinal electric field accelerates ions. Upon exiting the
channel, the ion energies are seen to greatly increase due to a combination of sheath
acceleration and transparency enhancement. The average ion energy increases from
∼3 MeV (maximum ion energy is higher) due to HB, with protons being accelerated to
8MeV due to the current in the channel.
The acceleration processes of these front surface ions at the rear can be quantised
by repeating the simulation but with the pulse amplitude dropping to 0 at the point of
transparency. Without the enhancement of the transparent pulse, the acceleration at the
rear can be attributed to the residual sheath fields formed over the course of the interaction. The difference in the ion energies can then be attributed to be directly from the
remainder of the pulse propagating through the target, however as shown in the previous chapter, this tends to over-estimate the ion energies. For example, the work in
Higginson et al [8] shows that when this mechanism dominates, the simulations overestimated the proton energies with respect to the experiment by ∼80%. The presence of
the sheath fields more than doubles the ion energy of these front surface ions to 18MeV
with the final 20MeV being attributed to transparency enhanced acceleration (up until
this point).
The magnitude of the fields also shows the effect of each acceleration mechanism;
the Ex along the laser axis is plotted in figure 5.30 at times corresponding to the significant hole boring front (-0.21 ps) and after the target has become transparent (+0.41 ps)
showing the enhancement of the local electric fields in the vicinity of the ions that were
accelerated from the front surface. The front surface hole boring field is of the highest
in the simulation at 5 TV/m which is short lived since for linear polarisation, this is
of a pulsed periodic nature. However this is sufficient to generate 7 MeV ions which
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then propagate through the target. At this late time, the rear sheath fields are enhanced
by the pulse becoming transparent owing to a super-thermal electron from the pulse
propagating through the target.

5.4

Conclusion

The enhancement of HB-RPA on the front surface of thin foils was investigated experimentally with stretched pulses and verified with in-depth PIC simulations. Maximum
ion energies, coupled with an increase in the maximum detected wavelength of the back
reflected light indicate a receding reflecting surface that is faster for a stretched, lower
peak intensity, pulse than the same foils with a higher peak intensity. The energies
were found to increase from 10-25±1 MeV for the shortest pulse (direction dependent)
up to 52±1 MeV for the optimal pulse length of 3±1 ps. Simulations indicate that
non-linear effects do not account for the greatest red-shift in the back reflected signal
but is attributed to an increased hole boring velocity. This is due to the generation of a
magnetic channel inside the target by means of a hot electron current compensated by
a cold return current. The corresponding magnetic fields repel, causing an expansion
of the bulk and a decrease of the electron density within the target.
The inclusion of the electron pressure term into the momentum balance produces a
‘hole boring’ limit [75] which will cause the hole boring velocity to decrease with time
as it penetrates into a hotter, more dense plasma. This is also true for the stretched pulse
where the reduced radiation pressure should produce a reduced hole boring velocity,
unlike what was observed in the experiment. However, with the creation of a magnetic
channel within the overdense plasma, this relaxes the conditions as the electron pressure
term decreases along with the density in the channel allowing radiation pressure to
accelerate the critical surface with time.
This decrease in the density allows for a faster hole boring velocity that can increase
in time, the opposite to what has been discussed in literature and for the shorter, higher
intensity pulses. Through 2D PIC simulations, the fastest ions generated are seen to
originate from the front surface and are then accelerated through sheath fields at the
target rear when exiting the channel, and this is also enhanced by a super-thermal electron current generated by the pulse propagating through the target (when the density
of the channel decreases below the critical density). Thus the ions originally accelerated by hole boring here are accelerated to higher energies than any rear surface ions
generated in the interaction.
While the shift seen in simulations is less than in the experiment and this could
be explained by the reduced effect of self-focusing in 2D rather than 3D [137] which
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would mean the intensity at the critical surface is significantly lower than in the experiment. Furthermore, when discussing the ‘hole boring’ limit, this is highly dimensional
dependent since the reduction in dimensionality limits the transverse expansion of the
plasma. However, the overall trend of the experiment is reproduced through these 2D
simulations. This mechanism has potential to act as a high energy source of ions for
applications due to the reduced requirements, namely no plasma mirrors or ultra-thin
foils. Beam profiles also indicate a relatively collimated beam thus making it suitable
for generating application appropriate doses.
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Chapter 6

Conclusions and
Future Work

6.1

GEMINI investigations

6.1.1

Future Work

The results provided in chapter 5 provide a step forward in the experimental demonstration of heavy ion acceleration via LS-RPA and other mechanisms. However, supporting
numerical work show that there are potential improvements to be made and these will be
discussed here with focusing on generating higher ion energies with 350 TW GEMINI
pulses. This is of particular interest to the new OPCPA EPAC (Extreme Photonics Application Centre) beamline which is due to be in operation in the coming years. Based
on the scaling from section 4.6.2, upwards of 70 MeV/u is a realistic prediction of the
maximum carbon energies attainable. The realisation of these techniques would be a
huge step forward for the technology as a whole, opening up new research potential for
these ion beams.

