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Abstract

The interaction of a high intensity laser pulse with a thin solid target can

drive the acceleration of protons and other heavier ions to multi MeV energies.

The resulting ion beam has unique properties such as low transverse emittance,

short pulse duration, high particle flux, large beam divergence and a broad en-

ergy spectrum. For applications, some of these properties are highly desirable and

better than those which can be achieved with conventional accelerator technol-

ogy. Others however, are detrimental for applications and require improvement.

This thesis presents work aimed at exploiting these properties for radiographic

purposes and exerting control over the ion beam properties for other applications.

A divergent and broadband laser driven proton beam was used in the pro-

ton radiography technique to investigate the late stages of the interaction of an

ablated plasma created by a ∼ 1014 W cm−2 laser with a solid target, expanding

into a low density background plasma. The high temporal and spatial resolution

obtained with proton radiography, combined with the large temporal window

achieved, allowed the detection of the late stages of the evolution of electrostatic

collisionless shocks. The evolution of the measured electrostatic potential asso-

ciated with the shock front, and the qualitative observations seen in the Radio

Chromic Film reveals the splitting of the shock front into two separate forward

and reverse shocks in the shock frame, in agreement with simulations. Addition-

ally, experimental measurements and comparison to simulations show that the

shock potential is high enough to reflect some of the incoming upstream ions,

stabilising the electrostatic shock. These shock reflected ions are also observed to

be the cause of the ion-ion instability which is seen to develop at later times. This

is seen to propagate through the shock features, destroying them in the processes,

due to the similarity of the associated electric fields of the shock front and the

instabilities.

The use of curved targets was investigated to reduce the beam divergence at

higher laser intensities and thus higher proton energies than has been previously

studied. Several combinations of target and laser parameters were investigated

over a series of experiments, with iterative improvements made in between cam-

paigns. The produced ion beams from these targets have been used to produce

warm dense matter states, and the properties of the ion beams diagnosed. Sub-

stantial improvements in the maximum temperature attainable in heated samples

have been made, along with general improvements in the quality of equation of

state (EoS) data, due to optimisations of the target design. Highly curved tar-

gets, when irradiated with an intense but large laser spot, have been seen to



produce high energy, collimated ion beams that focus far from the interaction,

with a chromatic nature to this focal position.
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CHAPTER 1

Introduction

Despite the relative infancy of high power laser plasma physics, compared to some

fields of research, the discipline is already full of exciting avenues of research

that promise to change our understanding of the universe and offer potential

applications that could improve many lives, particularly through the use of lasers

as particle accelerators.

Particle accelerators have proven themselves to be highly useful instruments

in scientific and industrial endeavours for over a century. The most common

method of accelerating charged particles involves accelerating them through a

series of cavities with a radio-frequency electric field. Accelerators that oper-

ate in this manor are referred to as “conventional” or RF accelerators and come

in many forms such as linacs (linear accelerators), cyclotrons and synchrotrons.

Conventional accelerators are disadvantaged in that the strength of the acceler-

ating electric field is limited by the electric breakdown of the material used in the

cavity (typically on the order of MV m−1). This means the only way to increase

particle energy, is to increase the length of the accelerating region. The Large

Hadron Collider (LHC) is the largest particle accelerator in use today and the

largest machine in the world. It is a synchrotron that can accelerate protons up

to 7 TeV by accelerating them 11 245 times a second around its 27 km circumfer-

ence, passing them through cavities with an acceleration gradient of 5 MV m−1.

In comparison, laser based particle acceleration methods can achieve acceleration

gradients on the order of TV m−1.

The invention of the first laser in 1960 [1], was shortly followed by reports

of the laser acceleration of ions up to several keV [2, 3, 4] using lasers of MW

scale peak power. Electron acceleration by lasers was first proposed in 1979 [5]
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giving rise to what is now referred to as wakefield electron acceleration. However,

the laser intensities available at this time could not sufficiently accelerate heavier

protons and ions to useful energies. The invention of chirped pulse amplification

(CPA) in 1985 [6] allowed unprecedented laser intensities above 1018 W cm−2 to

be reached. This discovery won the 2018 Nobel Prize in Physics [7], such is its

impact across many fields of research.

Proton energies in excess of an MeV were first reported by three separate

collaborations in 2000 [8, 9, 10]. The mechanism of ion acceleration in these three

experiments was found to be the now called target normal sheath acceleration

(TNSA) mechanism [11], opening a new era of research into laser accelerated

protons and heavier ions. As peak laser intensities and pulse contrast continue

to increase, new regimes of laser ion acceleration have been proposed and can be

accessed by varying laser and target parameters, such as the several schemes of

radiation pressure acceleration (RPA), breakout afterburner (BOA) and coulomb

explosion (CE). At the time of writing, the highest reported energy of a laser

accelerated proton beam is in excess of 94 MeV [12].

Laser accelerated ion beams have several benefits over those which are conven-

tionally accelerated. Firstly both the physical hardware and accelerating regions

are on much smaller scales. This is due to the increase in accelerating gradi-

ent that can be achieved when using a laser based acceleration mechanism. As

matter in a laser solid interaction is quickly turned into plasma state, there is

no limitation on the breakdown of electric field strength that can be supported.

Therefore, the extremely high acceleration gradients (TeV m−1) produced result

in very short acceleration lengths, with ions being accelerated to tens of MeV over

a distance of several µm. In addition, the ion beams driven by laser accelerators

have very high brightness, high laminarity and are ultra short in duration.

The high brightness means laser driven ion beams can deposit energy with

ultra high dose deposition rates in matter [13]; the high laminarity [14] means any

particle within the beam exhibits strong correlation between its trajectory angle

and the position of its emission. A highly laminar beam displays low transverse

emittance, measured as low as 0.004 mm mrad for 10 MeV protons [15]. This is

an improvement over conventional accelerators by at least two orders of magni-

tude, making laser driven ion beams promising candidates for many applications,

several of which are discussed in this thesis.

Since the discovery of the TNSA mechanism, prospects for applications in

medicine have been a key motivation for continued research and are therefore

briefly outlined before further discussions of the applications that are the focus of

this work. The primary interest is using laser accelerated ion beams for hadron

therapy, which is preferential to traditional radiotherapy due to the highly lo-

2
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calised deposition of energy of ions stopping in matter at a point known as the

Bragg peak (see Figure 1.1). Currently the most common radiotherapy treatment

involves the use of bremsstrahlung X-rays from high energy electrons (accelerated

in a conventional accelerator, typically a linac) interacting with a high-Z converter

target. The drawback of using X-rays is that the attenuation of electromagnetic

radiation in matter follows the exponential Beer-Lambert law, resulting in a large

dose deposited in the healthy tissue surrounding any tumour undergoing treat-

ment.

Figure 1.1: Energy deposition profile of protons and carbon ions in water, com-
pared to the dose deposition behaviour of electrons, X-rays, γ-rays and neutrons.
Ions deposit most of their energy at the end of their trajectory at what is known
as the Bragg peak. Modified from [16].

Proton and ion beam therapy is currently offered in a very limited number of

facilities around the world because the ion beams are produced via conventional

accelerators which are very large and expensive facilities. By using laser acceler-

ated ion beams, the cost and size of these facilities could potentially be reduced

to the point where a hadron therapy facility could fit in every hospital.

Clinical radiotherapy with laser driven ion beams is still many years away

from realisation due to a number of challenges that must be overcome. First

is the relatively low maximum ion energy achieved by current laser systems

(∼ 100 MeV) which is far below that required for effective medical treatments

(around 250 MeV). Second, the typical ion spectra from TNSA (the most com-

3
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mon and easily realised mechanism for laser ion acceleration) is broad in energy,

whilst a mono-energetic beam is required for hadron therapy. Additionally, shot

to shot reproducibility, beam stability, particle number, and shot repetition rate

need to be improved for the realisation of clinical treatment.

An application of laser driven ion beams, which features heavily in this work,

is in the study of warm dense matter (WDM). WDM refers to a regime of in-

termediate states of matter whose properties are between those of plasma and

solid state matter, and thus are difficult to describe analytically [17]. Methods

of creating WDM in the laboratory range from shock heating [18, 19] and heat-

ing solid matter with X-rays [20, 21] or XFELs [22, 23], to direct laser ablation

[24]. Heating with laser generated ion beams has been previously demonstrated

in a number of works [25, 26, 27, 28, 29, 30], but these have struggled to reach

the higher temperatures of the WDM regime. To properly study fundamental

WDM properties such as Equations of state (EoS) or opacity, it is highly impor-

tant to generate large volumes of uniformly heated material. As ion beams can

heat material at depth due to their long absorption lengths, they are well suited

to this. Laser generated ion beams exhibit ultra short burst duration, and so

EoS investigations at close to solid density can be undertaken since the heating

takes place on time scales shorter than the hydrodynamic expansion of the sam-

ple. In most experiments using laser accelerated ion beams to produce WDM

[25, 26, 27, 28, 29, 30] the heating has not been uniform [31]. Uniform heating

requires some element of ion energy selection of the spectra. This thesis describes

the generation of high energy, dominantly proton ion beams that are collimated

and exhibit chromatic focusing. These are ideal for generating WDM states to

assist research relevant to the studies of planetary cores [32, 33] and other astro-

physical processes [34] as well as in the development of inertial confinement fusion

(ICF) [35]. The use of laser accelerated proton beams has also been proposed as

the ignition beam in fast ignition (FI) for ICF [36]. In a standard ICF direct drive

implosion, fuel is compressed causing a hot spot at the centre, where the fusion

reaction begins. This is highly sensitive to myriad instabilities which can degrade

the implosion symmetry, reducing the efficiency and making it highly difficult to

archive ignition [36]. Fast ignition is a concept that aims to separate the heating

and compression process by using energetic particles (electrons or ions) [37] to

inject additional energy to centre of a traditional implosion. By using laser ac-

celerated ion as the energetic particles, maximum energy can be deposited in the

hot spot at the centre of the imploding capsule making use of the Bragg peak.

In a pure research context, the most successful implementation of TNSA ion

beams has been through the development and use of the proton radiography tech-

nique to study the transient dynamic of electromagnetic fields in laser produced
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plasmas [38, 39, 40, 41]. The technique yields exceptional temporal and spatial

resolution [42]. This technique is utilised extensively in this thesis. The properties

of TNSA ion beams that are detrimental to other applications (high divergence,

broad energy spectrum) are advantageous to proton radiography. The high lam-

inarity of TNSA ion beams means they can be considered as originating from a

point like virtual source, positioned several hundreds of microns from the true

source at the target plane. The protons can be used as a backlighter, traversing

a region of interest and the proton profile recorded in a stack of Radiochromic

film (RCF). An RCF stack is a multi-layered configuration of a self-developing

film, that is sensitive to ionising radiation. As charged particles, protons are

deflected by any electromagnetic fields they experience during their trajectory,

allowing the modulated proton profile to be used to determine the strength of the

electromagnetic fields. Measurement using different proton energies in different

layers of an RCF stack exploits the time-of-flight spread in the beam to produce

temporally and spatially resolved measurements of dynamic processes. The ma-

jority of the data presented in this thesis was obtained using this technique. In

the last few years, proton radiography has been extensively used to diagnose a

number of nonlinear phenomena of relevance to astrophysical scenarios, such as

ion acoustic solitons and collisionless shocks [43, 44], electron phase space holes

[45] and field structures in counter streaming plasmas [46]. In this thesis, obser-

vations by proton radiography of the latter stages of an electrostatic collisionless

shock separating are presented. The data provides an insight into the later-time

evolution of such structures and the development of a shock reflected ion front.
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1.1 Thesis structure

The structure of this thesis is as follows:

Chapter 2 provides an overview of fundamental physics relating to the in-

teraction of high intensity laser pulses with matter. The various mechanisms

of laser absorption are discussed along with ion acceleration following the laser

interaction with matter, focusing on the TNSA mechanism.

Next, Chapter 3 discusses the experimental tools and techniques used in the

experiments and analysis presented in this thesis. This includes a qualitative

description of the CPA laser systems used and the diagnostics utilised in the

experiments. As the main diagnostic used in this thesis, the proton probing

(radiography) technique is discussed in detail.

Chapter 4 is the first experimental chapter, describing an experiment con-

ducted in 2015 in TAW of the Vulcan laser system located at Rutherford Appleton

Laboratory in the UK. In this experiment a solid gold target of 100 µm thickness

was irradiated with nanosecond pulses of approximately 150 J of energy. This

target was surrounded by a tenuous background of low density nitrogen gas. The

interaction of the long pulse ablated plasma expanding into a background plasma

created by photo ionisation of the nitrogen produced non-linear phenomena such

as collisionless shocks. These were diagnosed using the proton radiography tech-

nique.

In the second experimental chapter, Chapter 5, a series of experiments con-

ducted on the Orion laser at AWE, Aldermaston, UK are described. These exper-

iments were completed in 2017 and 2018 and primarily aimed to generate high

quality equation of state data for warm dense matter states. This WDM was

created by isochorically heating samples with a laser produced ion beam. Com-

parisons of the ion beam produced by flat foils and various curved geometries are

presented to find the optimum ion beam for heating WDM.

Chapter 6 provides a summary of the findings in each of the experiments

presented in this thesis, and will discuss possible future work that could be carried

out.
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1.2 Role of the author

The work presented in this thesis is the result of collaborative effort from members

of the research group at Queen’s University Belfast, the staff at the Central Laser

Facility and the staff at AWE. In the experiment detailed in Chapter 4, the

collaboration also included personnel from LULI and Heinrich Heine University

Düsseldorf. The author was actively involved in the execution of the experimental

campaigns and in the analysis of results.

The author’s role under the supervision of M. Borghesi and M. P. Hill, is

detailed in the following paragraphs.

In the experiment described in Chapter 4, the author was involved in the

experimental set up, including building and aligning diagnostics and optical com-

ponents. RCF stacks were built and scanned by the author and processed using

dose calibrations determined by the author. The RCF data was analysed post

experiment by the author.

In Chapter 5, the author was involved in both experimental campaigns, by

aligning and metrologising the targets. RCF stacks were again designed, built and

scanned by the author. RCF data was analysed by the author post experiment.

Image plates from the Thomson parabola spectrometer were analysed by the

author using a modified python script originally written by M. P. Hill.
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1.3 Experimental contributions

• Oct/Nov 2015 - AWE, Orion - Influence of kinetic effects and magnetic

fields on energy transport in high energy density plasmas - part 2

• Nov/Dec 2015 - RAL, Vulcan (TAW) - Evolution of electrostatic and

magnetosonic collisionless shocks in tenuous plasmas

• Mar 2016 - PALS, Asterix IV - Generation of MG fields using novel

capacitor-coil targets

• Jun 2016 - LLNL, JLF, Titan - Chromatic focusing and post-acceleration

of laser driven protons

• Oct 2016 - RAL, Vulcan (TAW) - Intense thermal and epithermal neutron

source using high power lasers

• Jan 2017 - AWE, Orion - Fundamental physics for proton fast ignition in

a scaled experiment on Orion - part 1

• Mar 2017 - AWE, Orion - Warm Dense Matter Hemispheres 1

• Jul 2017 - AWE, Orion - Fundamental physics for proton fast ignition in

a scaled experiment on Orion - part 2

• Oct 2017 - LLNL, JLF, Titan - Multistage post-acceleration of ions using

laser energised travelling charge accelerator (LETCA)

• Mar/Apr 2018 - RAL, Vulcan (TAW) - Characterisation of thin shell

instability in collisionless plasmas

• Nov/Dec 2018 - AWE, Orion - Warm Dense Matter 8

• Jul/Aug 2019 - AWE, Orion - Relativistic electron transport following PW

irradiation: Detection of current dynamics via the associated fields
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CHAPTER 2

Laser plasma physics concepts

In this chapter basic plasma physics concepts are briefly introduced, followed by

those relating more specifically to laser plasma physics. A brief description of

laser systems and amplification techniques is presented along with a description

of laser ion acceleration.

2.1 Basic plasma physics

It is often said that 99 % of the observable universe is plasma [47].

Figure 2.1: Graphic showing phase transitions between types of matter. Note
that liquids and solids can also transition directly to plasma via ionisation.
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Chapter 2 2.1. Basic plasma physics

Colloquially referred to as the fourth state of matter, after solid, liquid and

gas1, plasma can be described as a quasi-neutral, ionised, gaseous state, made of

unbound, charged and neutral particles [47, 52]. In the context of this thesis, a

plasma will be considered as a population of positively charged ions and negatively

charged electrons. This state of matter can be readily realised by the ionisation

of an initially neutral medium.

2.1.1 Plasma definition

In plasma, unlike a gas with neutral molecules, the dominant mechanism for

transmitting forces is not through direct binary collisions but through long range

electromagnetic (EM) forces. As the charged particles in plasma move, local

concentrations of positive and negative charge can build, giving rise to electric

fields. The movements of the charges themselves generate currents, which in turn

produce magnetic fields. These self-generated fields affect the motion of other

particles in the plasma at long range. This governing of plasma behaviour by

long range electromagnetic fields, is referred to as collective behaviour [47, 52]. It

is these long-range Coulomb interactions that generate the plethora of phenomena

that can be found in plasma.

Other conditions necessary to define a state of matter as plasma include a

high number of particles (see Section 2.1.3), of a sufficient density and ionisation.

Positive ions may be singly or multiply charged. For plasma containing only

singly charged ions, the ion population is described by the ion density ni:

ni =
number of particles

volume
, [ni] = cm−3. (2.1)

Plasmas are also characterised by the electron density ne and neutral density nn.

Quasi-neutral means the densities of positive and negative charges are microscop-

ically equal (ni ' ne ≡ n). In the case of multiply charged ions, the condition of

quasi-neutrality is:

ne ≈
∑
z

znz, (2.2)

where z is the charge number and nz is the density of z-times charged ions. The

degree of ionisation is defined by the particle densities:

ηi =

∑
z

nz

nn +
∑
z

nz
. (2.3)

1This is not strictly accurate as there are considered to be many other exotic states of matter,
including Bose-Einstein condensates [48, 49], superfluids [50] and time crystals [51], which don’t
follow the system of numeration with increasing enthalpy. See Figure 2.1.
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The Saha equation [53, 54] describes the amount of ionisation that can be

expected in a gas under local thermal equilibrium (LTE):

ni
nn
≈ 2.4× 1021 T

3/2

ni
exp

(
−Ui
kBT

)
, (2.4)

where ni and nn are the number density of ionised and neutral atoms respectively.

T is the temperature of the gas in K, kB is the Boltzmann constant and Ui is

the ionised energy of the gas in SI units. As temperature rises, the degree of

ionisation remains fairly low until Ui is only a few times kBT . After this ni/nn

rises dramatically as the gas is now in plasma state. If ni > nn as the temperature

rises further, then the plasma becomes fully ionised.

Figure 2.2: Graphic showing types of plasma and their associated temperature
and density. Only the hottest of flames, such as burning mixtures of acetylene,
can be considered plasma, with temperatures around 3000 K and an associated
Debye length of 1 µm.

2.1.2 Plasma temperature and density

The concept of temperature in plasma is comparable to that of a neutral gas in

thermal equilibrium. Such gas has particles moving with velocities described by

a Maxwellian distribution. The 3-D Maxwellian distribution is given by [47]:

f(v) d3v =

(
m

2πkBT

)3/2

exp (− mv2

2kBT
) d3v, (2.5)
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where m is the particle mass and kBT is the product of Boltzmann’s constant

and the temperature, with average kinetic energy 3
2
kBT .

Plasmas are often simply classified by their temperature and density. However,

states of matter described as plasma cover a huge range of temperature-density

parameter space (see Figure 2.2). Density between plasma can span by twenty-

eight orders of magnitude whilst temperature varies by a “mere” seven orders

of magnitude in comparison. The temperature of “cooler” plasmas are typically

given in Kelvin (K), whilst “hotter” plasmas are usually expressed in terms of

the average kinetic energy of the particles, measured in electron volts (eV), where

1 eV = 11 600 K.

Plasmas can often have more than one temperature. The particles species

in a plasma (electrons and ions) can have different distribution functions with

different temperatures Te and Ti, as the rate of collisions among species (ion-ion

or electron-electron) is often larger than the rate of ion-electron collisions. Each

species can reach its own thermal equilibrium, without the plasma as a whole

existing long enough to equalise the temperatures.

2.1.3 Debye shielding

One of the fundamental characteristic behaviours of plasma is its ability to shield

an externally applied electric field. This so called Debye shielding [55] can be

described as follows. If a test charge q is placed at position r in quasi-neutral

plasma, electrons in the plasma will move towards the test charge and screen out

its resulting electric field. Ions are assumed to be stationary and simply form a

background of positive charge. A sheath around the test charge will form known

as the Debye sheath, with a thickness of λD, the Debye length (or Debye radius).

The electric potential E = −∇φ is determined by Poisson’s equation:

∇2φ = −4πqδ(r) + 4πe(ne − ni), (2.6)

where e is the electron charge, ne and ni are the electron and ion densities in

the plasma and δ(r) is the Dirac delta function. For isothermal electrons, the

electron density ne is given by:

ne = ne0 exp

(
eφ

kBTe

)
, (2.7)

where kB is the Boltzmann constant ne0 is the electron density in the undisturbed

uniform plasma (φ = 0) and Te is the electron temperature. If the electron

thermal energy exceeds the electron potential energy eφ/kbTe � 1, substituting ne

into Equation 2.6, the exponential in Equation 2.7 can be expanded to give an
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approximate Poisson’s equation:

∇2φ− φ

λ2D
' −4πqδ(r), (2.8)

where:

λD =

√
kBTe

4πne0e2
' 7.43× 102 Te[eV]

1/2ne0[cm-3]
−1/2 cm, (2.9)

is the electron Debye length [52].

2.1.3.1 Debye sphere

Debye shielding is only valid assuming there are enough particles in the charge

cloud to shield the test charge. The number of particles ND in a “Debye sphere”,

a sphere whose radius is the Debye length, is:

ND = n
4π

3
λ3D. (2.10)

This parameter separates the regime where long range collective effects dominate

short range collisional interactions.

2.1.4 Collisions and relaxation processes

Whilst the Debye length (Equation 2.9) is the characteristic distance used to

distinguish long range collective behaviour, it is possible to determine a cross

section σ for binary collision events between close neighbouring particles in weakly

coupled plasmas2. When an electron collides with a neutral atom it may lose a

fraction of its momentum depending on the angle at which it scatters. The

distance over which a particle will experience a collision on average is given by

the mean free path λm as [47]:

λm =
1

nnσ
, (2.11)

where nn is the number density of neutral atoms.

A particle moving with velocity v will have a mean collision frequency of:

1/τ = ν =
v

λm
= nnσv. (2.12)

In a fully ionised plasma collisions between charged particles are Coulomb

collisions. When an electron with velocity v collides with a fixed ion of charge z

the electron is deflected by the long range Coulomb field of the ion. The electrons

2Relatively hot, diffuse plasmas can be considered collisionless.
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closest approach to the ion is governed by the impact factor r0 [47], giving the

cross section as:

σ = πr20 =
e4

16πε20m
2v4

ln(Λ), (2.13)

where ln(Λ) is the Coulomb logarithm. The collision frequency is given by:

νei = nσv =
ne4

16πε20m
2v3

ln(Λ), (2.14)

where νei depends strongly on electron temperature, as νei ∝ 1/T 3/2
e since v2 '

kBTe/m for Maxwellian electron distributions. As the electron temperature in-

creases the collision frequency decreases, meaning a collisionless interaction can

be considered most of the time for high intensity laser plasma interactions.