6.1.1.1

LS-RPA in the fast focusing regime

The most obvious method of increasing the ion energy is to increase the laser intensity;
this can be achieved using tighter focused beams. For example, using an f /1 optic as
opposed to f /2 would increase the intensity by a factor of 4. This work was started by
the author and is being continued by J. Sarma with guidance from the author.
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Figure 6.1: Scaling of maximum C6+ energies with increasing intensity for increased
laser energy (black) compared to a constant laser power and tighter focus (blue)
The use of f /1 has a detrimental effect on the use of thin foils, causing an earlier
transition to transparency than the f /2 and slower focusing beams. At the time of writing, a number of possible of theories for this are being considered. It becomes clear
that the tight focus has a more substantial radial ponderomotive force which pushes the
electron density away from regions of high intensity. Hence the density is being pushed
in the transverse direction and reducing the energy gain by LS-RPA.
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Additionally, as the electrons are being pushed away from the laser axis, energy
is being absorbed as it moves out of the focal spot region as it accelerates away, by
absorbing energy rather than returning to its ‘rest’ positioning and reflecting the light,
the radiation pressure will decrease as the momentum transfer will be reduced. As a
result, the scaling with intensity is much lower by decreasing the focal spot size as
opposed to increasing the laser power as shown in figure 6.1.
Improvements can be made here by using a target thicker than the optimum thickness and using some of the laser ‘pre-pulse’ to generate a more optimal areal density.
This would be required since the use of the perfect Gaussian pulse on a slightly thicker
target (e.g. 15 nm compared to 10 nm) means that by the time the rising edge has
pushes a sufficient electron density away from the laser axis, it is already close to the
peak of the pulse so the rising edge has been interacting with a ‘Sail’ with an above
optimal areal density. By adding some fluence before the main pulse, this part of the
pulse can do the work of generating the optimal areal density for the rising edge of the
pulse. Ultimately the main issue seems to be the reduction in electron density due to
the ponderomotive force. This shall be discussed later in the context of using intense
magnetic fields.

6.1.1.2

Intense magnetic fields to control plasma expansion for LS-RPA enhancement

In addition to the fast focusing described previously, it was proposed in the experimental chapter about the benefits of using a stretched, square pulse as a way to gain higher
energies from ultra-thin targets; thinner that would typically be considered due to the
onset of transparency. This method worked well in 1D however the issue of the tight
focus again became an issue in 2D and led to target heating and eventually becoming underdense before the ion energies could exceed those from thicker targets which
stayed opaque.
It is possible that this could be circumvented with an intense magnetic field through
the target (along the laser axis, created by macroscopic current carrying coils surrounding the target array) which would cause electrons with transverse momentum to move
in circular trajectories about the (magnetic) laser axis and thus potentially reducing the
effect of the target becoming transparent. In addition, the coils could vary in diameter
to produce a magnetic mirror which will trap the electrons and reduce their divergence.
A recent paper has shown that the effect of the magnetic field in reducing the proton
divergence but either the effect was not explored for controlling the density and thus
the achievable energy (or it did not work) [158]
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This work would be interesting to explore for both an axial B field, as well as a
magnetic mirror concept for both the pulse shaping and f /1 scenarios. The presence
of an external magnetic field is difficult to implement in PIC simulations since it is not
possible to produce the current which would generate them. The field could also be
created by irradiating a secondary target with GEMINI’s second pulse connected to a
current loop to create a 10’s T field required for this processes; these have been recently
measured on a longer pulse set-up [159].

6.1.2

Conclusions

The transition to LS-RPA has been explored experimentally and numerically whilst also
demonstrating the effect of selective, or preferential, acceleration of an ion species in
the LS-RPA regime. This new effect, where experimental data indicated that H+ was
accelerated by sheath effects and C6+ by RPA, is shown numerically to be the result of
the preceding laser intensity (after activation of the plasma mirrors) ionising the target
and causing expansion. H+ with their lighter mass, escape from the target bulk which is
accelerated by LS-RPA. Experimental data shows that C6+ is accelerated to an energy
of 33MeV/nucleon with a peak intensity of 5.5 ×1020 W/cm2 and protons to 18 MeV.
2D PIC simulations reproduce these energies and the faster scaling of C6+ to H+ by
preferential acceleration via RPA.
The selection of one species, or the removal of one in particular, is of huge significance for the efficient acceleration of heavy ions from these targets; this can allow
further research into the effects of these ion beams in a radiobiological context. The
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Figure 6.2: (a) Constant Bx field (b) Magnetic mirror type field with B field focusing
to a point on the laser axis. The vector B is represented by the vector arrows and the
target position is marked with the black line at x=0.