At least three different relaxation processes can be distinguished in plasma:

electron and ion thermalisation, and electron-ion thermal equilibration [47, 52,

56]. The characteristic relaxation times of the different processes depend on

the corresponding mean collision times, and thus are different for particle like

collisions and electron-ion collisions. In collisions of particles with comparable

mass, the energy exchanged is on the same order as the initial energy of the

particles [56], and thermal relaxation will occur over the same time period as the

collisions.

In the case of electron-ion collisions the energy is exchanged on the order of

the mass ratio mi/me ' 1836 [56]. Thermal relaxation can take place on a time

scale much shorter than that which would be required for equilibrium of the ion

and electron temperatures. This means the different temperatures for electrons

and ions can be sustained for relatively long periods of time.

2.1.5 Descriptions of plasma

2.1.5.1 Single particle

Initially, the most obvious way to describe plasma behaviour is to consider the

equation of motion for each individual particle [47, 52]:

dPk

dt
= qk

(
E(rk) +

vk × B(rk)

c

)
, (2.15)

where c is the speed of light, Pk and vk are the momentum and velocity of particle

k, qk is the particle charge, rk is the distance and the electric E and magnetic B

fields should be calculated using Maxwell’s equations, by considering the charge

and current density in the plasma. Values of E and B should also include any

externally applied field. For a large number N of particles, this is clearly an
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impractical approach and it does not scale for collective behaviour reasons.

2.1.5.2 Kinetic model

A statistical approach, valid for large N , simplifies things [47, 52]. Instead of

requiring knowledge of the position and velocity of every particle at any given

time, particles are described by a distribution function fj(r,v, t) for each species

j. The electric and magnetic fields can be split into a component which has

spatial variations over scale lengths much smaller than the Debye length, and

thus describe close encounters or collisions between particles, and a component

with spatial variations of scales larger than the Debye length, which described

the collective behaviour of the plasma. This distribution satisfies the Boltzmann

equation and is known as the Vlasov-Boltzmann equation of the form:

∂fj
∂t

+ v · ∂fj
∂r

+
qj
mj

(
E +

v × B

c

)
· ∂fj
∂v

=

(
∂fj
∂t

)
coll

, (2.16)

where qj and mj are the charge and mass of particles of species j respectively. The

terms E and B represent the fields associated with collective behaviour whilst the

(∂fj/∂t)coll term includes the effects of collisions.

The Vlasov-Boltzmann equation along with Maxwell’s equations provide a

complete closed system for describing plasma behaviour.

2.1.5.3 Fluid description

It is possible to simplify plasma descriptions further by averaging over the velocity-

space to obtain what is known as the fluid approximation [47, 52]. Here, plasma

is described by the density nj, mean velocity uj and by the pressure tensor Ψj

of each species, defined as:

nj =

∫
fj(r,v, t)dv, (2.17)

uj =
1

nj

∫
vfj(r,v, t)dv, (2.18)

Ψj = mj

∫
(v − uj)(v − uj)fj(r,v, t)dv. (2.19)

Taking different velocity moments of the Vlasov equations, it is possible to

arrive at the equations for the evolution in time and space for the above quantities.

The continuity equation for particle density is given by:

∂nj
∂t

+
∂

∂r
· (njuj) = 0. (2.20)
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The equation of motion for the charged fluid is:

mjnj

[
∂uj
∂t

+

(
uj ·

∂uj
∂r

)]
= qjnj

[
E +

(
uj × B

c

)]
− ∂

∂r
·Ψj + Pjk. (2.21)

These equations do not constitute a closed set as the equation obtained by

taking a moment of the Vlasov equation contains the next moment. To truncate

the moment equations assumptions can be made about the heat flow and an

equation of state can be introduced.

2.1.6 Waves in plasma

2.1.6.1 Electron plasma waves and plasma frequency

An electron plasma wave is a high frequency charge density fluctuation caused

by the motion of electrons with respect to the stationary ions. In a quasi-neutral

plasma at equilibrium, if a small quantity of electrons are displaced with respect

to the stationary ions, the Coulomb force acts as a restoring force to pull the elec-

trons back to their original positions in an effort to restore neutrality. However,

inertia can cause the electrons to overshoot and oscillate about their equilibrium

positions. These oscillations occur at the plasma frequency:

ωp =
√

4πn0e2/m, (2.22)

where, n0 is the number density of electrons and m is mass in CGS units. A

plasma wave is an oscillation at the plasma frequency with a small correction for

the thermal motion of electrons. The thermal motion is responsible for the finite

group velocity of the wave and therefore its propagation in plasma.

2.1.6.2 EM waves in plasma

The plasma frequency is the highest frequency that electrons are able to respond

to. Consider an electromagnetic wave propagating through a cold, unmagnetised

plasma, so the ions are assumed to be stationary compared to the electrons.

Under these assumptions the dispersion relation of the EM wave propagating in

the plasma is [47, 52]:

ω2 = ω2
p + k2c2. (2.23)

Equation 2.23 can be re-written as:

ω2k2

c2
= η2 = ε =

(
1−

ω2
p

ω2

)1/2

, (2.24)
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where η is the refractive index and ε is the dielectric constant of the plasma.

For an incident electromagnetic wave of frequency ω < ωp, k becomes imag-

inary. Physically the electrons in the plasma can cancel out the electric field of

the EM wave within the period of oscillation. Thus, the wave cannot propagate

through the plasma medium. For ω = ωp, k = 0 and the wave energy is absorbed

by the plasma. For any given frequency this occurs at an electron density referred

to as the critical density nc and is defined in SI units as:

nc =
ε0meω

2

e2
. (2.25)

As the plasma frequency is determined by the density, EM waves can only prop-

agate if the density is less than the critical value.

For an EM wave of ω > ωp, the electrons are unable to completely cancel out

the electric field of the EM wave and so it is able to propagate in the plasma.

Waves penetrating the plasma will decay exponentially over the so called colli-

sionless skin depth Lskin given by:

Lskin =
c

(ω2
p − ω2)1/2

∼ c

ωp
. (2.26)

In the limit ω � ωp, the electrons are unable to respond and so the plasma acts

much like vacuum to the wave. Plasmas where EM waves can propagate are

referred to as under dense, whilst plasma where EM waves cannot propagate are

called over dense.

2.1.6.3 Ion acoustic waves

It is possible for plasmas to sustain low-frequency oscillations associated with the

motion of ions. Such ion acoustic waves are analogous of sound waves in neutral

gas. The main difference is that in plasma the oscillations are transmitted from

a region of compression to a region of rarefaction by the electric field associated

with the electron pressure, rather than by collisions. In an ion acoustic wave the

electrons simply follow the motion of the ions. Assuming the electrons are in

equilibrium with the electrostatic potential and a warm unmagnetised plasma,

the dispersion relation for an ion acoustic wave is:

ω2 =

(
γekBTe + γikBTi

mi

)
k2. (2.27)

As the electrons move very quickly their distribution may be assumed to be

isothermal. Therefore the electrons have an effective one dimensional specific heat

ratio γe = 3 while the ions suffer one dimensional compression in the plane wave,
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along the wave propagation axis with γi = 3. Equation 2.27 can be rewritten as:

ω

k
=

√
kBTe + 3kBTi

mi

≡ Cs, (2.28)

where Cs is the ion acoustic sound speed. For the ion acoustic wave the dispersion

relation is linear (ω = Csk) and the phase and group velocity is equal to Cs.

Typically Ti is negligible so the sound speed can be simplified to:

Cs '
√
zkBTE
mi

, (2.29)

where z is the ion charge state.

2.1.7 Laboratory plasma generation techniques

Despite its abundance in the universe, plasma is rarely seen naturally in our

everyday terrestrial existence (excluding the Sun and lightning). Approximating

for ordinary air at room temperature, nn = 3× 1025 m−3, T = 300 K and Ui =

14.5 eV (for nitrogen), using the Saha equation (Equation 2.4), the degree of

ionisation is incredibly low [47]:

ni
nn
≈ 10−122. (2.30)

This explains why we do not typically see plasma phenomena outside of the

laboratory or specialised equipment. There are several methods of generating

plasma of varying temperatures and densities in the laboratory including electrical

arcs [57], glow discharge tubes [58], and of course lasers.
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2.2 Lasers

The high and ultra-high power lasers that this work refers to are typically bulk

lasers where the gain medium is a solid state piece of doped crystal or glass, and

the beam often propagates in free space between optical components. Such lasers

are highly sensitive, bespoke pieces of engineering and often require continuous

maintenance to ensure their high performance. In this thesis high-power lasers

will refer to those that are in the tens to hundreds of terawatts (TW) regime,

whilst ultra-high will refer to those of ∼ 1 PW (petawatt).

The interaction lasers (that is the lasers incident on the target that causes

the physics of interest) used in this thesis, are all pulsed. However, continuous

wave (CW) lasers are frequently used during experimental set up to aid with

target, diagnostic and optical component alignment. They can also be used,

when injected into the same optical beam path as the interaction laser, to assist

with focusing and optimisation of the interaction beam.

In this work short-pulse lasers will refer to those with a FWHM (Full Width

at Half Maximum) pulse length of between 0.5-10 ps (picosecond)3 and long-pulse

will refer to those with a duration of 0.5-100 ns (nanosecond). This section will

cover short-pulse lasers as they have been used in all work presented in this

thesis. Where long-pulse lasers have been used their operation will be described

separately within those sections.

2.2.1 Overview of laser amplification history

The demonstration of the first pulsed laser (an acronym for Light Amplification

by the Stimulated Emission of Radiation) in 1960 [1] was initially described as

a “solution seeking a problem”. Today, there are thousands of types of laser,

differing in pulse length, wavelength, energy and gain medium, used in countless

applications from communications to entertainment and from medical procedures

to military uses. Most laser types are, however, used for specialised scientific

research. High-power, pulsed lasers (of the type used in this research) have ex-

perienced significant progress over the last ∼50 years, in the continual pursuit of

higher intensities.

3one picosecond is to one second, as one second is to approximately 31 689 years
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Figure 2.3: Graph of laser intensity over time. From [59]

Initial advancements included the development of Q-switching (see Section

2.2.4.1), to increase the pulse energy, and later Mode-locking (see Section 2.2.4.2)

to decrease the pulse length. However, progress in increasing laser intensity stag-

nated due to the intensity dependent behaviour of the refractive index of a non-

linear optic material. To amplify a pulse efficiently it is important for the laser

seed pulse to have a fluence (energy per unit area) close to that of the chosen

amplifier material’s saturation fluence, given by:

Fsat =
hν

σem + σabs
' hν

σem
, (2.31)

where hν is the photon energy of the central frequency of the seed laser and σem

and σabs are the emission and absorption cross sections, respectively. For four

level gain media such as Ti:Sapphire, Nd:YAG or Nd:glass, σabs ' 0, as they do

not reabsorb at the lasing wavelength. The saturation fluence for these materials

can lead to intensities in excess of 1012 W cm−2, which is above the laser dam-

age threshold (LDT), causing permanent modification to, or destruction of the

amplifiers, or other optical components along the beam line. Even higher intensi-

ties may be realised within the medium after considering non linear propagation

effects such as self-focusing due to the Kerr effect [60]. This is given by:

η(r, t) = η0 + η2I(r, t), (2.32)
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where η0 is the initial refractive index, η2 is the non-linear index and I is the

laser intensity, commonly of a Gaussian spatial profile. As the laser beam is more

intense at the centre, it will experience a higher refractive index than the wings.

This causes a distortion to the wave phase given by the “B-integral” [61]:

B =
2π

λ

∫ L

0

η2I(r, z)dz, (2.33)

where L is the propagation distance, and λ is the laser wavelength. The B-

integral is a measure of the nonlinear phase shift of the laser light. It calculates

the exponential growth of the least stable spatial frequency in the beam.

The inability to overcome the damaging of the amplifier material due to such

energetic beams caused the plateau in laser intensity development. The initial

school of thought behind overcoming this issue was to expand the beam in space

i.e. large diameter optics. Such huge optics are impossible to manufacture to

the required standard or are prohibitively expensive to all but the largest of

government funded research establishments.

In 1985 Donna Strickland and Gérard Mourou published their article “Com-

pression of Amplified Chirped Optical Pulses” [6], detailing a methodology of

increasing laser intensity without causing damage to optical components by ex-

panding the pulse in time, not space. As laser peak power is a function of pulse

length and pulse energy, higher intensities can be realised by increasing pulse

energy (amplification techniques) or by shortening the pulse length (compression

techniques).

The Chirped Pulse Amplification or CPA technique is the most recent and sig-

nificant leap in the advancement of high power laser technology. This innovation

has been so important to laser research and its associated fields that it shared

the 2018 Nobel Prize in Physics [7]. The further development of OPCPA front

ends (see Section 2.2.4.4) to existing CPA systems has seen peak laser intensities

increase by nearly 10 orders of magnitude compared to the pre-CPA era.

2.2.2 Types of laser amplifier

Most optical amplifiers are laser amplifiers where the gain in energy is based

on stimulated emission. If a laser-active atom or ion is in an excited state, it

will, after some time, randomly, spontaneously decay into a lower energy level,

releasing energy as a photon. However, it is possible to stimulate the emission

of these photons by using an incoming photon of the appropriate frequency. The

emitted photon will be in the same optical mode as the incoming photon, hence

amplification.
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Laser amplifiers [62] are typically large pieces of crystal or glass used in bulk

form, whilst some act as wave guides, such as fibres. Bulk optical laser amplifiers

typically only provide moderate gain of a few decibels. The effective gain can be

increased by arranging multiple passes of the photons through the same amplifier.

Multi-pass operation can be achieved with combinations of mirrors which pass

the beam though the medium at slightly different angles.

A regenerative amplifier [63] is similar to a multi-pass amplifier, in that the

beam passes through it several times, but the method of doing so is different.

Instead of using mirrors to define a fixed path length through the gain medium,

regenerative amplifiers are achieved by placing the gain medium within an optical

resonator, with an optical switch. The number of trips the pulse makes through

the medium is defined by the timing of the opening of the optical switch.

Stimulated emission is not the only way to achieve optical amplification. Op-

tical parametric amplification [64, 65, 66] utilises the non-linearities of particular

mediums, typically the χ(2) non-linearity exhibited in a crystal lacking inversion

symmetry. This allows parametric amplification, where a signal beam propagates

through the crystal together with a pump beam of shorter wavelength. Photons

of the pump wave are converted into lower energy signal photons, and the same

number of so called idler photons (the energy of idler photons is the difference

between the photon energies of the pump and signal waves).

A distinct difference between laser amplifiers and parametric amplifiers is

that whilst laser amplifiers can store energy in the crystal, non-linear amplifiers

provide gain only whilst the pump wave is present.

2.2.3 Laser bandwidth

Consider the time-frequency characteristics of a laser pulse. Fourier theory tells

us that lasers must be continuous wave (CW) or have very long pulses in order

to generate light with a very narrow spectrum of frequencies (monochromatic).

In order to produce ultra-short pulses, this means the opposite must be true, the

bandwidth of the laser must be very large (see Figure. 2.4).
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Figure 2.4: Graphic showing the frequency spectrum of long and short laser
pulses.

Considering a laser pulse with a Gaussian temporal intensity profile e−at
2
, its

frequency spectrum F (ν) is given by [67]:

F (ν) = FT
[
e−at

2
]

=

√
π

a
e−π

2ν2/a. (2.34)

For a pulse with length t (FWHM), the uncertainty relationship is ∆ν · t = 0.44.

2.2.4 Pulse compression and amplification methods

2.2.4.1 Q-switching

Q-switching [68, 69] is achieved by placing a variable attenuator called a q-switch

inside the laser resonator. When this is functioning, resonator losses are kept

high, so light leaving the gain medium does not return and lasing cannot begin.

Instead, energy pumped into the gain medium accumulates and is only limited by

spontaneous emission, until saturation is reached. At this point, the q-switch (by

active or passive means) quickly changes to make resonator losses small, resulting

in large amplification, causing the gain medium to be depleted very quickly. The

net result is a short intense pulse (sometimes referred to as a giant pulse) with

high peak intensity. Q-switching leads to lower repetition rates, and longer pulse

durations, but higher pulse energies compared to mode locking.

2.2.4.2 Mode locking

In a laser cavity, a single pulse bouncing back and forth will result in the emission

of an infinite train of pulses with a temporal separation given by the round trip

time in the cavity. The Fourier transform of this gives the laser frequencies which

are a comb of laser modes, modulated by the envelope, dependent on the pulse

width. If these modes have random phases, there is CW emission. To produce

short pulses, the modes must be in-phase or mode-locked [70, 71, 72, 73, 74]. This
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gives high intensity at the centre of the pulse, which sharply drops off with time

as the multiple frequencies get out of phase.

The most common method of achieving mode locking is by utilising Kerr

lensing [60]. The centre of the pulse experiences a larger phase delay due to the

increased refractive index, causing self-focusing. An aperture can be used to only

allow the focused, high intensity part of the beam, out of the resonator, removing

the phase modes that lead to CW emission.

2.2.4.3 CPA

A typical high power laser facility using the CPA [6] technique, consists of a

front end, where seed pulses are produced (typically from commercially available

system), a stretcher (typically diffraction gratings), an amplifier chain, that may

consist of some or all of the following types of amplifiers (laser, multi pass, re-

generative, parametric), a compressor (a second pair of diffraction gratings) and

a reflective focusing optic (typically an Off-Axis Parabolic mirror (OAP)).

Figure 2.5: Graphic showing the CPA method. From [75].

In CPA, before passing through the amplifier medium, the laser pulse from

the oscillator is temporally stretched by a factor of 103-105. To do this, dispersive

optics such as prisms or diffraction gratings are used to induce a chirp (the time

dependence of the pulses instantaneous frequency), causing temporal ordering

of the different wavelengths. Gratings are typically used as they can introduce

higher dispersion and are more suited to high energy pulses, as the pulse does

not propagate through the material. As the chirped pulse is stretched in time, its

intensity is significantly lowered below the damage threshold, and it can be safely
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amplified in the gain medium. Finally, the amplified pulse is compressed back,

close to the original pulse length, using a compressor grating that reverses the

chirp and temporal stretch. The beam must be expanded in space at this point

to reduce the intensity on the grating surface to below the damage threshold.

2.2.4.4 OPCPA

CPA was originally developed for use with laser amplifiers (where the amplifi-

cation is based on stimulated emission), however it was also soon realised appli-

cable to optical parametric amplifiers. Parametric amplification is a non-linear

phenomenon where a signal can be amplified using a pump wave. It differs from

laser amplification via stimulated emission as it does not involve the excitation

of a medium to higher energy levels.

OPCPA [76] utilises a suitable non linear crystal, a high intensity pump beam,

and uses these to amplify a lower frequency, lower intensity signal beam (see

Section 2.2.2). When this OPA (optical parametric amplification) technique is

applied to a chirped signal beam, it is referred to as OPCPA [77]. OPCPA systems

are used in most ultra-high power laser systems such as Vulcan Petawatt [78] and

Orion [79].

2.2.5 Focusing laser pulses

Typically in laser plasma physics, high-power laser beams are focused using off-

axis parabolic mirrors (OAP). Optics such as lenses, where the beam passes

through the optic, would be damaged by the intensity, so instead reflective focus-

ing optics are used. Off-axis parabolas are chosen so the focal spot is off to one

side of the parabola so the full aperture of the beam can be focused onto target.

For a Gaussian pulse, its radius is defined as the width at which the intensity

has dropped by 1/e2 from the central axis. If this beam is focused perfectly by

an optic of focal length f , the minimum focal waist w0 is determined only by

diffraction (diffraction limited). The beam waist radius is given by:

w0 =
2fλ

πD
. (2.35)

The Rayleigh length:

z0 =
πw2

0

λ
, (2.36)

is the distance from the focus at which the intensity drops by a factor of two,

along the beam axis. It is typically referred to as the length within which half

the pulse energy is contained.
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In practice, factors other than diffraction can affect the quality of a focal spot.

To correct for wave-front aberrations, damage or non-uniformities in optics, an

adaptive optic (AO) system can be used, typically consisting of a wave-front

sensor and a deformable mirror. This optic can add aberrations into the beam

to counteract those introduced by non-ideal optics, to ensure the net result is

optimised beam quality.

2.2.6 Laser contrast and temporal profile

The intensity-time profile of a CPA produced laser pulse has several distinctive

features (see Figure 2.6).

Figure 2.6: Typical temporal profile of laser pulse intensity in the first and second
harmonics at the Orion laser, AWE. From [80].

In laser mediums with large gains, the luminescence from spontaneous emis-

sion, can be amplified to high levels of power. This amplified spontaneous emis-

sion (ASE) and other laser pre-pulses can have enough energy to ionise and create

pre-plasma on a target surface or, in the case of ultra thin targets, destroy them

completely. In order to understand the phases of a laser-solid interaction, it can

be useful to define the laser contrast at time t as the ratio between the laser

intensity at time t and the peak intensity I0:

Contrast Ratio(t) =
I(t)

I0
. (2.37)

As contrast depends on the time at which it was measured, it is important to

quote contrast with the time it is measured with respect to. Measurements at

a time of tens of picoseconds before the peak intensity give an indication of the

rising edge of the beam, whilst measurements nanoseconds before the peak give

indication of the pedestal preceding the main pulse.

There are many different phenomena that can affect the contrast of a CPA
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laser [81]. Light referred to as uncompensated dispersion can be introduced by a

non-optimum compression of the pulse during the final stage of CPA. This can

be due to a mismatch between the stretchers, or to phases introduced at other

locations along the optical path. Both introductions lead to a final pulse with a

non-linear angular phase, causing pulse lengthening and changing the intensity

profile. The relatively high intensity of the beam at different points throughout

the laser chain can result in changes to the refractive index in the amplifiers, and

thus the introduction of accumulated non-linear phase components.

Gain narrowing and gain shifting can occur in the amplifier chain due to the

finite gain bandwidth of the amplifier medium. Often the output from the laser

oscillator does not perfectly match the peak of the amplifier medium gain. This

can result in a shift of the spectral peak of the pulse as it propagates through the

amplifiers.

ASE is the most important feature of the profile to consider as it forms the long

(ns) pedestal preceding the main pulse. During amplification, the gain medium

is pumped to achieve population inversion, to allow stimulated emission. Despite

the electron’s excited states mean life time being of sufficient length to allow

lasing, there is a probability that some electrons will decay before the seed pulse

arrives. This leads to spontaneous emission of photons in all random directions

[82]. Most of these photons will exit the gain medium without being amplified.

However, there is a small solid angle for which photons will travel down the optical

axis of the gain medium and are thus amplified [83].

Sometimes within the stretchers of laser systems, it is not possible for all of

a dispersed chirped pulse to be incident on the secondary grating. This results

in light at some wavelengths being lost in what is referred to as hard spectral

clipping. As a broadband spectrum is necessary for ultra-short pulses, the loss

of some frequencies at one or both ends of the spectrum can result in energy loss

and temporal stretching of parts of the pulse.

Pre/post-pulses are commonly introduced by unavoidable, secondary reflec-

tions in the laser chain. These reflections will appear as post-pulses before the

compressor, but due to the reordering of the frequencies during compression, they

become pre-pulses by the time the beam is on target at TCC (Target Chamber

Centre).

2.2.6.1 Improving laser contrast

As high contrast laser pulses can be of crucial importance for some experiments,

there are several methods for improving the contrast of a laser such as the use of

saturable absorbers, converting to harmonics, or using plasma mirrors.

Saturable absorbers [84] are optical components that exhibit a certain optical
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loss which is reduced at high intensities. The low intensity pedestal is absorbed

whilst the high intensity main pulse is reflected.

The use of harmonic generation [85] takes advantage of the non-linear depen-

dence of harmonic generation in doubling crystals with respect to the intensity.

This means the conversion efficiency is significantly higher for the main pulse than

the pre pulse or pedestal. Any residual light at the fundamental harmonic can be

removed using dielectric optics that only reflect at the second harmonic. Despite

the considerable contrast enhancement (see Figure 2.6) the change in laser wave-

length can be detrimental to some experiments, and the discarded light results

in a reduced pulse energy on target.

Plasma mirrors [86, 87] are an ultra fast optical switch made of a glass sub-

strate with an anti-reflective coating. As the beam intensity on the plasma mirror

increases, the surface can become ionised, leading to the formation of an over

dense region of plasma that is reflective to light arriving later in time.

Figure 2.7: Graphic showing the transmission of pre-pulses and ASE and reflec-
tion of main pulse from a plasma mirror. From [88].

The ASE and pre-pulses are not reflected, but simply activate the reflection of

the optic for the higher intensity main pulse (see Figure 2.7). The use of double

or multiple plasma mirrors [89] can further improve the contrast whilst special de-

signed elliptically shaped plasma mirrors [90] can also introduce a tighter focusing

of the laser spot.

2.2.7 Targetry

Work in this thesis primarily concerns the interaction of intense laser pulses with

solid targets. Target parameters can have a huge influence on the interaction dy-

namics so proper target characterisation is always important during experimental

work.

Typical targets in this thesis have been solid gold (Au) (due to the low charge
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to mass ratio of Au ions, leading to protons being preferentially accelerated (see

Section 2.4.1)), flat foils with a thickness in the tens to hundreds of microns.

Targets are typically mounted on a stainless steel, glass or carbon rod to hold

them in the interaction chamber in an attempt to suppress EMP [91].

To ensure targets interact with the highest possible intensity, they must be

placed with precision within the Rayleigh range of the laser (see Section 2.2.5),

typically tens of microns. Alignment has typically been achieved via collecting

and imaging back-scattered light using a retro camera and low power CW align-

ment laser. Often a thin fiducial wire or alignment tip is added to the target to

assist with alignment.

2.3 Laser plasma physics

2.3.1 Laser field

In order to understand the physics of an intense laser-matter interaction, it can be

helpful to look at the electromagnetic fields interacting with individual charges.

The oscillating electric E and magnetic B fields associated with a laser, in

the absence of external fields, can be described in terms of the vector potential

A and phase ψ via the following relations:

A = A0e
iψ, (2.38)

E = −∂A

∂t
, (2.39)

B = ∇× A. (2.40)

2.3.2 Single particle motion

The motion of a particle in an EM field E and B is described by the Lorentz

equation:
dp

dt
= −e(E + v × B), (2.41)

with an energy equation:

d

dt
(γmc2) = −e(v · E), (2.42)

where p = γmv, and γ = (1/
√

1− v2/c2) is the relativistic factor [92].

In the non-relativistic case (v � c) the electric field component eE is dom-

inant, and the electron will only oscillate along the electric field direction (laser

polarisation axis). When the velocity of the electron approaches the speed of
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light (v ' c), the magnetic component e(v × B) must be taken into considera-

tion. This term pushes the electron along the laser propagation axis, or Poynting

vector, of the laser. This force is called the ponderomotive force [47, 52].

2.3.3 Ponderomotive force

The ponderomotive force Fp on a single electron is defined by [93]:

Fp = − e2

4meω2
∇E2

s , (2.43)

where ω is the angular frequency of the laser pulse and Es is the spatial component

of the electric field. The ponderomotive force always acts to expel particles from

a region of high laser intensity, regardless of charge, along the laser propagation

axis.

2.3.4 Dimensionless amplitude and relativistic threshold

The dimensionless parameter a0, describes the normalised amplitude of the laser

field:

a0 =
eE0

ωmec
= 0.85

√
Iλ2µm

1018 W cm−2
, (2.44)

where E0 is the laser’s electric field amplitude. If a0 � 1 the laser is said to be

in the non-relativistic regime, a0 ' 1 is a regime with weakly relativistic effects,

whilst a0 > 1 is said to be the fully relativistic regime.

2.3.5 Ionisation processes

The ionisation of a solid target by an intense laser pulse can be divided into two

regimes by the Keldysh parameter [94]:

λk = ω0

√
2Eion
IL

, (2.45)

where ω0 is the laser frequency, Eion is the ionisation energy and IL is the laser

intensity.

For λk < 1 the laser field is strong enough to directly ionise atoms. Electrons

in atoms are trapped in a potential barrier associated with the atomic electric

field:

eφ = −Ze
2

r
, (2.46)

where φ is the electrostatic potential of the atomic field and Z is the charge state

of the atom after the electron is removed, and must be freed before they can
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interact with external fields. One obvious way to overcome this barrier is via

direct ionisation of the target by the laser field. In the presence of a laser field

the potential becomes:

eφ = −Ze
2

r
− eEr, (2.47)

where the laser’s electric field E is assumed to be static, as the laser frequency ω

is often much lower than the frequencies of atomic transitions.

If the laser field is comparable to the atomic field, the potential barrier is

suppressed and the electron is freed. This is called ionisation by barrier suppres-

sion (BSI) [95]. As an example, the laser intensity required for BSI of hydrogen

atoms is ' 1.4× 1014 W cm−2 [92] and thus this process is the dominant form of

ionisation for intense (> 1014 W cm−2) laser interactions with solid targets.

However, for λk > 1 ionisation may occur via multi-photon processes [96, 97,

98]. In this case, an electron absorbs many low frequency photons simultane-

ously, or one high frequency photon via the photo electric effect, which results in

excitation of the electrons from the bound state to a free continuum state.

2.3.6 Laser propagation in under dense plasma

The concept of over and under dense plasmas in terms of EM wave interactions

has already been introduced in Section 2.1.6.2. Whilst this is valid for all EM

waves, there are some special cases concerning laser interactions.

As soon as the ASE pedestal is incident on a target surface, it will ionise

and create pre-plasma, which will start isothermally expanding away from the

target surface at a velocity given by the ion sound speed (Equation 2.29). This

introduces a density gradient to the target material with a profile given by:

ne = n0 exp

(
− z

Ln

)
, (2.48)

where Ln is the density scale length and corresponds to the distance over which

the density falls by a factor of 1/e of its unperturbed density. As an approximation

the scale length can be calculated by considering the laser pulse duration τL as:

Ln ' CsτL. (2.49)

This means the main laser pulse will interact with a density gradient.

2.3.7 Relativistic induced transparency

We have seen that the critical density is the plasma density for which no EM wave

can propagate. However, during the interaction of an intense laser pulse, an over
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dense plasma can become transparent. Due to the time dependence of the Lorentz

factor in the equation for critical density (Equation 2.25), the critical density can

increase in value for relativistic electrons or, equivalently, the relativistic correc-

tion to the mass of the electron becomes significant. This is called laser-induced

transparency, or more commonly, relativistic induced transparency (RIT). This

phenomena is particularly important when considering ultra-high intensity lasers

(1021 W cm−2) interacting with ultra-thin (nm) targets, as the whole target can

become transparent due to the finite number of electrons.

In other cases, even when the plasma remains over-dense throughout the du-

ration of the laser interaction, the laser can still penetrate through the critical

density surface in the form of an evanescent wave but suffer exponential attenu-

ation over the collisionless skin depth (see Equation 2.26).

2.3.8 Self-focusing

When a laser pulse propagates through an under dense plasma, the intensity

of the pulse can be increased due to non-linear effects such as relativistic self-

focusing. This is due to the non-uniform refractive index η of the plasma given

by:

η =

√
1− ne

nc
=

√
1−

(
ωp
ωL

)2

∼

√
1− k

γ
, (2.50)

where k is a constant. For a Gaussian laser profile, higher intensities are found

at the centre of the beam, and so the refractive index is higher than at the wings.

2.3.9 Absorption mechanisms

During the propagation of the laser pulse, there are many different mechanisms

that can lead to energy transfer from the laser to the plasma [99]. These absorp-

tion mechanisms depend on different laser parameters such as pulse duration,

wavelength and intensity.

2.3.9.1 Inverse bremsstrahlung

Inverse bremsstrahlung [52, 100] is a collisional absorption mechanism that takes

place in under dense regions, where the plasma is heated due to the collisions of

laser driven electrons with the rest of the plasma. In normal bremsstrahlung, an

electron collides with an ion and loses part of its energy, which is emitted as a

photon. In inverse bremsstrahlung, a photon is absorbed when an electron and

ion collide.
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Electrons gain energy by initially oscillating in the laser’s electric field, and

then transfer this energy to ions when they collide. This results in spatial damping

of the laser pulse and gives rise to random electron velocities. The spatial damping

rate of the pulse energy is give as [52]:

kib ∝
Zn2

e

T
3/2
e (1− ne/nc)1/2

. (2.51)

Assuming a Maxwellian distribution of electrons with temperature kbTe and

a linear plasma density profile of scale length Ln, the fraction of energy absorbed

due to inverse bremsstrahlung is given by [100]:

fib = 1− exp
(
−32

15

νei(ncr)

c
Ln

)
, (2.52)

where νei(ncr) is the electron-ion collision frequency at the critical density, which

is defined as:

νei(ncr) =
[
3× 10−6 cm3 eV

3/2
]
ne

Z ln(Λ)

(kBTe)
3/2
, (2.53)

where ne is the electron density, Z is the ionisation state, and Λ is the Coulomb

logarithm (the factor by which small-angle collisions are more effective than large-

angle collisions).

Collisional absorption mechanisms are primarily relevant during the initial

stages of a laser interaction, before the pulse reaches peak intensity. They deter-

mine the initial temperature of the cold electron background population which

later interacts with the intense part of the pulse in the collisionless regime.

2.3.9.2 Resonance absorption

Resonance absorption [52, 92, 100, 101] is a collisionless absorption mechanism

that occurs at the critical surface where the laser is reflected back from an over

dense plasma. A fraction of laser energy excites an electron plasma wave [52, 100]

which in turn accelerates a small number of hot electrons.

In order to excite a plasma wave, a component of the lasers electric field

must be in the propagation direction of the plasma wave. Resonance absorption

therefore only occurs at oblique angles of incidence. A p-polarised laser beam is

required so that the electric field is perpendicular to the plane of incidence.

In the second step of resonance absorption, a fraction of the energy from the

electron plasma wave is transferred to a small number of energetic electrons via

collisionless wave damping mechanisms such as Landau damping [47, 52].
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Considering a large plasma density gradient Ln > λ, the efficiency of resonance

absorption is given by [100]:

fabs ≈
φ2(τ)

2
, (2.54)

where the function φ(τ) is given by:

φ(τ) = 2.3(−2τ 3/3), (2.55)

and where the variable τ is given by:

τ = (ω0Ln/c)
1/3 sin θ. (2.56)

Resonance absorption disturbs the initial electron distribution by creating a

small population of hot electrons, leading to two populations (hot and cold) of

electrons described by separate Maxwellian distributions with separate tempera-

tures.

Vacuum/Brunel heating In plasmas with a steep density gradient, reso-

nance absorption is not possible, as oscillations cannot be sustained. In Brunel

heating [102, 92, 103], electrons at the critical density surface are pulled into the

vacuum, and pushed back into the target by the p-component of the lasers electric

field, within half a laser cycle. The electrons return to the target with a velocity

comparable to their quiver velocity in the laser field in a vacuum. As the laser

only penetrates the target up to the skin depth, there is no restoring force on

the electrons in the second half of the laser cycle, and so they are forced into the

target. The energy absorption fraction is given by [92]:

ηB =
1

πa0
f
[
(1 + f 2a20 sin2 θ)2 − 1

] sin θ

cos θ
, (2.57)

where f = 1 + (1−ηa)1/2 is the field amplification factor, and ηa = 1/(1−ω2
0/ω

2
p).

As electrons are accelerated within each laser cycle, bunches of electrons are

injected into the target at the laser frequency.

J×B heating At high intensity, the longitudinal motion of electrons in the

laser field, due to the v×B component of the Lorentz force, becomes comparable

to the transverse motion from the electric field. This causes electrons to be driven

across the boundary between plasma and vacuum by the magnetic field [100, 104].

Electrons are again accelerated in bunches at the frequency of v × B, or twice

the laser frequency.
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The energy gain of the electron bunches driven by the J×B force [105] can be

approximated by the ponderomotive potential of the laser [100, 106]:

kBTh = 0.511

(√
1 +

I18λ2L
1.37

− 1

)
MeV, (2.58)

where the intensity I is in units of 1018 W cm−2 and λL is in microns (µm).

2.3.10 Hot electron transport

In laser plasma interactions a significant portion of laser energy is transferred

into relativistic electrons. The current carried by these electrons can be esti-

mated from the laser energy, pulse duration and electron temperature, by Ie '
EL/τL/(3kBTe/2) [107], leading to peak currents on the order of tens of mega-

amperes (MA), propagating through the target. The transport of such high

currents through solid targets and vacuum requires charge neutrality to enable

its propagation. However, there is a limit to the maximum current which can

propagate through a material. This limit is governed by the self-generation of a

magnetic field acting to reverse the electron flow, and is given by the Alfvén limit

[108]. For a beam of relativistic electrons the Alfvén current is:

JA = βγ
mec

3

e
' βγ17× 104 A, (2.59)

where β = ve/c and γ = 1/
√

1− β2.

In laser solid interaction, the relativistic electron current typically exceeds the

Alfvén limit. In order for this to be the case, charge neutrality has to be achieved

via a return current Jr [107]:

Jh + Jr < JA, (2.60)

where Jh ≈ −enhvh and Jr ≈ −encvc are the charge densities for hot electrons

and return currents respectively, and nh,c and vh,c are the hot and cold electron

densities and velocities. This is because the Alfvén refers to the maximum net

current in a medium. The return current is provided by the ionisation of an

un-irradiated part of the target, which is usually induced by charge separation

from the electrons that escape the laser interaction region, and penetrate into the

target. The hot electron current may not be completely balanced by the return

current, giving rise to the growth of magnetic fields [109]. The induced magnetic
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field Bmax can be estimated by:

Bmax ∝
I

2/3
17 τLλ

−2/3
µ

σerL
, (2.61)

where rL is the radius of the laser focal spot, τL is the laser pulse duration, I is the

laser intensity in units of 1017 W cm−2, σe ≈ nee
2/mevei is the target conductivity

and λ is the laser wavelength in microns.

The fastest of the electrons reaching the back of the target will escape, leading

to a quasi-static space-charge field. The electric field is strong enough to reflect

the majority of the fast electrons back into the target, in a process referred to as

re-circulation or fast electron re-flux [110, 111, 112, 113, 114].

2.4 Laser driven ion acceleration

Figure 2.8: Graphic showing the conditions at which different ion acceleration
mechanisms dominate. From [115].

The acceleration of ions to multi-MeV energies by the interaction of an intense

laser with a solid target was first reported around 20 years ago [116, 11, 117, 9,

10]. Since then, several mechanisms and regimes of ion acceleration have been

identified based on different target and laser parameters, such as TNSA, RPA,

CSA and hybrid regimes [14, 118]. Identifying which mechanism is dominant

under which conditions is important in optimising ion beam acceleration [119,

120, 121, 122, 15]. A common feature of most of these mechanisms is that the ions

are accelerated by intense electric fields, which develop as a result of the strong

charge separation, directly or indirectly induced by the laser interaction [123].
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Two main sources of charge displacement can be identified as the ponderomotive

force (see Section 2.3.3) on electrons at the front surface (such as in RPA, see

Section 2.4.2) and the absorption of laser energy into the hot collisionless electron

population.

2.4.1 TNSA

In 2000, three experiments [117, 9, 10] independently reported on the observation

of the emission of multi-MeV protons from either plastic or metallic solid target

foils, when irradiated with high intensity (> 1018 W cm−2) laser pulses. Protons

were detected at the rear side of the target (rather than the laser irradiated face)

[11, 116] and were collimated along the target normal direction. The source of

these protons is now known to be a thin (nm) layer of water or hydrocarbon

contaminants on the target surface [124], likely originating from vacuum system

hydrocarbons, air and residue from the target fabrication/handling process. Be-

cause of its low ionisation potential and high charge-to-mass ratio, hydrogen is

among the first ion species produced and most effectively accelerated, thereby

screening the space-charge fields for all other ion species. Heavier ions from the

bulk target material are effectively screened from the TNSA potential by the

lighter ions and are much less efficiently accelerated.

Figure 2.9: Graphic showing the TNSA acceleration mechanism. (a) Plasma
is generated at the front target surface by the ASE pedestal. (b) Electrons
are accelerated into the target as the peak laser intensity reaches the target.
(c) An electron sheath is formed on the target rear surface by the hot electrons
penetrating through the target. The generated quasi-static electric field is capable
of accelerating ions. From [125].
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Target Normal Sheath Acceleration (TNSA) [14, 11, 123] is the most widely

achieved and therefore researched, laser-ion acceleration scheme. The basic prin-

ciple of ion acceleration via TNSA is as follows [11]: An intense laser pulse

(IL > 1018 W cm−2) incident on a thin (tens to hundreds of microns) target,

that remains opaque to the laser, generates a hot electron population (see Sec-

tion 2.3.10). During the interaction, the pedestal preceding the main pulse ionises

the target and generates a front surface plasma resulting in energy transfer from

the laser to electrons in the plasma via the mechanisms described in Section 2.3.9.

These electrons are able to propagate through the target material and reach the

rear side, where a small number will leave the target and extend out by several

Debye lengths (see Section 2.1.3). This creates a quasi-static sheath field Es at

the rear side [111, 110, 126], estimated by:

Es '
kBTe
eλD

=

√
kBTene
ε0

. (2.62)

This sheath field accelerates ions from the nm thick contaminant layer present

on the target surface from the deposition of moisture and hydrocarbon impurities

[127]. Protons are preferentially accelerated due to their high charge-to-mass

ratio, but heavier ions such as carbon can be accelerated if the sheath field is

strong enough, or if the targets are prepared in such a way as to limit the presence

of contaminants [128, 129, 130, 124]. Considering typical values for a laser-solid

interaction, plasma density (nh ∼ 1023 cm−3) and temperature (kBTh ∼ 1 MeV,

assuming ponderomotive heating as the main mechanism), an electric field on the

order of TV m−1 is created. This strong electric field ionises the atoms on the

rear surface and accelerates them to multi-MeV energies [131]. The broadband

energy spectrum from TNSA is a result of the distribution of the electric field on

the rear surface of the target. Since the electron beam that establishes the sheath

field diverges as it moves through the target, the potential varies as a function of

position on the surface.

2.4.1.1 Experimental evidence

In experiments performed with both long [127] and short [132, 133, 134] laser

pulses, protons and heavier ions were detected in the “towards laser” direction

with large angular distribution. This was initially interpreted as acceleration

during the expansion of the hot laser produced plasma on the laser irradiated

side [14].

The acceleration of ions in the laser direction with a high degree of colli-

mation and laminarity [117, 9, 10] generated huge interest in understanding the

mechanism and potential applications. Subsequently, most of the experiments in-
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vestigating proton acceleration from the laser interaction with solid targets, have

been explained within the TNSA framework proposed by Wilks et al. [11].

Rear surface acceleration A distinctive feature of TNSA is the acceleration

of ions from the rear surface, perpendicular to the target surface [116]. Snavely

et al. [10] utilised wedge shaped targets, effectively having two rear surfaces,

and observed two separate proton beams in the normal direction of the two rear

surfaces. Hegelich et al. [124] removed contaminants from targets coated on the

rear side with C and CaF2 and subsequently detected high energy C and Ca ions,

confirming rear side acceleration. Allen et al. [135] removed contaminants from

the rear of Au foils, finding a strongly reduced yield of accelerated protons, whilst

removing contamination from the front surface had no effect on the ion beam.

Rear surface sheath Romagnani et al. [136] provided direct evidence of the

sheath field at the rear target surface, using the proton radiography technique

(see Section 3.3). A temporal series of proton images showed the propagation of

a bell-shaped ion expansion front.

Figure 2.10: (a) Experimental setup. (b)-(g) Proton imaging data at probing
times ∼ -4, 0, 3, 7, 13, and 25 ps respectively, and (h) proton deflectometry data
showing the ion expansion front. From [136].

2.4.1.2 Theoretical description

The term TNSA was coined by Wilks et al. [11] in their theoretical studies of the

experimental results obtained by Clark et al., Maksimchuk et al., and Snavely

et al. [117, 9, 10]. Several different theoretical models of the TNSA mechanism

have been developed [137, 138, 139, 140, 141, 142], based on either quasi-static

models that aim to describe the sheath field or dynamic (fluid) models that aim

to describe the plasma expansion.

Static models such as Schreiber et al. [141] and Passoni et al. [143, 144, 123]

consider the system for time periods longer than the electron dynamic scale, but

shorter than the ion scale, hence electron dynamics are considered whilst ions are

considered static.
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Passoni’s model finds a quasi stationary solution to the Poisson equation,

where the source charge is represented by the laser produced hot electron popu-

lation [143]. Only the electrons which are bound in the overall positive potential,

created by the lattice ions and themselves, form the quasi-stationary electron

cloud, whilst the most energetic ions overcome this potential barrier and escape

the system [145, 146, 129].

Under the assumptions that there is a two-temperature electron distribution

ne = nh + nc, where nh and nc are the hot and cold electrons respectively, and

two ion species, heavy (nH , bulk target constituents) and light (nL, specifically

protons), the 1-D Poisson equation for the electrostatic potential φ(x, t) is given

by:
∂2φ

∂x2
= 4πe(ne − ZLnL − ZHnH). (2.63)

To describe the regime in which the most energetic ions are produced, by strong

charge separation, the heavy ions are assumed stationary on the time scales of

interest, whilst light ions are considered too few to effect the evolution of the

electrostatic potential. Under these further assumptions, the potential is given

by:
∂2φ

∂x2
= 4πe[ne − ZHn0HH(−x)], (2.64)

where H is the Heaviside function.

The hot electrons are described kinetically and are assumed to follow a 1-D,

single temperature, Maxwell-Jüttner relativistic electron distribution [147],

fe(x, p) =
ñ

2mecK1(ζ)
exp

(
−W +mc2

Th

)
(2.65)

where W = mc2(γ − 1) − eφ, Th is the hot electron temperature, K1(ζ) is the

modified Bessel function of the second kind and ñ is the normalised electron

density distribution.