145

generation of high energy carbon ions, to similar energies or higher than protons, further highlights the uniqueness of laser driven sources as an alternative to conventional
accelerators where carbon sources are rare due to the huge (even with respect to protons) capital costs.

6.2
6.2.1

VULCAN
Future Work

The generation of a magnetic channel in a target is a potential method of enhancing the
ion energies from the HB-RPA regime by reducing the density and causing a reduction of the plasma pressure with depth into the target. While this experiment provides
an indication of such an effect, this could be extended further, with a more extensive
dataset and using alternative drivers to generate the effect. Proton radiography could
also be used to provide an idea of the electric and magnetic fields at the target rear.
Furthermore, the use of a FROG diagnostic to allow for time-resolved measurement of
the back reflected spectrum would provide significantly more confidence here, if the
hole boring velocity is shown to increase with time for the stretched pulse as opposed
to the short pulse, this would help confirm this mechanism’s effect.
In principle, the effect can also be demonstrated by driving an electron beam into a
thick target. In this experiment, the hot electron current was produced during the rising
edge of the pulse from the critical surface and it propagated into the target. While the
stretched pulse demonstrated the effect, the hole boring ions would still be expected
to be higher without a stretched pulse. Hence one could insert a deliberate pre-pulse
into the beam before the main pulse to generate a current or, with significant more
complexity, use an external electron source and a second laser beam.
Such a configuration will be available in TAP in the coming year with the installation of a shorter pulse to generate betatron x-rays for imaging. This electron beam
could be directed into the target to generate such a structure whilst maintaining the
highest possible intensity for the main pulse. The use of thicker targets, even with a
gas jet for electrons, would be significantly more accessible in terms of repetition rate
as opposed to ultra-thin foils which are difficult to make and align, and coupled with
their fragility making them less likely to survive the harsh environment of a nearby
laser-solid interaction.
This would also be of interest to the upcoming L4, 150 fs, 1.5 kJ laser at Eli beamlines where the effects of the laser contrast would be far less stringent with the use of
thicker foils compared to the LS-RPA case. With a number of possible laser configurations, coupled with an online suite of ion and optical diagnostics, a dataset of far greater
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significance can be generated both in terms of statistics but also as an advancement in
novel acceleration mechanisms to overcome current limitations.
Finally, in principle, this could also be extended to lower energy systems, likely
with thinner foils. For example, it may be possible to use a 100nm target and a 15J
system which is stretched to 100-200fs. Foils greater than 25nm are extremely easy to
align with a high magnification to set-up and are much easier to produce in bulk as well
as being more likely to survive within the vacuum chamber.

6.2.2

Conclusions

The enhancement of ion energies generated by a stretched PW class laser was investigated. Experimental data showed an increase from 30MeV to 50MeV, coupled with a
greater red-shift in the back-reflected light (vHB increased from 0.1c to 0.14c), indicate
the process of HB-RPA on the front surface was more significant for the stretched pulse
despite the lower peak intensity. Through numerical simulations, this was attributed to
the stretched pulse generating a hot electron current at the critical surface and propagating into the target and compensated by a cold return current of bulk electrons. The
magnetic fields generate a net force on the bulk electrons causing a ‘magnetic channel’
to form in the overdense plasma thus decreasing the peak plasma density.
With a reduced density, the HB energies can increase with time, instead of decreasing as theoretical work predicts [75], as the pulse bores into the overdense plasma. The
higher HB velocity accounts for the greater red shift in the back reflected light with the
higher energies due to a combination of the higher hole boring velocity, acceleration
through the channel and enhancement by the transmitted laser pulse.
The shorter, higher intensity laser pulse does not show this effect as the plasma
pressure quickly overcomes the radiation pressure causing the HB velocity to decrease
with time before it is totally reversed. Previous work has shown that this is the case
and introduces a limit to HB acceleration from solid density targets [72, 75] however
it is shown in this work that this can be overcome with the effect of reducing the peak
density of thin foils (100’s nm - µm) by magnetic fields formed by hot electron and return currents. This novel acceleration enhancement mechanism is of particular interest
due to its less stringent requirements on laser contrast and target parameters making it
a potential route for high repetition sources.
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