The negativity charged source in the Poisson equation is given by the bound

electron charge density:

nb(x) =

∫
W<0

fe(x, p)dp. (2.66)

By defining the dimensionless variables ξ = x/λD, ϕ = eφ/T , where λ2D =

mec2K)1(ζ)/(4πñe2), β(ϕ) =
√

(ϕ+ ζ)2 − ζ2, an implicit exact solution for the electro

static potential in the vacuum (ξ > 0) is given by:∫ ϕ(ξ)

ϕ0

dϕ′

(eϕ′I(ϕ′)− e−ζβ)1/2
= −
√

2ξ, (2.67)
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where ϕ0 = ϕ(0), ϕ′ ≡ dϕ/dξ = −
√

2 [eϕI(ϕ)− e−ζβ]1/2 , I(ϕ) =
∫ β(ϕ)
0

e−
√
ζ2+p2dp

and ϕ(ξ̃) = ϕ′(ξ̃)− ϕ′′(ξ̃) = 0.

The solution inside the target (ξ < 0) is:

d2ϕ

dξ2
= eϕI(ϕ)−B, (2.68)

where B = [ZHn0H−n0c/ñ]ζK1(ζ).

Assuming that the inside of the target is quasi-neutral, B can be written as :

B = eϕ
∗
I(ϕ∗), (2.69)

where ϕ∗ = ϕ(ξ = −ξd ≡ −d/λD) and d is the target thickness.

The relationship between ϕ0 and ϕ∗ is:

ϕ0 =
eϕ
∗
I(ϕ∗)(ϕ∗ − 1) + e−ζβ∗

eϕ∗I(ϕ∗)
. (2.70)

If ϕ∗ is determined then the electrostatic potential can be determined at any

location using Equations 2.67 and 2.68 [144].

Dynamic models [148, 149] on the other hand explain the plasma expansion

over time scales comparable to the ion dynamics, meaning every species is con-

sidered.

Mora’s isothermal expansion model [148, 149] builds on the theory of the

blow-off of energetic ions in long pulse (ns), modest intensity (∼ 1015 W cm−2),

laser solid interactions [127], with the addition of charge separation effects.

The model considers a 1-D isothermal fluid-like expansion of a semi-infinite,

quasi-neutral plasma into vacuum. Initial ions of density ni are considered at

rest, whilst electron density is described by a Boltzmann distribution:

ne = ne0exp

(
eφ

kBTe

)
, (2.71)

where φ is the electrostatic potential that satisfies Poisson’s equation:

ε0
∂2φ

∂x2
= e(ne − Zni). (2.72)

The electric field (E = −∇φ) at x = 0 can be obtained by integrating Equa-

tion 2.72 from x = 0 → ∞. The ion expansion into vacuum is described by the

continuity and motion equations [150, 151]:

∂ni
∂t

+
∂(nivi)

∂x
= 0, (2.73)
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∂vi
∂t

= v
∂vi
∂x

= −C
2
s

ni

∂i

∂x
, (2.74)

where ni, vi and mi are the ion density, velocity and mass, and Cs =
√

kBTe/mi is

the ion sound speed.

A self similar solution for the expanding ion front can be found for x+Cst > 0

[148, 150]:

ni = n0exp(−(1 + x/Cst)), (2.75)

vi = Cs + x/t, (2.76)

E =
Te
eCst

= Te/eL. (2.77)

The electric field at the ion front can be derived as [148, 149]:

Ef '
2E0

(2eN + ω2
pit

2)1/2
, (2.78)

where E0 = ne0kBTe/ε0, eN is the base of natural logarithm (' 2.71828) and ωpi =√
ne0Ze2/miε0 is the ion plasma frequency.

The ion front velocity vf is given by:

vf ' 2Cs ln
(
τ +
√
τ 2 + 1

)
, (2.79)

where τ = ωpit/√2eN .

The energy spectrum of the accelerated ion beam exhibits a Boltzmann like

distribution given by:

dN

dE
=

(
ni0Cst√
2EE0

)
exp

(
−
√

2EE0

)
, (2.80)

where E is the ion energy and E0 = ZKTe.

Although this model predicts the ion energy and distribution function, both

quantities diverge as t → ∞ as the assumptions of an isothermal expansion and

an infinite reserve of electrons lead to infinite ion acceleration. A correction can

be introduced [152] to constrain the acceleration time τacc = α(τL+τe→i) where τL

is the laser pulse duration, τe→i is the minimum time required to transfer energy

from the hot electrons to the ions, and α is a constant whose value has been

determined through simulations to be α ' 2.9 [152, 153].
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2.4.1.3 Properties of a TNSA proton beam

Under typical experimental conditions, foil targets will have a nm thick contam-

inant layer deposited on their surface, consisting of water vapour and hydrocar-

bons. This means a range of ion species other than the target’s bulk material will

experience the accelerating sheath field and therefore be present in the produced

ion beam. By choosing a bulk target material with low charge to mass ratio, the

species in the contaminant layer with high charge to mass ratio, will experience

preferential acceleration. This means TNSA driven ion beams are multi-species,

but dominated by protons originating from the ionisation of hydrogen in the

contaminant layer.

TNSA ion beams have a quasi-exponential energy spectrum, that extends

up to a sharp cut-off energy [154, 155, 126], that is driven by the distribution

of the fast electrons [149]. Ions are emitted normal to the target rear surface,

with an energy dependent divergence that sees the highest energy protons more

collimated [10, 156, 157]. This is governed by the Gaussian profile of the sheath

field [136, 158] and the quality of the laser focal spot [159]. Typically the smoother

the rear surface of the target, and the smoother the laser focal spot, the smoother

the ion beam spatial profile.

The ion beam is accelerated from a region of the target rear surface of a size

comparable to the laser focal spot. This leads to a highly laminar, low emittance

beam [15, 119], which is emitted from a virtual point-like source in front of the

target front surface. As the acceleration mechanism is only active during the laser

pulse, the ion beam is of a duration comparable to the accelerating laser (ps).

The high spatial quality, broadband energy spectrum, short duration, and

point-like source of TNSA ion beams make them highly suitable for a number of

applications.
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2.4.1.4 TNSA laser ion scaling

The energy spectra of TNSA is typically broadband up to an energy cut off.

Studies of the dependence of maximum proton energy on laser pulse duration

and irradiance have suggested a scaling of ∼ (Iλ2)1/2 up to values of Iλ2 =

3× 1020 W cm−2 µm2 [160, 152].

Figure 2.11: Maximum proton energies from laser irradiated solid targets as a
function of the laser irradiance for three ranges of pulse durations. From [161].

Ion energy scaling by the Mora model [148, 149] is in agreement with this

as it is predicated as Ei ∝
√
Iλ2 which has been experimentally observed inde-

pendently by [155, 153]. Recent results from NIF-ARC suggest that the use of

longer pulses (multi-ps) can generate a different scaling for TNSA, leading to an

increase in maximum proton energy by a factor of ∼ 5, by exploiting a larger

laser focal spot [162].
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2.4.1.5 Uses of TNSA proton beams

The unique properties of TNSA ion beams have led to their use or proposal for

use in a number of different scenarios (see Figure 2.12).

Figure 2.12: Parameter space showing the requirements for uses of laser driven
ion beams (red circles) and the region that can be currently accessed (shaded
yellow). From [163].

Medical One such use is as a replacement for conventionally accelerated ion

beams in proton therapy. Hadron therapy is a radiotherapy technique that uses

protons, neutrons or carbon ion to irradiate cancer tumours. Using ion beams in

cancer radiotherapy [164, 165] utilises the advantageous energy deposition via the

Bragg peak (see Section 3.3.2) compared to the more commonly used x-rays. The

stopping range of an ion is determined by its energy, avoiding radiating healthy

tissue around the tumour, whilst increasing energy deposition in the cancerous

cells. Protons of energies between 60 MeV and 250 MeV are of therapeutic in-

terest, depending on the location of the tumour. For carbon ions, energies of

400 MeV per nucleon are needed, but they exhibit higher biological effectiveness,

making them more suitable for cancer treatment [166]. Currently proton therapy

for cancer treatment is only available at a select number of institutions around

the world. This is because the equipment required to provide this treatment is

massive in expense and physical size. To expose a patient to a typical 10 nA beam

current for treating cancer, large magnetic beam steering systems called gantries

are needed. These gantries are massive (>100 t) and costly [167]. The advent of

table-top sized laser based proton accelerators has seen TNSA or other laser ion
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acceleration methods being investigated for cancer treatment [168], potentially

making it more affordable and accessible to millions of patients.

Another application within the field of medicine is in the production of iso-

topes. Several of the isotopes currently used in various medical imaging tech-

niques are short-lived, and rely on traditional accelerators or reactor based neu-

tron sources for their production. Positron Emission Tomography (PET) scans

require the patient to ingest a small amount of 18F in the form of the radio-

pharmaceutical fludeoxyglucose, which has a half-life of less than 2 h [169]. This

means the isotopes have to be produced in close proximity to the hospital so they

can be administered in time. Isotope production via a laser driven accelerator

has the potential to realise the generation of isotopes within a hospital itself,

increasing their availability and reducing costs.

The ideal ion beam for many of the proposed applications including hadron

therapy would be a high energy, mono-energetic, highly collimated beam. Protons

of energies between 60 MeV and 250 MeV are of therapeutic interest, depending

on the location of the tumour [170, 171] highlighting the need for an increase in

maximum ion energy from laser accelerated mechanisms. Currently the highest

achievable ion energy is ∼ 100 MeV [12] but this requires an ultra high contrast

laser beam achieved through the use of a plasma mirror, an ultra thin (nm scale)

target, and the use of a hybrid TNSA-RPA acceleration mechanism, all requiring

specialist preparation and adding complexity. The highest experimentally achiev-

able ion energies through a pure TNSA mechanism from a micron scale thickness

target has been reported as ∼ 60− 70 MeV [172, 173, 174], although the author

has observed proton beams of > 80 MeV achieved recently at the Orion Laser.

Applications in the medical fields also require strict control over the angular

(divergence) and spectral distribution of the ion beam. This is to ensure that a

high energy, mono-energetic beam of sufficient particle flux, can be produced at a

significant distance from the interaction target, allowing any potential patient to

be adequately shielded from the secondary radiation produced in the laser solid

interaction.

Fast ignition of fusion targets The conventional route to ICF relies on the

driven implosion of a pellet of fusion fuel (D-T) by either direct or indirect laser

ablation. Ignition occurs in a central “hot spot” but requires an extremely sym-

metrical drive and is prone to hydrodynamic instabilities, making it extremely

difficult. In Fast Ignition (FI) [37] the compression and ignition are separated

to allow hot spot generation on shorter time scales. Laser accelerated protons

[36] or light ions [175] have been suggested as the trigger for the hot spot due to

their localised energy deposition and low emittance of the beam, making them
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preferential over the traditional suggestion of relativistic electron beams as the

igniter in FI [176].

Warm dense matter generation Laser driven ion beams have also found an

application in the generation of Warm Dense Matter (WDM), by heating solid-

density targets via isochoric heating to create a state of matter at 1-10 times solid

density at temperatures up to 100 eV [177]. Heating with laser accelerated protons

is advantageous over X-ray heating [178] due to the large volume of material

that can be heated uniformly. The picosecond duration of laser accelerated ion

beams provides very rapid heating on time scales shorter than the hydrodynamic

expansion of the material [27, 25, 28].

Proton radiography The use of ion beams for radiographic applications was

first proposed by Koehler [179]. However, the associated costs and difficulties

in coupling conventionally accelerated ion beams with laser-plasma experiments

limited the application of this diagnostic. The properties of TNSA proton beams

which are undesirable for other applications (divergence and broad energy spec-

trum) are highly advantageous for radiography. TNSA protons have been used as

a diagnostic tool to study the dynamics of electromagnetic fields in laser produced

plasmas with high temporal and spatial resolution [38, 39, 40, 41]. The proton

beam is sensitive to electric and magnetic fields, which generate local modula-

tions in the proton density across the beam. The key feature of this application

is the production of a broad energy spectrum of protons from a point-like source,

with ultra-short (ps) pulse duration in a narrow cone so that a point-projection

imaging scheme provides multi-frame snapshots of the probed object, with high

temporal and spatial resolution [42].

2.4.1.6 Optimisations to be made to TNSA

Whilst the broad band energy spectrum of TNSA is beneficial to some appli-

cations (proton radiography, see Section 3.3), generally it is considered that for

most applications, considerable improvements are needed. Typically, an ideal ion

beam for many of the applications mentioned above would be a mono-energetic,

highly collimated beam. Hadron therapy requires a highly collimated, high energy

proton beam, whilst WDM generation requires a higher fluence of lower energy

protons. A mechanism for controlling TNSA proton beam properties (through

targetry, laser parameters or other methods) is therefore highly desirable. TNSA

also suffers from poor conversion efficiency (∼ 10% [10]) which requires improve-

ments for most applications to be realised.
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2.4.2 RPA

TNSA is not the only mechanism for the laser acceleration of ions. Radiation

Pressure Acceleration (RPA) [180] works on the principle that photons have mo-

mentum and can transfer this to a non-transparent (either absorbing or reflecting)

medium [181]. Radiation pressure is related to the averaged ponderomotive force

of the laser. At the surface of an over dense plasma, the electrons are pushed

inward by the ponderomotive force, leaving a charge separation layer and creating

an electrostatic field which in turn acts on the ions and leads to their acceleration

[14]. For a monochromatic plane wave incident on the surface of a medium at

rest, the pressure is given by [14]:

Prad = (2R + A)
I

c
= (1 +R− T )

I

c
, (2.81)

where I is intensity and R, T , and A are the reflectance, transmittance and

absorption of the medium.

Depending on the target thickness and the laser pulse duration, RPA can be

divided into two regimes, Hole Boring (HB), which refers to acceleration of ions

at the front surface of a thick target, and Light Sail (LS) which applies to thin

targets that are accelerated by radiation pressure as a whole.

In hole boring [182, 183], the intense radiation pressure of the laser pulse acts

to push the surface of an over dense plasma inward, resulting in a steepened

density gradient and a pile up of electrons in a region of thickness comparable

to the skin depth. This causes a zone of electron depletion, generating an elec-

trostatic field due to the charge-space separation. In a realistic laser pulse of

finite width, the radiation pressure creates a parabolic deformation of the plasma

surface, which allows the laser pulse to penetrate further into the target.

Light sail [184] refers to situations where the target is thin enough for hole

boring to only last for a fraction of the laser pulse duration. In this case, the

compression electron layer reaches the rear side of the target and is accelerated as

a whole for the remainder of the laser pulse duration. As ions in the compressed

layer closely follow the electrons, they are accelerated to high energies, producing

a quasi-mono-energetic spectrum [184].

In contrast to TNSA, in RPA it is the bulk target ions that experience the

charge-separation field, rather than the contaminant layer. However, ions with a

lower charge-to-mass-ratio are still preferentially accelerated [185].
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2.4.3 Shock driven acceleration

Ions can also be accelerated by shock waves [186, 187]. A collisionless shock

acceleration mechanism was first identified in one and two dimensional PIC sim-

ulations [188]. According to this model, ions are accelerated by a collisionless

electrostatic shock, which is ponderomotively launched by a laser pulse at the

front of a target surface which then propagates as an ion density spike, travelling

almost unperturbed through the target. The shock velocity can be estimated

from the conservation of momentum:

vshock '

√
(1 + νref )I

minic
, (2.82)

where I is the intensity and νref is the fraction of reflected light. Ions are acceler-

ated by “collision” with the potential barrier at the shock front. The maximum

velocity ions can acquire is again determined by conservation of momentum in

the case of total reflection of counter streaming ions:

vimax = 2vshock. (2.83)
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CHAPTER 3

Experimental tools and techniques

In this chapter, a description of the laser facilities, common diagnostics and di-

agnostic techniques used in the experimental work in this thesis is presented. In

particular, the proton radiography technique is discussed due to its utilisation as

the main diagnostic in most of this work.

3.1 Laser facilities

Thanks to the development of CPA and OPCPA [6] (see Sections 2.2.4.3 and

2.2.4.4), there are a number of high-power laser facilities around the world able to

produce intensities in excess of 1019 W cm−2 [189]. The following section covers

the laser facilities used in the generation of the data presented in this thesis,

namely Vulcan TAW and Orion.

3.1.1 Vulcan TAW

Vulcan is a highly versatile, neodymium glass (Nd:Glass) laser system at the

Central Laser Facility, Rutherford Appleton Laboratory, Oxford, UK. It is capable

of delivering up to 2.6 kJ of laser energy in long pulses (ns) and up to 600 J in a

short pulse (ps) at a central wavelength of 1053 nm. Vulcan can deliver beams to

two operational target areas, Target Area West (TAW) and Target Area Petawatt

(TAP) (see Figure 3.1). Only TAW has been used in the generation of data for

this thesis, so only this target area will be discussed further.
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Figure 3.1: Artist’s impression of the Vulcan laser facility showing both TAW
and TAP, the laser front end and the amplifier bay. From [190].

Target Area West delivers eight beams into a large interaction chamber. Six

of these beams (B1-6) provide long pulse (ns) capability whilst two (B7, 8) can

be amplified and compressed via CPA (see Section 2.2.4.3) to deliver short pulses

(ps) onto target. TAW’s dual CPA short pulse capabilities are able to deliver

100 J in 1 ps (B7) and a range of 100-300 J in up to 1-10 ps (B8) in addition to

the six long pulse beam lines [191].

The Vulcan laser for TAW starts with the front end system consisting of

an oscillator and stretcher, before the pulse is injected into the Vulcan amplifier

chain, shared with TAP [192]. First, a seed pulse is selected out of an 80 MHz train

of pulses (170 fs, 1 nJ, 5 nm bandwidth FWHM) produced by a Time Bandwidth

commercial oscillator (GLX-100). This uses Nd:Glass as the active medium and

is mode locked by a semiconductor saturable absorber mirror (SAM). Each pulse

is stretched using a double passed refractive confocal telescopic stretcher [193] to

750 ps, before one is picked off by a Pockels cell and then injected into the rest of

the Vulcan system, where the pulse experiences gain narrowing to 350 ps [194].

The subsequent amplification stages are based on flash lamp pumped Nd:phosphate

and Nd:silicate rod and disk amplifiers, optimised to reduce gain narrowing [78].

These amplifiers increase in diameter after each stage to keep intensity below

the damage threshold. Vacuum spatial filters are used after every stage of am-

plification to expand the beam to the correct diameter for the next stage of

amplification, and to clean and smooth the beam to avoid hot spots inside the

amplifiers.
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The selected pulse is pre-amplified by a series of three, double passed, 9 mm

phosphate rod amplifiers before being split into two parts and sent for the second

stage of amplification consisting of 16 mm and 25 mm rod amplifiers. The third

stage of rod amplification uses 45 mm rods, before each beam is again split into

a further two parts. Beam 8 has an additional 45 mm amplifier rod. These four

beams are amplified using double pass 108 mm disk amplifiers. The beams are

then split a final time, before all eight beams are amplified a final time using

further 108 mm disk amplifiers and a final stage of 150 mm disk amplifiers. The

disk amplifier flash lamps are fired by a 20 kV, 3.2 MJ capacitor bank. The

capacitors are configured to deliver 50 kJ of energy to a pair of flash lamps in

600 µs. Each disk amplifier is pumped by eight flash lamps [195]. The beams

pass through a final vacuum spatial filter before being delivered to the target

area.

Two of the beams (B7, B8) can be set to pass through the reflective dou-

ble grating compressor situated in the target area, to provide short pulse CPA

capability. The compressors are kept at 10−5 mbar to avoid the breakdown of

air. The compression of the pulse is achieved via two large aperture diffraction

gratings separated by approximately 2.8 m. The 300× 150 mm, 1740 mm−1 di-

electric gratings are operated at an angle of 73°, with a typical operating fluence

of 120 mJ cm−2 [81].

After compression, the beams are delivered to the TAW chamber via an f/3

OAP, with a pulse length of ∼ 1 ps and an energy up to 100 J (prior to com-

pression with a measured efficiency of 75-80% [196]), at a wavelength of 1053 nm.

Typically, for a diffraction limited beam, a focal spot size of 3-4 µm would be

expected. B7 delivers a 4-5 µm spot, whilst B8 delivers a 5 µm spot [191].

Figure 3.2: Vulcan TAW target area.
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The other six long pulse beams, also at 1053 nm, deliver up to 280 J in nanosec-

ond pulses (configurable between 80 J in 200 ps, 175 J in 500 ps, 250 J in 1 ns or

280 J in 6 ns) [196]) with pulse shaping at a resolution of 100 ps, and are focused

using f/10 lenses. The jitter between the long and short pulse beam lines is on

the order of ±170 ps [196].

3.1.2 Orion

Orion is a large neodymium-doped phosphate glass (Nd:Glass), ultra-high power

laser facility at AWE (Atomic Weapons Establishment) Aldermaston, UK. Since

its commissioning in 2012 [197], its paramount purpose has been to support the

UK’s nuclear deterrent programme. However, the Ministry of Defence (MOD)

has made 15% of facility access time available to the academic community for

collaborative experiments.

Figure 3.3: Schematic layout of the Orion facility. From[79].

The Orion facility consists of two laser systems, ten long pulse (ns) beam lines

(LP1-10) delivering up to 500 J in 100 ps to 5 ns at 351 nm and two high intensity

short pulse (ps) beams (SP1,2) delivering up to 500 J in 0.5 ps to 20 ps at 1054 nm

[198].
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3.1.2.1 Long pulse system

The long pulse beams consist of two stacks of five beams, supported by a large

space frame structure. Each stack is seeded with a pre-amplifier module (PAM).

PAMs are seeded with pulses with a peak power of 50 mW using a pulse

generation system below the laser hall called Optical Pulse Generator 1 (OPG1).

OPG1 uses a commercial fibre laser delivering 1 W CW power at 1053 nm. This

beam is chopped into a 1 kHz chain of ∼100 ns to 400 ns pulses using an in fibre

acousto-optic modulator, and then split between two outputs by the chopper

unit. These two pulse chains are sent into the two, independent, integrated optic

modulators. These modulators, driven by an arbitrary waveform generator, shape

the 0.1-5 ns pulse before sending it to the PAM along two transport fibres [198].

The PAMs include a regenerative amplifier based on a Nd:YLF rod pumped

by a commercial CW diode laser, a spatial shaping stage and a twelve flash lamp

pumped, four pass 32 mm Nd:glass rod amplifier using polarisation switching with

a quarter waveplate [79]. A permanent magnet Faraday rotator switches the beam

in and out of the amplifier system. The output from each PAM, 200 mJ in its

current configuration, is split either five or ten ways depending on the desire to

seed all ten beam lines the same, or in separate configurations for each cone of

five beams.

The beam is expanded to 170 mm before injection into the four 200 mm

Nd:phosphate glass disk amplifiers, four-passed using angular multiplexing. After

these passes, the output at the fundamental wavelength is 750 J, and the beam

is expanded to 300 mm before being directed to the target hall [198].

Frequency tripling is performed by a pair of KDP crystals, the first a type I

doubler (14 mm thick) and the second, a type II mixing crystal (12 mm thick).

Residual fundamental and doubled light removed with a sequence of five dichroic

mirrors. These mirrors also adjust the path length of each beam so that all ten

arrive on target in two opposing cones of five beams (odd cone LP1,3,5,7,9 even

cone LP2,4,6,8,10), at the same time and with p polarisation. This results in a

3ω beam with the same polarisation as the input fundamental beam. Beams are

focused via f/4 lenses with a variety of phase plates available [198].

The 3ω focal spot has 90% of the energy within a 50 µm diameter, [198]

although they are frequently used with phase plates yielding a spot of at least

300 µm diameter [79].
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3.1.2.2 Short pulse system

Short pulse beam lines are supported in a separate space frame, one beam line

each side, in the laser hall. The short pulse beams are seeded from Optical

Pulses Generator 2 (OPG2). Within OPG2, a single, commercial, mode locked,

Ti-sapphire, 150 fs pulse length laser with 12 nm bandwidth FWHM at 1054 nm

is used as a common oscillator to reduce jitter between the two beams, and is

locked to an 80 MHz RF signal to form the master clock for the Orion timing

system [198].

The oscillator output is directed into a short pulse optical parametric amplifier

(SPOPA), to increase the pulse energy prior to stretching. This includes a pulse

selector, a regenerative amplifier consisting of a four-pass 3 mm diameter Nd:YLF

rod, pumped with a commercial CW diode laser, a stretcher, delay lines and an

optical parametric amplifier. Each pass introduces gain narrowing, lengthening

the pulse to 4 ps with an energy of 1 mJ. This pulse is frequency doubled and

used as the pump for a pulse 300 ns later in the SPOPA [199], switched in by a

Pockels cell. Parametric amplification of this later pulse takes place in a 25 mm

long LBO crystal. The SPOPA output is split into two, to form the seed pulses

for each short pulse beam [79].

Each beam is directed into two independent four-pass Offner triplet stretcher

systems, with a grating separation of 3.25 m per pass, with a 1480 mm−1 diffrac-

tion grating at 47.9° angle of incidence. This compensates the compressor with

a 13 m separation and the same grating specifications. The stretcher imparts a

hard spectral clip at 18 nm, so the stretched pulse is 6 ns in length [198].

The 6 ns output from these is pre-amplified using OPCPA to conserve band-

width. The use of OPA in the pre-amplifier avoids the gain narrowing suffered by

Nd:glass amplifiers that limits the pulse bandwidth and therefore the minimum

pulse length that is achievable. As parametric amplification is produced over the

whole spectrum of the signal pulse, unlike the preferential amplification of the

central wavelength in normal laser amplifiers, OPA doesn’t suffer from gain nar-

rowing. Additionally, as amplification via the parametric process can only take

place whilst both the seed and signal beams are inside the crystal, there is no

ASE produced.

The OPCPA systems for both short pulses are pumped by a single, commercial

flash lamp pumped, Nd:YAG system operating at the second harmonic. The

pump pulse is 6 ns in duration and so amplifies the whole bandwidth from the

stretcher. Pulses are amplified in three stages to roughly 50 mJ before being

transported upstairs into the laser hall and into the short pulse beam lines. The

beam is expanded and then apodised to 16 mm so that only the cleanest part is
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injected into the amplifier chain [198].

The first stage of the chain is a four pass 32 mm rod amplifier using two

rods, phosphate and silicate glass, to maintain bandwidth, as the peaks of their

gain spectra are offset by ∼ 8 nm. This produces about 2 J with 9 nm FWHM

bandwidth. The beam is expanded to 86 mm before injection into a 100 mm

Faraday rotator, to allow double pass of the first 100 mm disk amplifier, and to

prevent back reflections. The beam expands to 140 mm and is passed through

the 150 mm disk amplifiers and another Faraday rotator. It is then expanded to

180 mm for amplification through three 200 mm single pass disks amplifiers. The

resulting pulse is about 750 J with 5 nm FWHM bandwidth [198].

Beams are expanded to 600 mm before injection into each compressor vessel.

These contain a single pass compressor using the same grating configuration as

the stretcher. They are then transported under vacuum to TCC and focused

using f/3 OAPs. A deformable mirror at the 100 mm aperture region of the beam

is used to maintain good focusing and allow access to highest possible intensity

[198].

The pulsed power system that drives the laser chain amplifiers and Faraday

rotator consist of 14 capacitor bank modules with a total stored energy of ∼10 MJ

at ∼22 kV. The capacitor banks are discharged through flash lamps to pump the

amplifiers, or coils to induce axial magnetic fields in the Faraday rotators [79].

The target hall contains the target chamber, a 4.2 m diameter evacuated

sphere, and associated diagnostics and beam transport systems. Most target

diagnostics are attached directly to the chamber or in one of six devices called

TIMs (Ten Inch Manipulators) [200]. The TIMs are airlock devices that allow

the introduction of diagnostics closer to the target, without the need to vent the

chamber [79].

2ω conversion Temporal contrast can be of paramount importance to experi-

ments that wish to have the most intense region of the pulse interact with a solid

high density target, rather than a pre-formed plasma. To provide this capability

one of the short pulse beams (SP1) can be frequency doubled using type I KDP

(potassium dihydrogen phosphate) crystals post compression and focused off a

single dichroic OAP, creating a 200 J, 0.5 ps (400 TW) capability at the second

harmonic [85]. The peak power of the pulse is doubled with ∼ 70% efficiency,

but lower power features experience lower conversion. Converted intensity varies

quadratically with input intensity, hence the low power features are suppressed,

increasing the contrast.

Optimal thickness of KDP crystal for the high pulse intensity is ∼3 mm [197],

but unfortunately crystal of this thickness cannot be currently manufactured
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in 600 mm diameter with the required transmitted wave front quality. Instead,

two square 300× 300 mm sub-apertures are taken from the beam, and frequency

doubled using two 320× 320 mm crystals stacked vertically in a doubled deck

configuration [85].

The SP1 beam emerging from the compressor vessel is directed into a further

vacuum chamber housing the twin crystals and double deck dichroic mirrors.

The incoming 600 mm beam is apodised into two square 300 mm beamlets using

absorbing glass. The two beamlets are reflected off the double deck dichroic

mirrors, which reflect at 1ω but transmit 2ω. The beamlets pass through the twin

conversation crystals before reflecting off three more double deck dichroic mirrors

that are reflective at 2ω but transmit 1ω. The mirrors are adjusted to spatially

and temporally overlap the two beamlets on target, ensuring the path lengths

are matched within a fraction of a wavelength, resulting in a single coherent

beam when focused. The final focusing optic is an f/3 (f/6 for each individual

beamlet) dichroic OAP coated for 527 nm use, achieving a focal spot of < 15 µm,

less than twice the diffraction limit. This frequency conversion results in a short

pulse beam with a contrast ratio (the relative intensity of the ASE pedestal to

the main pulse) of 1018, assuming a 3 ns pedestal duration and 0.5 ps main pulse

[199, 85].
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3.2 Particle detectors

In order to characterise a laser driven ion beam accurately, it is important to

use a detection technique that provides excellent spatial and spectral resolution.

Typically, passive detectors such as CR39 and Radio Chromic Film (RCF) are

used due to their ease of use and relative cost effectiveness compared to other

methods such as scintillators [201]. In ultra high intensity laser interactions,

radiation sensitive film type detectors are preferential to electronic systems as

the large EMP generated in the laser interaction frequently causes failures in

electronic diagnostic equipment.

3.2.1 CR39

CR39 [202, 203, 204] is a plastic polymer (C12H18O7) of density 1.3 g cm−3, sen-

sitive to some types of ionising radiation (typically protons and neutrons), that

is often used to measure the absolute ion flux. Particles that collide with the

polymer structure leave a train of broken bonds within the plastic, referred to

as tracks [202]. When etched using a suitable solution, such as 6.5 mol sodium

hydroxide (NaOH) solution at ∼ 85 ◦C [205], the hydroxide ions break the poly-

mer structure, etching away the plastic damaged by the particle interactions

[206]. This leaves a visible cone shaped pit in the CR39 that can be counted and

characterised under an optical microscope, for the purposes of dosimetry [207].

Etching typically takes between five and ten minutes for pits to become visible

under a x50 microscope objective. Over-etching causes saturation of the pits,

where they begin to overlap, making them indistinguishable from one another.

The time taken to over-etch depends on the particles density per unit area and

the pit size, meaning some species may become over-etched before other species

are detectable [208]. It is therefore often useful to process CR39 in multiple steps

so different species such as protons and carbon ions can be individually identified

[205]. Pieces of CR39 can be used as layers in an RCF stack configuration (to

help confirm the presence of ions, as CR39 is insensitive to X-rays and electrons),

or they can be used in isolation as single pieces or in stacks of pure CR39.
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3.2.2 RCF

In contrast to CR39, RCF (RadioChromic Film) provides an attractive alternative

as no post-processing of the material is required, and it is therefore routinely used

in laser plasma experiments [209, 156].

RCF is a relatively inexpensive, self-developing plastic based dosimetry ma-

terial which is sensitive to ionising radiation (electrons, ions, X-rays and gamma

rays), originally developed for the medical field [210]. Construction varies by spe-

cific type but generally it can be thought of as a radiation sensitive active layer

laminated with a thin plastic layer to give structural support. RCF is capable of

energetically and spatially resolving a dose distribution from a laser driven ion

beam.

The active layer [211] consists of a micro-crystalline pentacosa-10,12-dyinoic

acid (PCDA) suspended in gelatin. Upon irradiation, this undergoes a poly-

merisation reaction which forms polydiacetylene chains [212, 156], turning the

substance from transparent to dark blue, increasing the optical density in pro-

portion to the deposited dose. The sub-micron sized crystals of the active layer

and the fact that the polymerisation process does not spread between adjacent

crystals, gives the RCF an intrinsic sub-micron spatial resolution [213].

In a typical laser plasma experiment, a stack of multiple layers of RCF is

wrapped in thin (tens of microns) Al foil, which filters out soft X-rays and heavy

ions produced in the laser interaction, as well as any debris produced in the

destruction of the target. Frequently, layers of RCF are interspersed with metallic

or plastic filter materials of various Z and thickness, permitting two-dimensional

spatial intensity profiles of a laser driven ion beam [209] at a given ion energy

[212]. In a proton probing configuration, the time of flight difference of different

energy protons turns the spectral resolution of the stack into temporal resolution

of the physics being probed.

Figure 3.4: Example stack configuration as typically employed in laser plasma
experiments. Diagram shows a 1053 nm CPA laser pulse incident on a 20 µm Au
foil, several mm away from an RCF stack made of HDV2 films (light green) and
EBT3 films (dark green) interspersed with Fe filters (grey) of varying thickness.
A thin 15 µm Al foils covers the front of the stack. Not to scale.
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Whilst a fairly robust diagnostic, attention must be paid to several storage and

handling conditions. Care must be taken to avoid dust, finger prints, over bending

of the film, prolonged exposure to room light [214] and extreme temperatures

[213]. Whilst the film can be cut easily with scissors, punches or guillotines, the

area of film next to the cut edge de-laminates and becomes unreadable.

RCF features a ∼ 90% change in OD (proportional to the absorbed dose)

within milliseconds [156], although it is advised that it is left for at least 48

hours before scanning [213] for the change in OD to satisfactory reach close to

its asymptotic value. Further details of the post exposure OD growth kinetics

can be found in [215, 216, 217, 218, 219, 220] and whilst Gafchromic quote a

< 5% difference in net optical density for fractional doses and at varying dose

rate for both EBT3 [221] and HDV2 [222], the works [216] and [223] investigate

the response to single and fractional doses further. The treatments described in

the above works go far beyond the scope of characterising RCF for laser plasma

experiments, and are instead suited to the medical fields where RCF is used for

absolute dosimetry in patient treatments.

Despite the real time development of RCF, some processing is required to

digitise the images for analysis. Whilst processing of the data can be labour

intensive, as it requires scanning on a large flat bed scanner or microdensitometer,

typically no extra dedicated equipment is required as any commercially available,

high dynamic range flat bed scanner can be used, providing there is a known

calibration, relating dose and optical density. Calibrated wedges of film that have

been exposed to a known radiation source can be scanned to obtain a calibration

for the scanner.

Care must be taken during the scanning and processing of exposed RCF in

order to reduce the introduction of errors in the digitised images. Typically, it is

difficult to align films on a scan bed in a perfect grid, leading to small errors of

alignment. This can be corrected after scanning by rotating the images during

the processing stage. Due to the rotation of the image across a fixed orthogonal

layout of pixels, it is necessary to interpolate pixels to find the new values for

the rotated image. Care should be taken in choosing the interpolation method

as different techniques have a tendency to introduce different errors. This is

particularly important during the work in Chapter 5 where the size of a small

line like feature is measured to determine a magnification and infer an ion beam

focusing position.
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3.2.2.1 Types of RCF

Ashlands Gafchromic film is currently the most routinely used RCF in laser

plasma experiments. Several types of differing construction and dose sensitiv-

ity are currently available such as HDV2 [222], EBT3 [221] and EBT-XD [224].

The most frequently used in this work were EBT3 (quoted dynamic dose range

0.1-20 Gy [221]) and HDV2 (quoted dynamic dose range 10-1000 Gy [222]).

The structure of EBT3 and HDV2 are shown in Figure 3.5. HDV2 consists of

a 8 or 12 µm thick active layer (see Section 3.2.2.4), sandwiched between a thin

gelatin layer (0.75 µm) that protects the active layer, and a optically transparent

polyester layer 97 µm thick, that provides structural support. EBT3 consists

of a 28 µm thick active layer protected on both sides by layers of 125 µm thick

polyester. The symmetrical construction of EBT3 means that it can be deployed

with either side of the film facing the ion beam. In contrast, it is necessary to

know the orientation of HDV2 layers (convention is to have the active layer facing

the ion beam).

Figure 3.5: The composition of HDV2 and EBT3 films. The front surface of HDV2
has the active layer exposed making it susceptible to damage, whilst EBT3 is
symmetrically coated on both sides. The active layer of EBT3 is thicker, making
it suitable for detecting lower doses. Not to scale.

The HDV2 and EBT3 films represent an improvement over previous film types

(HD-810 [225] and EBT2 [226]) due to the incorporation of a yellow marker dye

in the active layer. When scanned with an RGB (Red, Green, Blue) scanner, the

marker dye enables triple channel dosimetry, allowing compensations for thickness

differences in the films active layer [227].
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3.2.2.2 Ion energy in active layer

Typically in laser plasma experiments, RCF is used in a stack configuration (see

Figure 3.4). In RCF stacks, each layer of film acts as a plastic filter for subsequent

layers, along with any additional filter material layers. Care must be taken when

choosing filter materials to make sure that it will not become too activated by

protons and thus remain radioactive for a long time afterwards. This can inhibit

experimental progress as stacks must be given time to “cool” sufficiently before

handling and processing of the film. Ions are unique compared to other ionising

radiation in that they deposit the majority of their energy at the Bragg peak [228]

of their stopping curve. When RCF is stacked, low energy ions will stop in earlier

layers of the stack, whilst high energy ions will travel further into the stack before

stopping. The layers located deeper in the stack will not capture any signal from

ions which are not energetic enough to reach those layers, but higher energy ions

will deposit a small amount of energy in the earlier layers in the stack. RCF is

not capable of resolving different ion species, but protons travel further inside the

stack thanks to their lower stopping power. Although protons deposit significant

energy at the Bragg peak as compared to the plateau of the stopping power curve,

this plateau deposition fraction is still considerable and cannot be neglected when

highly accurate dosimetry is required. The depth of the Bragg peak is strongly

dependent on the initial proton energy, which allows measurement of the proton

fluence at discrete energy intervals over the broad energy spectrum of a TNSA

ion beam. Due to statistical spreading of ion trajectories during the propagation

through the RCF stack, the Bragg peak broadens and flattens for ions of higher

energy (see Figure 3.6).

Figure 3.6: Example stopping curves for protons of 10, 20 and 30 MeV travelling
through an RCF stack. Layer numbers of pieces of film at given at the top; the
grey lines indicate the position of the centre of the active layer in the film for the
layers 5, 10, 15, 20, 25 and 30 in a simulated stack. From [205].
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The Monte Carlo simulation program SRIM [229, 230, 231] can be used to

simulate an RCF stack as mylar (which has the same density as the RCF polyester

substrate), to calculate the energy range of ions whose Bragg peak occurs in the

active layer of each piece of film in the stack. When referring to the energy of

ions stopping in a given RCF layer, this is the energy associated with the Bragg

peak at the centre of the active layer in the film.

3.2.2.3 Optical density to dose conversion and calibration

The change in colour of RCF when exposed to radiation is proportional to the

dose deposited in the film, where lighter colours are lower dose, and darker colours

(higher OD) correspond to higher dose. Gafchromic quote the dynamic dose

range of HDV2 and EBT3 as 0.1-20 Gy [222] and 10-1000 Gy [221] respectively.

However, doses received during laser plasma experiments are often orders of mag-

nitude higher than this. The films can be calibrated to provide good dosimetry

at these higher doses (up to an order of magnitude higher than the manufacturers

claim) [227, 232] but with lower accuracy than < ±1% quoted by Gafchromic for

the dynamic dose range [222, 221].

Figure 3.7: Manufacture supplied generic response of Gafchromic HDV2 in the
red, green and blue channels. From [222].

Conversion to dose In order to use RCF for dose measurements, it is necessary

to convert scanned RCF images into dose profiles. To do this, the OD (Optical

Density) of the scanned film needs to be characterised. In this work, 48 bit

(16 bit per channel) RGB (Red, Green, Blue) images were obtained using flat

bed scanners (although densitometers can also be used), and the images were

processed in the image analysis program ImageJ. Traditionally, the red channel

is used in analysis as it is most sensitive to lower doses [233, 234, 235, 236, 237,

238, 239]. Switching from the red to green to blue channel as dose increases and
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the channels saturate, provides the most reliable way of extracting data across a

large dose range [227].

When a flat bed scanner is used in transmission mode, the transmission of

light through the film is given by:

Transmission =
I

I0
, (3.1)

where I is the measured intensity of light through the film and I0 is the nominal

light intensity.

The OD for a given channel can be calculated as:

OD|R,G,B = log10

(
I0
I

)
= log10

(
216 − 1

P |R,G,B

)
, (3.2)

where P is the pixel value in the channel of interest and 216 − 1 is the dynamic

range for the 16 bit channel.

In order to calculate dose accurately it is necessary to use the net change in

OD ODnet compared to the unexposed film in order to account for the intrinsic

OD of unexposed film [240, 233]. This is given by:

ODnet = ODexposed −ODunexposed. (3.3)

As there are different types of RCF and numerous scanners in existence, there

is no universal calibration. Instead a calibration must be obtained for each specific

scanner. It should be noted that OD in this context refers to measured OD as

determined by the specific scanner in use. A correction factor can be applied to

convert measured OD into true OD. This difference is due to scanners providing

transmissions as a function of CCD response to count levels and wavelength, not

absolute transmission. The correction factor can be determined by scanning a

series of absolutely calibrated neutral density filters and measuring the scanner

response. This is only necessary if scans across different scanners wish to be

directly compared, otherwise a calibration of measured OD to dose is sufficient.

Dose calibration Calibration curves for the RCF are obtained by exposing

film to a known dose using an accelerator facility. The ability to control beam

current, size and energy allows for the deposited dose to be accurately determined.

Once the film has been exposed, it is scanned on a flat bed transmission scanner.

Using this method, the dose range of the film can be extended up to ∼ 50 000 Gy

for HDV2 and ∼ 1000 Gy for EBT3, although errors significantly increase with

dose.
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Previous calibrations of RCF made by our research group were found to be

based on non-physical 6th order polynomial functions, or did not interpret net

optical density and thus produced errors on the order of 700% when converting

to dose at low dose ranges. As such, new calibrations have been made but based

on the original data collected at the accelerator facilities.

In the images of the accelerator exposed RCF, a circular ROI (Region Of

Interest) with diameter 200 pixels was selected, as in the methodology of [205].

The average pixel values for the red, green and blue channels in this region were

taken and converted to net optical density using Equations 3.2 and 3.3 by using

the average pixel values in the red, green and blue channels of unexposed RCF

from the same batch. The net optical density of the accelerator exposed film is

plotted against the dose, and a function that fits the data accurately is fitted.

There are a plethora of different functions or variations of functions suggested

in the literature for fitting this data [222, 221, 241, 242, 205, 243, 232, 244, 245,

233, 240, 246, 247, 248, 249, 250].

The manufacture suggests a function of the form ODnet = a+b
Dose−c [222, 221]

which is used by some authors [241]. Others utilise polynomial functions of

varying degrees [205, 243, 232], but these have the issue of highly unphysical

values when extrapolating data beyond the fitted range.

The Green-Saunders equation Dose = a + b−a
1+10c(log(d)−ODnet)

[251, 252] is sug-

gested by [248, 249, 250] as a unique calibration equation for all film types. In

the above functions ODnet is net optical density, Dose is dose and a, b, c and d

where used are fitting parameters. However, investigations between the different

fitting functions used in the literature and others found that n phase exponential

growth function with constant time parameters fit the data best.

The three phase equation:

Dose = y0 + A1e
ODnet/t1 + A2e

ODnet/t2 + A3e
ODnet/t3 , (3.4)

where y0, An and tn are the fitting parameters, is used in this work as it was

found to fit the data best through reduced χ2 over 500 iterations of the Leven-

bergMarquardt algorithm [253, 254]. As the three RGB channels have different

sensitivities, a combination of all three channels is used to extend the dose range

[227].

When RCF is calibrated at a conventional accelerator facility, a beam of single

energy is used to deposit a known dose into the film. Single layers of film were

exposed at a time (or at least in thin stacks of 2-3 layers), meaning none were

exposed at the maximum stopping power. A TNSA spectrum from an experi-

ment will have energies at the Bragg peak in every layer of film, so will always
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suffer more from the dose under response at the Bragg peak than an accelerator

calibrated film [255].

3.2.2.4 Limitations of RCF

Background subtraction of dose RCF is limited in that it cannot distinguish

the signal from different ion species, and that it is sensitive to other types of

ionising radiation. This is problematic when trying to interpret the contribution

from one type of radiation (or even one ion species) only. The diffuse signal

from X-rays, γ-rays and high energy electrons present in a laser interaction, is

reasonably distinguishable from the ion signal as it does not vary significantly

between layers. It can therefore be subtracted digitally by identifying the first

layer in the stack where there is no ion signal, and subtracting the background

signal in that layer, from the previous layers.

Issues with dose conversion and RCF Gafchromic unfortunately have a

history of un-announced or even undocumented changes to their RCF. Recently

it has been noticed that the active layer in HD-V2 has changed from 12 µm to

8 µm thick.

Additionally, whilst it is accepted that different batches of the same type of

RCF can differ in OD by up to 10% [156], there are also cases of RCF from the

same batch being of completely different colours due to manufacturing defects

or undocumented changes to the composition (see Figure 3.8). This can have

an extremely detrimental effect on the usability of RCF for purposes requiring

accurate dose information.

Figure 3.8: Examples of Gafchromic HD-V2 RCF from the same batch number.
The different colours in (a) (green) and (b) (brown) can clearly be seen. This has
a significant effect on the zero dose OD.

This change in OD of the unexposed RCF leads to errors in dose conversion.

In Figure 3.8, sample (b) has unexposed calculated dose ∼ 4 times higher than

sample (a).
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3.2.3 Thomson parabola spectrometer

Thomson parabolas (TP) [256, 257] are ion spectrometer diagnostics that have

the ability to energy resolve ion spectra whilst discriminating ions with different

charge to mass ratios. This is of particular interest to laser driven ion sources

where multi-species ion beams are prevalent. In a typical TP arrangement, a por-

tion of the ion beam is apertured by a pin hole before it travels through regions

of parallel magnetic and electric fields, finally reaching the detector plane. The

magnetic field determines the position of the ions along the y axis, depending on

their velocity (kinetic energy), while the electric field deflects ions along the x

axis according to their charge to mass ratio (q/m). Figure 3.9 shows the basic ar-

rangement of a TP. Typically TPs will follow this design with some modifications

such as trapezoidal electric plates which can provide improved resolution at high

ion energies [258, 259].

Figure 3.9: Schematic of a typical Thomson parabola spectrometer design. The
grey arrows indicate the directions of the magnetic and electric fields. The red
trace indicates the path taken by an ion. From [260].

A Thomson parabola works by deflecting ions traversing the electric and mag-

netic field regions according to the Lorentz force, F = q(E+v×B). A positively

charged ion enters through the pin hole and travels along the z axis as shown in

Figure 3.9. It is deflected along the y axis by the magnetic field, typically with a

strength of ∼ 1 T. The ion is then deflected according to its q/m in the x direction

by the electric field produced by the pair of electric plates (typically copper elec-

trodes with a field strength of ∼ 5− 10 kV), before reaching the detector plane.

The most common detectors used are CR39, image plate (IP), or a micro-channel

plate detector [261, 209, 262]. In this thesis only image plate (Fujifilm BAS-TR

brand) was used as the detector in a TP. Ions form a parabolic trace along the

detector plane with their x and y positions with respect to the “zero point” (the
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point of zero deflection, shown by the grey dashed line in Figure 3.9) determined

by Equations 3.5 and 3.6 respectively:

x =
q
∫

E dz

2K

(
LE
2

+DE

)
, (3.5)

y =
q
∫

B dz√
2mK

(
LB
2

+DB

)
, (3.6)

where q is the ion charge, m is the mass, K is the kinetic energy, (E) and (B) are

the electric and magnetic field vectors, respectively, and LE, LB, DE and DB are

the distances as defined in Figure 3.9. Assuming that the magnetic and electric

fields are uniform and fringe effects are negligible, the equations reduce to:

x =
q

mv2z
E0LE

(
LE
2

+DE

)
, (3.7)

y =
q

mvz
B0LB

(
LB
2

+DB

)
, (3.8)

for non-relativistic speeds.

The resolution of the TP is determined by the diameter of the pinhole d, the

distance from the ion source to the pinhole LC , and the distance from the pinhole

to detector LT = LP + LB + DB. The size of the pinhole projection on to the

detector plane is given by:

s = d

(
LC + LT
LC

)
. (3.9)

This value is the minimum separation required to resolve ions of different q/m

and vz. A limitation of a TP is that it cannot resolve species with the same

q/m. These species will overlap on the same parabolic trace on the detector plane.

Additionally, for high energy ions, the low deflection they experience results in

the merging of the traces. Finally, spatial information about the beam cannot

be extracted as the pin hole used to generate a pencil like beam for the TS to

operate, reduces the solid angle, typically to the order of nano-steradians.
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3.2.4 Image plate

Image Plate (IP) [263] is a reusable detector based on the principle of Photo-

Stimulated Luminescence (PSL). When a photon or charged particle is incident

on the active layer of the detector (usually europium doped barium fluorohalide

phosphor, BaF(Br I)Eu2+), electron-hole pairs are created and trapped in crystal

lattice defects [264], where they remain in a metastable state until they decay

to the ground state. This can be either by spontaneous emission or stimulated

emission from a secondary photon of wavelength ∼ 633 nm. When the metastable

state decays, it emits a 400 nm photon in the process, referred to as PSL.

Specific IP scanners such as the Fujifilm FLA-5000 are used to measure the

radiation in an IP register a quantity known as the quantum level (QL), which

can be related to PSL, making the detector absolutely calibrated [265]. In the IP

scanner, a laser is used to excite the metastable electrons to make them decay,

the PSL photons are then registered in a photomultiplier to give a value for

the quantum level. The quantum level is a logarithmic grey scale which can be

converted to PSL using the formula given by the manufacture as [266]:

PSL =

(
R

100

)2

× 4000

S
× 10

L×
(

QL

2G−1
− 1

2

)
, (3.10)

where R is the scanning resolution, S is the sensitivity of the scanner, L is the

latitude or level (the order of magnitude of analogue data values that are digitised

into the 16-bit image) and G is the bit depth.

After the initial exposure, IP needs to be scanned in a timely fashion before

too many metastable electrons decay spontaneously. Because of this it is impor-

tant to know the time of exposure and time of scanning so corrections for the

spontaneously decayed electrons can be made [267, 268, 269, 270]. Once the elec-

trons have decayed back to the ground state, the IP may be re-used. IP can be

erased fully by exposing it to an ultraviolet lamp for approximately 20 minutes.
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3.3 Proton radiography

The use of proton beams as a radiographic diagnostic tool were first suggested

in the 1960s [179]. Ion beams generated from conventional accelerators have

in the past been occasionally used to probe electric fields in plasmas [271], but

the necessity for a large conventional accelerator facility in close proximity to a

high power laser has historically inhibited this technique. The advent of laser

accelerated ion beams rejuvenated the technique, as now the probe ion beam

can be produced using the same laser as that which is generating the plasma

conditions of interest [14]. TNSA protons are well suited to use as a diagnostic

method and have some advantages over conventional accelerator protons due to

their high intensity, point like source generation, short temporal duration and

crucially, for this application at least, multi-energetic spectra.

3.3.1 Basic principle

In proton radiography, a short intense laser pulse is focused onto a thin metal foil

(henceforth referred to as the proton target), in order to accelerate a proton beam.

The proton beam is used as a charged particle probe for the electric and magnetic

fields created in and around a second target (interaction target). Typically, one

or multiple types of RCF are interspersed with filter materials, typically of higher

Z, to form a stack that is sensitive to a wide range of energies, and thus provides

temporal resolution when combined with independent beam timing for the proton

and interaction targets.

In this proton back-lighter imaging diagnostic, a projection of the probed

region is obtained through local modulation in the observed proton beam, which

in turn provides detail of the distribution and gradients of electromagnetic fields.

The laminarity of the beam is evidence that the protons are not affected by self-

repulsive forces, as they are accompanied by co-moving electrons, leading to an

overall charge in the accelerated particle beam of zero.

The technique exploits the fact that, as a consequence of the high beam lam-

inarity, the proton source size, whilst being physically extended, is equivalent to

a point-like virtual source. A point projection of the probed region is obtained

with geometric magnification given by:

M =
ls + l + L

l + ls
' l + L

l
, (3.11)

where ls is the displacement of the virtual source with respect to the physical

source, l is the distance between the proton target and the interaction target,

and L is the distance between the interaction target and the detector plane. In a
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typical experimental arrangement ls is on the order of microns, l is on the order

of millimetres and L is in the centimetre range. See figure 3.10.

Figure 3.10: Schematic of a typical proton radiography arrangement. VS indi-
cates the position of the TNSA proton beams virtual source, PT and IT are the
proton and interaction targets respectively. M indicates the position at which a
mesh or grid would be inserted for the purpose of proton deflectometry. Not to
scale. From [272].

Unlike many of the used and proposed applications of laser accelerated ion

beams, this technique makes use of the broad energy spectrum of TNSA proton

beams, since the time of flight from the proton target to the interaction region

will differ for protons of different energies. A stack of RCF film can therefore

be used to record protons of narrow energy bandwidth in each layer of RCF,

due to the Bragg peak, which will have probed the interaction region at different

times. The spectral multi-frame capability of the detector results in a temporal

multi-frame capability of the diagnostic technique, within a single laser shot.

Analysis is based on the deflection of the probe beam when crossing an elec-

tromagnetic field. The motion of the protons through the interaction region is

described by the Lorentz force:

mp
dvp
dt

= −e(E + vp × B), (3.12)

where mp and vp are the protons mass and velocity. The action of this transverse

Lorentz force on a single test proton crossing an electric and magnetic field dis-

tribution in a localised region of finite linear extent b, will provide a transverse

velocity δv⊥:

δv⊥ =
e

mp

∫ (
E +

vp × B

c

)
⊥
dt =

e

mpvp

∫
b

(
E +

vp × B

c

)
⊥
dx, (3.13)

where it is assumed the transverse motion of the proton is negligible compared
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to the longitudinal motion:

vx =
dx

dt
' vp. (3.14)

This means the initial beam divergence is neglected and it is assumed the proton

acquires a small angular deflection due to the field. The transverse displacement

ε⊥ due to the field after the proton has travelled distance L, is given by:

ε⊥ ' δv⊥δt '
eLb

2Ep

∫
b

(
E +

vp × B

c

)
⊥
dx, (3.15)

where Ep is the proton energy. The averaged field along the proton trajectory

can be defined as: ∫
b

(
E +

vp × B

c

)
dx ' 2Ep

eLb
ε⊥. (3.16)

Equation 3.16 provides an estimation of the deflecting fields. If there are field

gradients, then the protons will experience different deflections at different loca-

tions across the beam and modulations in proton density will be imprinted across

the transverse section of the beam.

As TNSA beams are inherently laminar, the proton density at the detector

plane np can be described by np = np0/J, where np0 is the proton density before the

field region and |J | represents the determinate of the Jacobian transformation,

a matrix of first-order partial derivatives of a vector-valued function. Under the

assumption of small angle deflections, it can be written as |J | ≈M2 +M∇⊥ · ε̄⊥,

where M is magnification and ∇⊥ · ε̄⊥ is the derivative with respect to transverse

coordinates. The proton density at the detector plane can be written as:

np '
np0
M2

(
1− 1

M
∇⊥ · ε̄⊥

)
. (3.17)

The proton density modulation at the detector plane can be defined as δnp =

np−npu where npu is the unperturbed density at the detector plane (npu = np0/M2)

[42]. The proton density modulation in the detector plane is given using Equation

3.17 as:
δnp
npu
' −1

M
(∇⊥ · ε̄⊥). (3.18)

Using Equations 3.18 and 3.16 and the assumption that the electric field variation

is along one of the transverse directions, and no magnetic field is present [42,

272], the relation between relative proton density modulation and the transverse

component of the electric field distribution is given by:

〈Ey〉 ≈ −
2EpM

eLb

∫
δnp
np

dy. (3.19)
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3.3.1.1 Differentiation between electric and magnetic fields

By changing the angle at which the interaction is probed with proton radiography,

it is possible to distinguish between the electric and magnetic fields. In a “face-

on” configuration (with respect to the target plane) it is possible to primarily

observe magnetic fields deflections by the magnetic fields orientated perpendicular

to the probing directions. In this configuration, electric fields are predominantly

in the same direction as the proton probing axis and therefore having minimal

contribution to the deflection of the protons. In a “side-on” configuration, the

opposite is true and the deflection of protons is primarily due to electric fields.

This is the technique used in the data presented in this thesis.

It is also possible to probe at 45° where protons are more sensitive to both

electric and magnetic fields as in [273]. By changing the direction the protons

probe through the interaction it is possible to infer the separate influence of the

electric and magnetic fields on the radiographs. Comparing results obtained from

protons probing through opposite sides of an interaction, will show a reversal in

the deflection direction of the protons if the magnetic fields dominate. However

if electric fields cause the deflections there will be no change in the deflection

direction.

It should be noted that it is also assumed that the TNSA ion beam is quasi-

neutral due to the co-moving electron bunch, that the level of charge is insufficient

to perturb the plasma that it is probing.

3.3.2 Bragg peak

Protons exhibit unusual behaviour compared to other ionising radiation in that

they deposit most of their energy in a material at the end of their path, referred

to as the Bragg peak [229, 274]. This is because the energy loss is dominated

by Coulomb collisions, whose cross section increases as energy decreases. The

stopping process becomes progressively more efficient [14], providing peak energy

deposition just before the particle comes to rest. Bragg’s curve [228] shows the

rate of energy loss is proportional to Z2β−2, where β = u/c, where u is the particle

velocity, meaning protons of Z = 1 are able to penetrate deeper than other ions

moving at the same velocity.

3.3.3 Energy sensitivity and resolution

The energy resolution of proton radiography is determined by the detector used.

In the case of an RCF stack, the RCF response R(Ep) of a single layer is given by

the energy deposited per proton (edep) in the layer as a function of proton energy
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Ep:

REp =
DEdep
dNp

. (3.20)

The total energy deposited is the product of the response curve of the RCF and

the proton spectrum distribution dNp/dEp, as a function of proton energy:

dEdep
dEp

=
dNp

dEp
(R(Ep)). (3.21)

The RCF response can be obtained by integrating the stopping curve over the

thickness of the active layer.

3.3.4 Temporal resolution

Using SRIM [229] to calculate the energy of protons that have Bragg peaks in

the active layers of films in the stack, timings can be calculated through time of

flight of the protons from the source to the RCF layer. The velocity of protons

vp is given by:

vp =

(
2Ep
mpc2

)1/2

c, (3.22)

where mpc
2 ∼ 938 MeV, Ep is the energy of protons in MeV and c is the speed

of light in vacuum.

The temporal resolution of proton radiography is limited by three parameters;

the proton beam duration δtp, the transit time δtt that the protons take to cross

the interaction region, and the energy spread of protons deposited in a single

layer of RCF δEp. The proton beam duration is on the order of the laser pulse

∼ 1 ps, whilst the typical energy spread in a single layer of RCF is on the order

of δEp ≈ 0.5 MeV. The temporal uncertainty introduced by the energy spread of

protons is δtRCF ≈ l × δEp ×
√

(mp/(2Ep)3). Considering 10 MeV protons and a

typical distance of l = 4 mm, δtRCF ≈ 2 ps.

This uncertainty is typically dominated by the uncertainty introduced by

the finite transit time of the proton crossing the interaction region, estimated

by δtp ≈ b ×
√

mp/2Ep. In a typical experiment the interaction region may be

≈ 100− 400 µm, leading to a temporal uncertainty of δtp ≈ 2 − 9 ps for 10 MeV

protons.

3.3.5 Field detection sensitivity

The field sensitivity of proton radiography is determined by the minimum de-

tectable proton density modulation. The minimum detectable electric field gra-
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dient (assuming B ' 0) [273] is:

∇⊥ · E⊥ '
2EpM

eLb

δnp
np

. (3.23)

The minimum proton density modulation depends strongly on the proton beam

uniformity and the noise introduced by secondary ionising radiation such as X-

rays and electrons, although this can be subtracted during analysis. A typical

minimum density modulation could be estimated to be δnp/np ∼ 0.01. Considering

typical experimental parameters of L ∼ 3 cm, M ∼ 10 and a minimum proton

energy of ∼ 4 MeV probing a region of b ∼ 400 µm, the minimum detectable

gradient is ∼ 1011 V m−2.

3.3.6 Proton deflectometry

In proton deflectometry, a fine metal mesh can be inserted in-between the proton

target and interaction target to imprint a grid pattern into the beam. Typically

TEM support grids are used. This effectively sub-divides the proton beam into

individual beamlets. Assuming beamlet trajectories do not cross, this allows the

proton deflections to be directly measured as a function of observed deformations

in the mesh imprint.

3.4 Computational tools

3.4.1 Hydrodynamic codes - HYADES

Plasma behaviour can be simulated numerically by different approaches based in

fluid theory. HYADES [275] is a commercial one-dimensional radiation-hydrodynamic

code. It solves the conservation of mass, momentum and energy equations in a

Lagrangian coordinate system. A limitation of this is that there is no diffusion,

so materials do not mix. HYADES considers three fluid approximations for elec-

trons, ions and radiation individually under local thermodynamic equilibrium

(LTE). Electrons and ions are described by Maxwell-Boltzmann distributions

whilst the radiation field is described by a Planckian distribution. Different ion-

isation models such as Saha, Thomas-Fermi, and LTE average atom models are

included in the code. Energy is transported by free electrons and ions are mod-

elled in the flux limited diffusion approximation, whilst radiation is transported

with respect to energy.
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Proton radiography of collisionless shocks

In this chapter, collisionless shocks in astrophysical and laboratory plasmas are

introduced, along with previous work aimed at understanding their dynamics.

Results from an experiment conducted in 2015 in TAW of the Vulcan laser are

presented and explained.

4.1 Introduction

Laboratory astrophysics [276] has become an exciting and important area of re-

search over the past several decades [277, 278, 279] and, alongside observational

astronomy and theoretical calculations, provides the foundations of modern as-

trophysics research [276, 280]. The benefits of laboratory investigations of astro-

physical phenomena are obvious. They allow precise control over experimental

conditions, the fielding of detailed diagnostics and the results (often accompa-

nied by simulations) provide a powerful tool for understanding data collected

from spacecraft. Additionally, lab based terrestrial investigations are orders of

magnitude cheaper than the launch of a dedicated scientific mission.

Laboratory astrophysics gives us not only the ability to understand the physics

underlying these phenomena, but also to investigate similar astrophysical phe-

nomena through their recreation on, all be it, smaller spatial and temporal

scales. Often the parameters of these investigations are easily re-scaled to as-

trophysical values, when the scale invariance of the underlying physics allows

[281, 282, 283, 284, 285]. However, even where scaling is not possible, Takabe

et al. [281] suggest qualitative observations of the “sameness of the physics”, the

“similarity of the physical dynamics” and the “resemblance of the physics” be-
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tween astrophysical phenomena and laboratory experiments, can be extremely

useful in understanding the underlying physical mechanisms.

In particular, contemporary lasers provide one way of creating a plethora of

astrophysical relevant phenomena on a laboratory scale. These include warm

dense matter in planetary cores and brown dwarfs [24, 286], the recreation of

radiation belts [287], Rayleigh Taylor instabilities (such as those seen in the crab

nebula [288, 289]), thin shell instabilities [290], bow shocks [291] (such as those

seen around the Earth where the solar wind encounters the Earth’s magnetosphere

and in Herbig Haro objects (small areas of nebulosity associated with newly born

stars) such as in the Orion nebula [292]), and the early stages of collisionless

shock waves (CSWs) [293, 294, 295, 44, 43, 296] (such as in supernova remnants

(SNRs)).

4.2 Collisionless shocks in astrophysical plasmas

A key property of collisionless shocks is their ability to accelerate particles to

high energy and generate strong magnetic fields. This cannot happen in a colli-

sional shock as the rapid thermalisation of the plasma in the downstream region

suppresses the growth of magnetic fields and thermalises the particles [297]. The

absence of collisions in the collisionless plasma allows particles to gain energy

without transferring it to others, making collisionless shocks excellent particle

accelerators [298, 299].

The scenario in which two plasma clouds with different properties (temper-

ature, density, etc.) collide, has relevance to various contexts, particularly in

astrophysical plasma [300, 301]. Typically these plasma are collisionless [302]

and the interactions of the two clouds is highly non-linear, producing numerous

phenomena such as solitons, double layers and collisionless shocks [303, 304]. In

the case of unmagnetised plasmas (which this work deals with exclusively) CSWs

can be of two different kinds: Weibel-induced [305] or electrostatic [306, 307]

(where dissipation is provided either by a population of electrons trapped beyond

the shock [304, 308], or by ion reflection from the shock front [309]).

Some examples of these phenomena include supernova explosions [310, 311,

312] which are capable of accelerating a significant amount of stellar mass at

a temperature of T ∼ 106 − 108 K up to a few percent of the speed of light

[313, 314, 298]. As this dense ejected plasma propagates from the explosion

through the interstellar medium1 [315], CSWs can be excited, which are thought

to be responsible for the generation of highly energetic cosmic rays [316, 317, 318,

319, 320, 321, 322]. However, the high currents that are associated with these

1The interstellar medium itself is a tenuous plasma n ∼ 1 cm3, T ∼ 102 − 104 K [300, 297].
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energetic particles require the CSWs to be strongly magnetised [323]. This is due

to the Weibel instability [324] which is formed through the momentum anisotropy

of the ejected matter and the interstellar medium. Weibel instabilities create

self-generated magnetic fields that trap ions via the Lorentz force. This has the

effect of imitating a typical binary collision (as seen in a collisional shock) but

in the collisionless case. Thus the shocks generated are themselves collisionless

[325]. The conversion of kinetic energy into magnetic energy is thought to be the

mechanism for generating seed magnetic fields throughout the universe [326, 327].

Plasma cloud collisions also occur when the solar wind interacts with the

Earth’s magnetosphere [328, 329], or when it encounters the interstellar medium

in the heliosphere region [330]. Additionally, the Earth’s bow shock has been

observed to be collisionless in several works [331, 332]. Further examples can be

found in X-ray emitting binary systems [333, 334], gamma ray bursts [335, 336],

and super-massive black holes in active galactic nuclei (AGN) [337, 338], all of

which involve jet like outflows interacting with the interstellar medium, and thus

collisionless shocks.

As a specific astrophysical example of an observed collisionless shock, SN1006

[312, 339, 310] (shown in Figure 4.1) has a SNR diameter of ∼ 30 ly, whilst the

mean free path for collisions in the matter is ∼ 40 ly. The width of the observed

shock structure in SN1006 is only ∼ 0.1 ly (1/400 of the mean free path) showing

its highly collisionless nature [312].

Figure 4.1: X-ray (blue), radio (red) and visible (yellow and orange) composite
false colour image of SN1006 taken in part by NASA’s Chandra X-ray Observatory
using the ACIS (Advanced CCD Imaging Spectrometer) instrument. From [340]
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In the absence of a generated or ambient magnetic field, purely electrostatic

collisionless shocks are potentially present around other astrophysical objects such

as microquasar systems [341]. In these binary systems, the matter that flows

out from a rotating star to an accreting black hole is in the form of a transient,

relativistic jet initially, which is followed by a slower radio wave emitting accretion

disk [342]. Electrostatic CSWs are also present around ultra-massive stars (such

as Herbig Ae/Be stars [343]) whose atmospheres have been demonstrated to be

completely unmagnetised [344].

4.3 Collisionless shock in laboratory plasmas

Collisionless shocks were first observed experimentally using double plasma de-

vices to collide two plasma slabs [345], while initial observations of collisionless

shocks generated in laser plasma experiments [346, 347, 348] were produced by

the expansion of laser ablated plasma into a low density plasma background.

Once a high-density plasma is formed, it starts expanding, acting like a piston

that compresses the surrounding gas [349]. The fast expansion of dense laser

ablated plasma expanding into low density rarefied medium has many similari-

ties with astrophysical phenomena such as the expansion of a supernova remnant

blast shell into the surrounding interstellar medium (see Section 4.2). This there-

fore provides a way to experimentally launch collisionless shock waves in condi-

tions comparable to astrophysical plasmas and investigate them in laser based

laboratory experiments. There has been considerable interest in experimental

investigations of laser driven collisionless shocks in a number of recent works

[350, 43, 295, 293, 44, 290].

The expansion of a laser ablated plasma into a rarefied medium is considerably

different [351, 305] than the typical case of plasma expansion into vacuum, which

is more typically studied [352, 353, 148, 354, 355, 356, 357, 358]. In the vacuum

expansion case, ablated plasma typically expands adiabatically [359, 360], before

the expansion erodes the sharp ion density gradient, through the development of

a rarefaction wave. Greater electron mobility results in a Debye sheath ahead

of the ion front, whose charge separation results in electrostatic fields that ac-

celerate ions. This electric field distribution also reflects electrons from within

the expanding plasma as it moves with the ion front. The electrons lose kinetic

energy exclusively along the plasma expansion direction [361] by transferring it

to the ions and by being reflected by the moving potential [362]. This develops

a thermally anisotropic electron velocity distribution which can give rise to the

Weibel instability [324, 363, 364, 365, 366] and a magnetised plasma front [361].

In contrast it has been shown experimentally [44, 43] (as is further explored
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in this work) and numerically [362, 367, 305, 368, 369] that the presence of a

rarefied ambient medium for the laser ablated plasma to expand into, modifies

the process of hydrodynamic expansion and stops magnetic field generation by

suppressing the Weibel instability at the plasma front. This leads to a purely

electrostatic evolution. The mechanism by which this happens is thought to be

that the electrons in the ambient plasma are accelerated by the rarefaction wave

and form a super-thermal population behind the expanding ion front. These

electrons can stabilise the electron distribution to suppress the Weibel instability

[370]. Simulations [362, 367, 305] also show a modest cooling of electrons in the

plasma propagation direction, which additionally works to suppress the Weibel

instability.

Laboratory experiments with shock parameters in the astrophysical regime

can be difficult due to the small temporal and spatial scales on which they develop.

A series of experiments ([44, 43, 296] and this work) has developed a reliable

platform for routinely launching collisionless shocks in laser plasma experiments

(> 64% of 142 shots produced shocks in this work). The experimental platform

that has been continuously developed and improved upon in this thesis is roughly

as follows.

A high intensity (1014 W cm−2) laser pulse is incident on a solid target, sur-

rounded by a low density gas background. In the initial stages of the interaction,

the rising edge of the long pulse beam (or pre-pulse if present) heats and ablates

the solid target plasma via resonance absorption. The produced plasma is depen-

dent on the laser parameters, such as intensity and wavelength, along with the

target properties and surrounding conditions [371]. The higher intensity part of

the beam then penetrates this pre-plasma up to the critical density and the laser

energy couples to the electrons via inverse bremsstrahlung. This ablation front

of thermal electrons causes the plasma to expand. Concurrently, the interaction

of the high intensity pulse with the solid target produces copious X-ray radia-

tion. This is intense enough to photo-ionise the low density gas in the vicinity of

the solid target [348]. Therefore, when the dense target plasma expands, it ex-

pands into a cooler, rarefied, ambient plasma medium. This generation of a dense

plasma expanding into a ambient but stationary background is analogous to the

colliding plasma clouds investigated in numerical studies [362, 367, 305, 368, 369]

and seen in astrophysical scenarios [300, 301].

The multi-frame temporal imaging and large temporal window capabilities of

proton radiography make it an ideal diagnostic for investigating a number of dy-

namic phenomena, including collisionless shock waves. This diagnostic technique

is especially applicable as it allows the resolution of the shock front topology.
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4.4 Previous observations and motivations

Previous experimental work has used proton imaging to resolve the shock front

and provide simultaneous measurements of propagation velocity and associated

electric field during the initial stages of shock propagation [43], characterisations

of the transient stages in which the shock initially forms at the boundary of the

blast shell [44] and experimental observations of the growth of the non-linear thin

shell instability in collisionless plasma [290].

The observations of Romagnani et al. [43] and Ahmed et al. [44] have char-

acterised the initial stages of electrostatic collisionless shock formation. In these

experimental works, the proton probing technique allowed the shock front struc-

ture to be resolved, unlike the works of [346, 347, 372] which only utilised optical

probing techniques. This revealed an expanding front characterised by a bipolar

field profile, resulting in the characteristic proton accumulation pattern as show

in Figures 4.2 (a), (b) and (c).

Figure 4.2: RCF Profiles: RCF data from [43] (a) and [44] (b) at early time.
Sketches of typical proton accumulation profile expected in the proton radio-
graph for early (c) and late (d) stages of collisionless electrostatic shocks. The
profile for an ion acoustic soliton is the same as (c). The light green colour corre-
sponds to areas of proton depletion, the dark green corresponds to areas of proton
accumulation and the nominal green colour at the edges and in the centre of (d)
corresponds to the normal unperturbed proton signal.
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Romagnani et al. [43] initially identified the structures as ion acoustic solitons.

This was primarily based on the resemblance of the electric field required to

produce the observed modulation, with respect to the electric field associated

with an ion-acoustic soliton [272], within the framework of the Korteweg-de Vries

equation.

Ahmed et al. [44] focused on the initial stages of shock formation and observed

the transition from a double layer [373, 374, 375, 376, 377, 378, 379] at the front

of the expanding plasma into a “proto-shock” structure characterised by a bipolar

field. The shock is in this case clearly electrostatic, with no magnetic component

[305].

In simulations, this “proto-shock” structure is seen at later times to evolve in

a pair of counter-propagating shocks [44, 369, 368]. The proton deflection profiles

observed across the shock in [44] (Figure 4.2 (b) and (c)) are consistent with the

early stage of the processes observed in the simulations (see Figure 4.3) where

the two counter-propagating forward and reverse shocks have not yet developed.

The outer deflection of the protons by the bipolar field at the shock front causes

a depletion region with accumulation regions at its sides, as seen in Figure 4.2

(c).

Figure 4.3: Electric field profile from a simulation corresponding to the features
seen in the RCF shown in Figure 4.2 (b). From [44].

However, these investigations were limited in the reliability of the platform

(the prevalence of shock generation was low with respect to the number of shots)

and the temporal range in which they were able to take data (due in part to

facility issues such as laser beam jitter). The observations were therefore limited

to the early, formation phase of the structures, and did not cover the later stages

at which the shocks have fully developed and potentially split, as indicated in the

simulations.
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4.4.1 Motivation for this work

Over the last several decades international collaborations have collected signifi-

cant observational data on CSWs. However several key questions regarding the

basic properties of these CSWs remain open to interpretation. Spacecraft and

satellite studies have been unable to place quantitative limits on the important

spatial scales or assess the overall shock transition [380, 332].

The works of Romagnani et al. [43] and Ahmed et al. [44] inspired many

numerical studies into the observed phenomena [369, 368, 381, 382, 362, 305,

367, 383] for the experimentally observed time scale and beyond. One interesting

feature observed in these simulations is that at later times, the shock feature is

seen to evolve into a pair of counter propagating shocks.

Experimental observations of the shock features at later times would allow

comparisons with these simulations to help remove some of the ambiguity in

the interpretation. Romagnani et al. [43] initially identified the features as ion

acoustic-solitons, whilst the simulations in Ahmed et al. [44] suggest that instead

it is the initial stage leading to the formation of a pair of forward and reverse

shocks. The evolution of the proton deflection profile in the proton radiography

is predicted to be markedly different for the two cases (see Figure 4.2 (c) and

(d)). The signature of the separation of the two shocks is given by the topology

of the proton deflections. In this case, we expect to detect two separate regions

each consisting of proton accumulations followed by a region of proton deflection,

with a region of unperturbed proton density in the middle (see Figure 4.2 (d)).

Therefore, experimental results showing the development and evolution of

shocks from a compressed plasma shell are presented and compared to simulations

to validate the modelling of the late time behaviour, for the first time.

4.5 Experimental setup

The experiment was performed at the Vulcan laser (RAL, UK) using Target Area

West [81]. A ∼1 ns, ∼150 J laser pulse (long pulse) was focused down to a focal

spot of ∼150 µm radius using an f/10 lens, onto a 100 µm thick gold foil (shock

target) resulting in a peak intensity on target on the order of ∼ 1014 W cm−2.

The long pulse interacted with the target at 45 degrees from target normal. Even

in the case of polished gold targets, a thin layer (tens of nm) of hydrocarbon

and water vapour contaminant was present on the foil surfaces [127] resulting in

the ablated plasma being comprised of both low atomic number elements such as

hydrogen, carbon and oxygen, as well as gold ions. A CPA pulse of ∼1 ps, ∼100 J

was focused using an f/3 OAP to an intensity of ∼ 5× 1019 W cm−2 on a 50 µm
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gold target (proton target), to generate protons via TNSA (see Section 2.4.1) for

proton radiography (see Section 3.3).

Figure 4.4: Schematic of the experimental setup in the TAW interaction chamber.

The shock target was surrounded by nitrogen gas (N2) at a pressure of 10−1-

10−4 mbar (∼ 1015 − 1013 cm−3 atoms). The surrounding gas atmosphere was

achieved by filling the interaction chamber with gas in the few seconds preceding

the laser shot. Gas pressure was monitored by a nitrogen calibrated pressure

monitor a few centimetres from the interaction region.

Figure 4.5: Sketch of the time of flight arrangement of proton radiography as
used in this experiment.

Figure 4.5 shows a schematic of the proton radiography set up. The dis-

tance between the proton target and the interaction target was l = 10 mm and

the distance between the shock target and the first layer of the RCF stack was
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L = 70 mm giving a projection magnification of M ≈ (l+L)/l ≈ 8. The multiple

layers of the RCF stack and the broad energy spectrum of TNSA protons allow

multiple temporal frames within a single laser shot. In this time of flight arrange-

ment the probing time can be calculated by τ = τ0 + ( l
c
× ( 2Ep

mpc2
)−1/2) where Ep is

the proton energy, mpc
2 ∼ 940 MeV and τ0 is the optical delay between the two

laser pulses.

Proton radiography images of a static un-irradiated wire (see Figure 4.6) in the

described experimental configuration confirm the geometric magnification within

±2%

Figure 4.6: Raw radiograph image of a 100 µm diameter stainless steel wire (red
arrow) produced using 8.7 MeV protons. The wire measures 57 pixels across
(FWHM) when scanned at a resolution of 12.25 µm per pixel, giving a magnifica-
tion of M ≈ 6.98, when the geometric magnification should be M ≈ 7, confirming
the accuracy of the experimental distances. The red dashed border corresponds
to the shadow left by the RCF film pack holder.

4.5.1 Beam timing

TAW consists of six long pulse beams (B1-B6), all driven from the same oscillator,

and two short pulse beams (B7, B8) driven from a separate, common oscillator.

This means there is a temporal jitter between the short pulse and long pulse

system that is currently determined by the facility to be ∼ ±170 ps [196]. There is

no measurable jitter on picosecond time scales between beams B1-B6 and between

beams B7 and B8. In this experiment the jitter was measured and found to be

∼ ±190± 20 ps, in reasonable agreement with the published value. This level of

jitter is too high to deploy the shock generating experimental platform reliably as

found by Romagnani et al. [43] and Ahmed et al. [44]. However, in this experiment

we were able to reduce the timing uncertainty to ∼ ±20 ps.
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The maximum proton energy achieved by B8 on a 100 µm Au target via TNSA

was ∼ 15 MeV. As the slow time of flight of protons below ∼ 5 MeV results in

temporal smearing of the radiography image, only protons in the range >∼ 5 MeV

are suitable for radiography purposes. RCF layers with protons energies below

∼ 5 MeV were discarded from analysis. With a proton target to interaction

region distance of 10 mm, this resulted in a temporal window available to the

proton probing diagnostic of approximately ∼ 200 ps. As this is on the order of

the jitter, and the features under observation evolve over less than 10’s of ps [44],

good knowledge of when the two beams are incident on the targets is essential

(knowledge of timing slide movements to adjust beam timing is not sufficient due

to the ∼ ±190 ps jitter). Without a jitter monitor, probing times can only be

quoted with an error on the order of the jitter. To remedy this, a “jitter monitor”

streak camera and a “timing” streak camera were used. As it was not possible to

directly capture light from TCC to a streak camera during data collection shots

due to line of sight requirements for other diagnostics, the directions of target

back reflections and the high intensities of the beam, dedicated calibration shots

were taken before data was collected.

For timing calibration, turning mirror leakage from beams B7 and B4 was

directed into the “jitter monitor” streak camera (with the intensity in B7 signifi-

cantly reduced) and beams B8 and B3 were directed at a target at TCC, angled

so that scattered light would enter the second “timing” streak camera. Beam B4

was blocked to target. Beams B8 and B3 were timed to arrive at TCC coinci-

dentally using the “timing” streak camera (within 20 ps due to the streak camera

resolution), and then the B7 timing slide was adjusted independently from B8 un-

til B7 and B4 were coincident on the “jitter monitor”. Ensuring that the B7 and

B8 timing slides were always moved together after this point, the beam timing

at TCC could be determined from the “jitter monitor” only. Calculation shows

that over the course of the experiment, the integrated timing slide movements

of B7 and B8 differed only by ∼ 19 ps (∼ 6 mm) over 142 data shots. During

data shots, this meant light from beams not used in the interaction was used for

timing, allowing the full energy to be on target and without disrupting the line

of sight to TCC for other diagnostics.

From this, the inter-beam timing error was reduced from ± ∼ 190 ps to

± ∼ 20 ps giving a considerable improvement over the work in [44, 384] where

no jitter monitor was employed.
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4.5.2 Ambient plasma characterisation

As stated previously (Section 4.3) the expansion of laser produced plasma into

an ambient medium is significantly different from the vacuum case [305] and is

in fact necessary for the generation of electrostatic CSWs.

Figure 4.7: Radiograph image of interaction under standard experimental condi-
tions apart from the background gas. No gas was present, only typical vacuum
conditions of 6× 10−5 mbar of dry air. Image corresponds to a time of 170± 20 ps
after the start of the long pulse interaction, where the error is due to the uncer-
tainties in the proton radiography technique, not the beam timing.

Figure 4.7 shows RCF data from the experiment under conditions where no

gas was present in the interaction chamber (typical vacuum conditions of a back-

ground 6× 10−5 mbar of dry air). Note that the characteristic proton profile

associated with the generation of shock or shock like structure (see Figure 4.2)

is not seen, in agreement with [362]. Instead, only turbulent ablating plasma is

seen, as is typical in the vacuum expansion case. This is a clear indication of the

importance of ambient medium in the development of plasma dynamics and that

it should not be excluded from numerical and analytical models.

Where the shock target was surrounded by nitrogen gas at pressure of 10−2-

10−3 mbar, when the long pulse laser interacts with the solid shock target, it

creates a warm dense plasma and ionises the surrounding medium via radiation

emitted from the plasma. The moderate laser intensity ∼1014 W cm−2 interaction

with the solid target creates hot electrons with a temperature of a few tens of keV
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and a significant flux of thermal X-rays of 100-1000 eV [385, 386, 387]. It is this

radiation that propagates through the surrounding gas, and ionises it [388, 348].

This results in a low density plasma surrounding the target where the shock forms

and propagates.

In order to estimate the ambient plasma parameters and inform the inter-

pretation of this experiment, a series of laser interactions with a solid Au target

have been simulated in the 1-D hydrodynamic code HYADES [275], in planar

geometry.

An Au foil 100 µm thick with a 50 nm layer of hydrocarbon contaminant (CH2

at a density of 1 g cm−3) as in [44], followed by a region of nitrogen gas at a pres-

sure of 2× 10−3 mbar was modelled. The Au foil was irradiated by a nanosecond

laser pulse with a peak intensity of 5× 1014 W cm−2, with a temporal intensity

profile matching that used in the experiment.

Figure 4.8: Figure showing the ionisation level Z∗ of the material in the HYADES
simulation at 460 ps after the start of the laser interaction. This is the time at
which a shock is first seen in Figure 4.12. The value of Z∗/Z is also plotted to
show that all the material from the laser irradiated face of the target (x = 0 µm)
up to a distance of ∼ 2000 µm is fully ionised. The low value of Z∗ for the Au
in the region x < 0 µm is due to the laser interacting with the hydrocarbon layer
and the fact HYADES is a Lagrangian code.

Figure 4.8 shows the hydrodynamic simulation confirms that the X-ray radi-
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ation generated in the laser solid interaction ionises the ambient gas and creates

tenuous plasma in the early stages of the interaction. By a time of 460 ps (the

earliest shock structures are seen in Figure 4.12), it can be seen that the back-

ground nitrogen gas is fully ionised up to a distance of 2 mm from the target,

considerably further than the maximum distance shock features are seen at.

Electron temperature and density are estimated to be 560 eV and 5× 1015 cm−3

respectively at a time of 460 ps in the positions where shocks features are seen.

Based on these parameters the Debye length, electron plasma frequency, ion

acoustic speed and ion plasma frequency are estimated to be λD ∼ 2.5 µm,

ωpe ∼ 6× 1011 s−1, cs ∼ 1.6× 105 m s−1 and ωpi ∼ 3× 1010 s−1 respectively. This

puts the electron-electron, electron-ion and ion-ion mean free paths on the order

of at least centimetres, several orders of magnitude larger than the Debye length,

on the order of microns, confirming that the plasma and thus any shock like

features observed, are collisionless.

4.6 Shock model

Electrostatic shocks form due to the ambipolar electric field of a plasma den-

sity gradient and are in fact stabilised by it [368]. Figure 4.9 shows the shock

formation mechanism, as used in simulations, but is analogous to experimental

conditions in the shock frame.

Figure 4.9: Two plasma clouds of density n0 = 1 collide at position x = 0 at a
speed of 2Vc. After a short time, clouds 1 and 2 will have interpenetrated for a
short distance, causing the ion density in this region to be n(x) = 2. Electrons can
move out of this layer due to their high mobility compared to the ions, resulting in
a net positive charge in the overlap region compared to the surrounding plasma.
The spatial scale of this electron gradient is the Debye length. From [368].

Two plasma clouds each consisting of electrons and ions collide at position
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x = 0. The ions and electrons of each cloud move at the equal average speed

Vc, but in opposite directions, towards x = 0. Each cloud is initially free of any

net charge and current. The low thermal speed of the ions means they maintain

their density on the order of electron mobility time scales. This causes the ion

density in the overlap layer to be twice the original cloud density. Electrons

can leave this overlap layer due to their higher mobility, leaving the overlap

layer positively charged. The electric field at each boundary confines electrons

to the overlap layer, resulting in ion expansion from the overlap layer. This

also slows down the ions from the incoming plasma clouds as they cross the

overlap layer boundary. A shock can exist if the pressure in the overlap layer

is equal to that in the upstream plasma. Over time, the ion density in the

overlap region increases beyond 2n0, increasing the potential difference. The

larger this potential difference, the greater the slow-down effect and compression

of the incoming ions. This non-linear, self-amplifying effect is stopped by shock

formation, by separating the downstream region (the compressed overlap layer),

from the upstream region (the incoming unperturbed plasma cloud). Incoming

ions can be reflected by the shock potential, giving rise to a fore-shock region

consisting of the incoming plasma cloud and a population of shock reflected ions.

4.7 Results

4.7.1 Observation of electrostatic CSWs splitting

Figure 4.10 shows typical RCF data obtained in the experiment for conditions

where background gas is present. In this image the proton beam was timed

to cross the interaction region at 533± 11 ps after the arrival of the long pulse

laser (red arrow). A highly pronounced region of proton accumulation is seen at

the interface of the target foil and the region labelled “Ablated plasma”. The

field distribution associated with this observed modulation is associated with the

dense region (ne > 1018 cm−3) of blow off plasma produced by the laser ablation

of the target [41]. A turbulent pattern is seen slightly further from the target

that is caused by electrostatic and magnetic fields associated with the region of

expanding gold plasma and is typical of proton radiography observations of laser

solid interactions.
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Figure 4.10: Typical proton image data taken at 533± 20 ps after the start of the
long pulse interaction using 8.3 MeV protons. The dashed yellow line indicates
the position that the lineouts were taken in the subsequent analysis of this data.
This image is an annotated zoom from Figure 4.12 g.

At approximately ∼ 1 mm and ∼ 1.3 mm from the target surface, pronounced

modulations of the proton density are seen. These features labelled “A” and

“B” are seen to be roughly spherical about the laser interaction and with radii

of curvature of ∼ 590 µm and ∼ 840 µm respectively. In the equatorial region,

the radial structures are interrupted by the plasma channel created by the laser

beam propagation. This is likely to modify the local background plasma condi-

tions and therefore affecting shock formation and propagation in this region. The

substructure is rich (for example the tube like filamentary structures observed on

the rear target surface are likely to be current instabilities as observed by [389]),

but the main feature is a central evacuated region bounded by two darker accu-

mulation regions, expanding about the laser interaction point. This is consistent

with previous observations of electrostatic structures at earlier times as reported

in [43, 44].

4.7.2 Temporal evolution in a single shot

Due to the improved timing ability, it has been possible to follow the evolution

of the features over a longer temporal window (∼ 200 ps) and extract useful data

from more layers of RCF in a single shot, than in comparison to the previous work.
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By adjusting the inter-beam timing, the temporal evolution of shocks during their

early-stage, mid-stage and late-stage development has been observed. Whilst the

following data is taken across three different shots with slightly different laser

and gas pressure conditions, due to shot to shot variations, these factors have

minimal effect on the evolution of the observed dynamics as the heating of the

background gas scales as I1/4.

Figure 4.11: Radiographs of a 141.5 J, 1 ns laser pulse interacting with a 100 µm
thick Au target over a 150 µm diameter focal spot in a nitrogen gas background
at a pressure of 1.6× 10−3 mbar. The probing times correspond to the laser pulse
arriving on target.
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Figure 4.12: Radiographs of a 125.5 J, 1 ns laser pulse interacting with a 100 µm
thick Au target over a 150 µm diameter focal spot in a nitrogen gas background
at a pressure of 2.4× 10−3 mbar. The probing times correspond to the laser pulse
arriving on target.
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Figure 4.13: Radiographs of a 197.7 J, 1 ns laser pulse interacting with a 100 µm
thick Au target over a 150 µm diameter focal spot in a nitrogen gas background
at a pressure of 2.64× 10−3 mbar. The probing times correspond to the laser
pulse arriving on target. At these later times, only feature B remains, A has
been almost completely destroyed by the “filamentation front” caused by shock
reflected ions.
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4.7.3 Shock propagation velocity

To measure the position of the features, and therefore their velocity, RCF images

have to be aligned accurately. The arbitrary rotation induced to the images

by placing them on the scan bed by hand was corrected by rotating the image

until the sharp boundary between the exposed RCF and the unexposed shadow

caused by the stack holder is at a right angle. This can suffer if there is poor

contrast at the edge of the RCF image or if the RCF layer was not flat in the

stack holder. Bowing of the RCF can sometimes be caused by over tightening of

the stack holder or by deformed filter layers. Once the angle was adjusted the

images were stacked in ImageJ and a slice alignment macro was used to align

them in the horizontal and vertical directions with respect to a static feature in

the RCF images, such as the edge of the film holder or the shadow of the target

mount. This macro was originally produced by [390] but modified by the author

for this purpose. The uncertainty in position measurement comes primarily from

the uncertainty in the alignment procedure and in the difficulty in identifying

features to the nearest pixel.

Figure 4.14 shows the positions of features A and B (as seen in Figure 4.12)

with respect to time.
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Figure 4.14: The positions of features A and B in Figure 4.12 are shown over
the temporal window of the proton radiography. The distance between the two
features can be seen to be increasing over time. See figure 4.10 for an indication
of where the lineouts were taken. The position x = 0 refers to the position of
the shock seen at the earliest time. Subsequent positions are measured relative
to this.

The width of the two features increases from 220 µm at 460 ps to 379 µm at

690 ps. The positions are fitted best with a second order polynomial function with

instrumental error weightings. The derivative of this function gives the velocity.

The errors in velocity are compounded from the errors in time, position and the

goodness of the position fit function. Figure 4.15 shows the velocity of features

A and B (as seen in Figure 4.12) with respect to time.
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Figure 4.15: The velocities of features A and B as measured from the RCF images
are shown over time. Feature A decelerates more quickly than B, despite its initial
slower velocity.

It can be seen that feature A propagates with a velocity of 9.6× 105-4.7× 105 m s−1,

whilst feature B propagates with a velocity of 1.5× 106-1.3× 106 m s−1. The

ambient plasma parameters inferred from the HYADES simulations indicate an

ion-acoustic velocity of cs ≈ 1.6× 105 m s−1, and that this is constant over the

times and distances the shocks are seen to propagate. This implies that feature

A is seen to decelerate from Mach MA ∼ 6− 3, whilst feature B decelerates from

Mach MB ∼ 9− 8.

The average ratio of the velocities shown in Figure 4.15 can be taken to

compare the features relative velocities more easily. It is found that the ratio

of the velocities of features A and B is 1.87 ± 0.44 where the uncertainty is the

standard error of the uncertainty in the ratio for each measurement.

4.7.4 Electric field profiles

In proton radiography, the laser accelerated protons are used as a charged particle

probe, hence the modulation of proton density observed in the RCF depends

on the transverse electric field in the interaction region. Assuming small angle

deflections (the proton trajectories do not cross) and no magnetic fields, the
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modulation of the proton density in the RCF can be related to the electric field

distribution in the interaction region by Equation 3.19, rewritten here as:

〈Ey〉 ≈ −
2EpM

eLb

∫
δnp
np

dy, (4.1)

where δnp = np−npu, np and npu are the perturbed and unperturbed density,

Ep is the proton energy and b is the region of non zero charge density that is

crossed by the protons. In the case of thin radially distributed structures such as

shock fronts (see Figure 4.16), b can be approximated as:

b ' 2
√

(R + δR/2)2 −R2 ∼=
√
RδR, (4.2)

where R and δR are the radius and thickness of the structure respectively and

δR� R.

Figure 4.16: Schematic of the distance b, approximated when considering the
non-zero region of electric field that protons transverse in proton radiography.
This is due to the fact the RCF image is a 2D representation in the image plane
of a 3D electric field distribution.

As a rule of thumb, the electric fields are directed from the regions of lighter

colour compared to the background (reduced proton flux), towards the darker

colour regions (increased proton flux).

RCF images are digitised with a flat bed scanner and the scanned value of

optical density is converted to absorbed dose using calibrations obtained from

an accelerator source of protons (see Section 3.2.2.3). The uncertainty in the

extracted electric field is primarily due to the dose conversion uncertainty.

Using Equation 4.1, the electric field profiles across the observed modulations

seen in Figures 4.12 c) and j), are reconstructed and shown in Figure 4.17. It

can be seen that over the ∼ 150 ps between the two images, that the electric field

features seen between features A and B at early times, dissipates as the features

separate.
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The electric field profile at 473 ps across all features has very similar resem-

blance to the electric filed profile seen in simulations by [44] shown in Figure 4.18.

This figure shows the electric field profile across the features as they are seen to

split into a forward and reverse shock, in the shock frame.

Figure 4.17: The electric field profiles of the features are shown, reconstructed
from the observed modulations in the proton distribution in the RCF images. The
features are plotted as a function of x microns, showing the relative positions the
features form at.

Figure 4.18: The electric field profile across the features during the phase of initial
splitting. From PIC simulations in [44].
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Figure 4.19: Experimentally reconstructed electric field distributions at 473 ps
and 625 ps for both features A and B. The profiles show the pseudo symmetric
bipolar structure. The experimental errors in the electric field and position are
on the order of 20% and 5 µm respectively.

Figure 4.19 shows the electric field profile as reconstructed across the features

A and B as seen in Figures 4.12 c) and j), super imposed on to each other in x.

The electric field across both features at the two shown times has a symmetric

bipolar structure. This is in agreement with the electric field structure seen by

[44] experimentally and in simulations and by [391] in simulations (see Figure 8

o) within). It is seen that the features maintain an amplitude on the order of

tens of MV m−1, but increase over time, confirming the interpretation that the

amplifying effect described in Section 4.6 is at work.

The associated potential can be obtained by numerically integrating the elec-

tric field distribution profile. Figure 4.20 shows the potential associated with the

extracted electric fields. The potential has a bell shaped profile, which increases

in magnitude with time to a peak amplitude of ∼ 6 kV in feature A at 625 ps.

It is seen that the peak amplitude of feature B exceeds that of feature A at late

times, but this is probably an artefact from the noise in the electric fields when

integrated.
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Figure 4.20: Reconstructions of the potential associated with the electric field
distributions across the features seen in Figure 4.19. The bell shaped potential
is seen to increase in magnitude over time.

It is thought that the formation time of shock like features can be delayed due

to the large collision speed, and the fact the electrostatic fields that mediate the

structures grow relatively slowly. These fields need time comparable to several

tens of inverse ion plasma frequencies to reach an amplitude at which the counter

streaming ion beams can collapse into a pair of shocks. It is observed that by

625 ps, the shock like structures have completely split, due to the fact that the

electric field profile across each individual feature is identical to the singly ob-

served shocks in other work [44] (see Figure 4.3), and no features are observed in

between the shock structures. A time of 625 ps corresponds to ∼ 20 inverse ion

plasma frequencies for our experimental conditions. The width of the individual

shock like features after separation (∼ 35 µm) is on the order of 10λD. This is

in very good agreement with the simulations in [383, 368] with a shock width of

“about 10λD” at a time of “tens of inverse ion plasma frequencies”.
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4.7.5 Ion instability and shock reflected ions

In Figure 4.12 d)-k), a feature is clearly seen in the layers corresponding to later

times, that is seen to propagate through feature A, towards feature B. Shown for

clarity in Figure 4.21, this feature is seen to propagate from 482-692 ps in Figure

4.12, and is still visible at later times in Figure 4.13 from 809-933 ps.

Figure 4.21: Figure showing a zoom of Figure 4.12 j), showing the observed
filamentation at 625 ps. The filamentation front, shown by the edge of the blue
arc, is seen to have propagated through feature A disrupting it and leaving a
wake of filamentation features behind it. At this time, feature B is unaffected by
this filamentation front and still resembles the profile observed at earlier times.

This “filamentation front” feature appears to be a front moving with compa-

rable velocity to features A and B, leaving a wake of filamentation behind it. It

is seen to propagate through feature A, disrupting the observed shock front, and

inducing modulation within it. Figure 4.22 shows the velocity of this feature’s

propagation, and Figure 4.23 compares its velocity with that of feature A.
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Figure 4.22: Position of the filamentation from in the RCF images. Positional
errors are relatively large (on the order of 25 µm in the worst cases), due to the dif-
ficulty in determining where the filamentation front is in the image, compounded
with the normal errors in RCF image alignment.

Figure 4.23: Graph showing the velocities of feature A and the filamentation
front. Both features are seen to propagate at comparable speeds (approximately
a factor of 2 difference). The larger errors in velocity at earlier time for the
filamentation front are due to the large errors in determining position.
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It is seen that the filamentation front moves with a velocity of∼ 1.5× 106 m s−1.

Its velocity is compared to the velocity of feature A, and the ratio is found to be

1.83± 0.9. The errors in position measurements are large due to the uncertainty

in defining the filamentation front position in the RCF.

4.7.6 Shock formation region and parameter space of shock

formation

The density of the laser ablating plasma decreases with distance away from the

shock target. In the region where this density becomes comparable to the density

of the background plasma, shocks form as the velocity of the ablating plasma is

higher than the ion acoustic speed in the background plasma. It is predicted that

shocks should form in the region where the densities of the ablating plasma and

the background plasma are comparable [382]. This is why shocks are not seen to

form at the surface of the shock target.

It is reasonable to assume that the laser ablated plasma would consist of

heavier Au ion species directly from the solid foil ablation. However, such ions

are unlikely to be present at the expanding ion front as this would require an

unrealistically high kinetic energy to reach the ion front during the time at which

the shock forms.

Shocks are initially seen to form at ∼ 1 mm from the target at a time of

∼ 200 ps, implying the Au ions have a kinetic energy of 100 keV/nucleon. At

the modest laser intensity of 1014 W cm−2 it is not possible to accelerate heavy

ions to these energies [127, 387]. It can therefore be assumed that the observed

shock structures form as a result of light ion species such as water and other

surface contaminants on the shock target, interacting with the nitrogen ions in

the background gas plasma.

To confirm this a HYADES simulation with a pure Au target and a Au target

with a contaminant layer were compared. The ion density profile of the expanding

plasma is shown in Figure 4.24.
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Figure 4.24: Hydrodynamic simulations using HYADES of the ablation of a gold
target (black lines) and a gold target and hydrocarbon contaminant layer (red
lines). The graph shows the ion density profiles at 200 ps (solid lines) and 500 ps
(dashed lines) after the start of the interaction.

4.8 Discussion

Firstly, it is inferred that the shock structures seen are electrostatic and colli-

sionless. A collisional shock would have a thickness comparable to the ion-ion

mean free path. Collisionless shocks should have a shock thickness much smaller

than the ion-ion mean free path [301]. The ion mean free path can be calcu-

lated by Spitzers formula [392] λii = (2πε20m
2
i 〈Vi〉4)/(niZ4e4lnΛ) where Z is the

ionisation level, ε0 is the permittivity of free space, ni is the ion density (ne/Z)

and 〈Vi〉 is the average ion velocity. Here, the ion velocity is the shock velocity

Vs rather than the ion thermal speed. Using Z = 7, ni ∼ 7× 1014 cm−3 and

〈Vi〉 ∼ Vs ∼ 1× 106 m s−1, the ion-ion mean free path is found to be > 1 m,

which is much larger than the shock width.

If the shock were to be magnetised, the shock would have a thickness on the

order of the ion-gyroradius. For an ion-gyroradius on the order of 100 microns

(approximately the width of the observed structures) there would have to be an

instability driven magnetic field on the order of mega Gauss, which is unrealisti-
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cally large in such low density plasma. If the nitrogen background gas was only

partially ionised, an even higher magnetic field would be required.

The velocity ratio of approximately 2 for features A and B (see Figure 4.15)

has several implications. Firstly, shock reflected ion fronts (see Section 2.4.3) are

reported to travel at twice the CSW velocity [369, 393, 394, 395, 391]. This is

because in the frame where the shock is at rest, the ion bunch impinges on the

shock front with a velocity of −Vs. In the same reference frame after reflection,

ions will have a velocity Vs. Returning to the laboratory frame, the velocity of

the ions after reflection is 2Vs.

However, it is not assumed that feature B is a shock reflected ion front as the

observed modulation in the RCF implies a different electric field profile across

the feature than that seen for a shock reflected ion front [43, 272]. It is expected

that the proton density modulation at the front of the reflected ion front will

gradually return to that of the nominal density, however we see a sharp decrease.

Instead, it can be shown that for two counter propagating shocks in the shock

frame, the forward shock will propagate with twice the velocity of the reverse

shock in the laboratory frame, and it is implied that features A and B are counter

propagating shocks with comparable velocities in the shock frame.

This disagrees with the work of [369] which finds that electrons from the hot

plasma expand into the cold one and a charge imbalance drags a beam of cold

electrons into the hot plasma, reducing the electron temperature gradient. The

jump in thermal pressure develops into a primary shock. Fast protons move

from the hot plasma into the cold plasma and form phase space holes in the

electron and proton distributions. The proton phase space holes develop into a

secondary shock ahead of the primary one, which thermalises the beam. They

draw comparisons to the experimental observed double shocks in [396], although

these are radiation driven. The fact that proton phase space holes that develop

into the secondary shock can only be caused by ions that outrun the primary

shock and thus cause it to form at later times, suggests that this is not the

formation mechanism seen in this experimental work.

Figure 4.23 shows the velocities of feature A and the filamentation front.

Despite these large errors, the value of velocity ratio of ∼ 2 has in this case,

no other explanation than a shock reflected ion front. This interpretation is

supported by the filamentation seen behind the front, which is inferred to be the

electrostatic ion-ion instability [397, 398], requiring a population of accelerated

ions to form.

Despite the fact that the Weibel instability is not triggered (a much higher

laser energy is needed to excite Weibel mediated shocks [295, 399]), filamentation

resulting from other instabilities can still form. The observed filamentation fea-
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tures have a striking resemblance to observations made by [305, 362, 395], who

characterise the features as the ion-ion instability, reinforcing the interpretation.

Figure 4.25 shows the electric field distribution across the filamentary structures

seen in [362]. The structure is identical to the proton modulation, caused by the

electric field distribution as seen in Figure 4.21.

Sarri et al. [305] report on spatial modulations in proton density of about

10% that form on average within 10 degrees of the shock front’s perpendicular

direction. This instability occurs when an ion beam traverses an electron-ion

plasma, if the electron to ion temperature ratio is high enough to avoid Landau

damping. For the plasma parameters in this experiment an electron to ion tem-

perature ratio of ∼ 70 is found, large enough to allow the onset of the instability

according to [397]. The periodicity of the filamentation structures is measured to

be ∼ 15 µm (several Debye lengths), also in good agreement with simulations.

Figure 4.25: Figure showing the electric field distribution across ion-ion instability
filaments at t = 700 for simulations in [362]. The colour scale is in units of
megavolts.

Another reported feature of the ion-ion instability is its ability to disrupt

a shock front [395] when the electric fields become almost equal. Simulations

indicate an electric field across the filamentation of 5× 107 V m−1, only a factor

of 2 less than the electric field profile measured across feature A at 625 ps when

the shock front is seen to be disrupted. The factor of 2 is likely to be the reason

that the shock feature is still distinguishable at this point in time, before it is

destroyed completely, as seen in Figure 10 (a) in [395] due to the fluctuations in

the ion density.

By a time of 807-933 ps, the experimental data in Figure 4.13 shows that

feature A has been completely eroded, leaving only feature B still visible. At a

time of 969-1036 ps (and later) feature B is seen to be destroyed (Figure 4.13 j)

and k)) by the electric field associated with the ion-ion instability resulting from

the shock reflected ion beam.

108



Chapter 4 4.8. Discussion

4.8.1 Limitations and improvements

4.8.1.1 Laser beam timing

Streak cameras are notorious for their poor dynamic range which can cause issues

when timing beams with respect to their intensity profile, especially if the camera

is not absolutely calibrated (high gain could also introduce a non-linear response).

In the timing methodology, the time of the short pulse on target and therefore

the generation of the TNSA proton beam was defined as the time of the peak

intensity of the pulse as measured by the streak camera.

Streak cameras are also poor at measuring short pulses due to the finite slit

width, Coulomb repulsion between the photo electrons in the streak tube (which

is worse for shorter short pulses) and space charge build up between the cathode

and grid in the camera. This results in blooming of the ultra-short pulses on the

streak camera. The time of the long pulse at TCC was defined as the time at which

the intensity reached 10% of the maximum intensity, as recorded by the streak

camera. This is because the slow rise time of the long pulse results in moderate

intensities on target which can cause ionisation and form pre-plasma (and thus

start a shock expanding into the ambient plasma) long before the beams peak

intensity arrives at TCC. The 10% limit is also where the intensity ramp becomes

linear on the streak camera measurements. However, as the streak camera has

poor dynamic range, especially in the low intensity regime, it is expected that

there is considerable intensity on target long before the streak camera can detect

it. This results in a systematic shift in the timings towards the short pulse

arriving later in time with respect to considerable long pulse intensity on target,

and thus the probing times in each layer of RCF are probably later in time than

those calculated by the streak camera measurements alone (see Figure 4.26). To

account for this, a constant of 150 ps has been added to the timing as determined

by the streak camera. This value was determined by using RCF images of shots

where no interaction is seen in one layer, yet the start of the interaction is seen

in subsequent layers. The constant was iteratively adjusted until a probing time

of t = 0 was found between the two layers.
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Figure 4.26: Graphic showing the issues of the poor streak camera dynamic
range, used in the experiment. The red dashed lines show the dynamic range of
the streak camera, where a significant portion of the lasers energy on target is
outside of this range.

To improve the temporal measurements of the beams, a combination of sub-

picosecond resolution streak cameras, 3rd order auto-correlator measurements, or

spectral interference techniques like FROG and SPIDER could be used.

4.8.1.2 RCF probing time

There is an error associated with the timing of the laser beams that is ±20 ps.

This is not considered in the treatment of shock propagation velocities as by

its nature, the beam timing error is consistent for every layer in a single shots

RCF stack, and thus comparing the times of individual RCF layers removes the

necessity to consider this error. Only the error associated with the probing time

is considered as this is different for each layer of RCF as it is, amongst other

things, ion energy and film type dependent.

There are two main sources of probing time error with respect to the protons.

The first is the energy spread of protons within a specific layer of RCF. Typically

this is on the order of ±0.5 MeV for protons up to an energy of 15 MeV and is the

dominate source of probing time error. The second biggest source of error is the

finite width of the probing region the protons transit b, giving a time integration

error due to the transit time of protons through this region. Other sources of

negligible error include the bunch length of the laser generated proton beam,

which is on the order of the laser pulse (∼ ps).
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4.8.1.3 Shock reflected ion detection

In future experiments, it would be highly beneficial to have a dedicated shock

reflected ion diagnostic to look for any accelerated ions. A Thomson parabola

spectrometer with the pin hole aligned to the long pulse interaction point on the

shock target would be an ideal diagnostic as it would allow an energy resolved

spectra of any shock reflected ions to be measured.

4.9 Conclusions

• Experimental evidence of the splitting of electrostatic collisionless shocks

into a forward and reverse shock, due to the self amplifying feedback of ion

front steepening, is presented for the first time.

• Shocks are formed by the expansion of a dense laser ablated plasma into an

ambient medium, analogous to many astrophysical phenomena.

• Using proton radiography, it has been possible to resolve the shock front

topology and simultaneously measure the spatial profile, electric field distri-

bution and propagation velocity with a high temporal and spatial resolution,

over a longer temporal window than any previously reported observations.

• By following the temporal evolution of the shock like features, it has been

possible to observe the splitting of the shock front into a forward and reverse

shock (in the shock frame) as predicted by simulations.

• Both experimental measurements and comparisons to simulations show that

the shock potential is high enough to reflect some of the incoming upstream

ions, stabilising the electrostatic shock.

• Shock reflected ions are observed to be the cause of the ion-ion instability

which is seen to develop at later times as evidenced by a filamentation front.

• The observed filamentation front propagates through the shock features,

destroying them in the processes, due to the similarity of the associated

electric fields of the shock front and the instabilities. This is again in agree-

ment with simulations.
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Optimisation of TNSA ion beams for applications

In this chapter, warm dense matter generation techniques are presented along

with an explanation of why laser accelerated ion beams are well suited to this

purpose. Results from a series of experiments conducted on the Orion laser are

presented, aimed at optimising and diagnosing the produced ion beams for the

purposes of WDM generation.

5.1 Introduction

The use of laser accelerated ion beams has been of increasing interest over the

last few decades and their unique properties have led to TNSA ion beams be-

ing considered for, or utilised in, a number of scientific, medical and industrial

applications. These include diagnostic charged particle radiography of high en-

ergy density phenomena [38, 39, 41, 400], hadron therapy [401, 170, 402], nuclear

isotope production [403, 404], proton fast ignition for fusion energy [405, 36], ma-

terials science [406] and the generation of warm dense matter (WDM) [27, 25].

Propositions for numerous further applications can be found in the literature

[14]. Despite the numerable desirable characteristics of TNSA, there are many

elements of the mechanism that are not well understood, such as the exact lo-

cation of the ion beam’s virtual source [119], especially in the case of complex

target geometries. Others, such as maximum ion energy, laser-to-proton energy

conversion efficiency and in particular, beam divergence [407], require substantial

improvement for many of the proposed applications, including the generation of

warm dense matter.

TNSA (see Section 2.4.1 for a fuller description of the mechanism) is the most
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widely achieved and studied acceleration mechanism with current laser technol-

ogy, and thus is the most frequently used in applications. TNSA generates an

ion beam from a point like source with a Boltzmann-like energy distribution up

to a cut-off energy, that is short in duration, low in transverse emittance and is

generated from a very compact source [119, 152, 408, 409].

Whilst other ion acceleration mechanisms (light sail, hole boring, shock etc.)

also have beneficial ion beam properties, the relative difficulty with which they

are achieved continues to make TNSA the most attractive mechanism for applica-

tions. This is especially true as some of the detrimental properties (from the point

of view of many applications) of the TNSA ion beam such as high divergence,

can be mitigated through experimental optimisation and control methodologies

with relative ease. For example the RPA [180] and BOA [410] mechanisms are

seen to be highly promising for increasing the maximum ion energy in simulations

and theory, but there is currently limited experimental evidence confirming this.

Both these mechanisms require laser intensities in excess of 1022 W cm−2, which

is achievable only in a limited number of large and expensive facilities worldwide

or at facilities where only a small amount of energy is delivered at this intensity,

limiting the useful yield available. TNSA represents a much more accessible laser

ion acceleration regime.

Applications for laser accelerated ion beams are generally found in places

where either conventional ion acceleration mechanisms are currently used, but

the size and cost of the conventional system is the barrier to widespread main-

stream adoption, or in places where conventional ion accelerating technology can-

not compete with the properties of laser accelerated ion beams, such as the short

beam duration. Laser accelerated ion beams can currently provide ion accelera-

tion on a much smaller physical footprint and smaller financial investment, but

beam properties in all but a few parameters are of lower quality than that which

can be achieved with a conventional accelerator. To become widespread, laser

ion acceleration mechanisms need to be able to compete with or even exceed the

beam properties produced by conventional accelerator technology.

This chapter will focus on some of the improvements that can be made to ion

acceleration under the TNSA mechanism, as it is the most widely studied and

achievable ion acceleration mechanism with the lasers that exist currently around

the world, with a large focus on the generation of warm dense matter, using these

ion beams.
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5.2 TNSA control and optimisation methods

The ability to control TNSA ion beam parameters such as divergence, focusing

position, energy selection and even additional acceleration has been experimen-

tally or theoretically demonstrated to varying degrees of success with several

different methods. The typical ion beam produced by TNSA is circularly sym-

metric, but emitted at a cone angle of 40-60° over most of the proton energies,

where only the highest energy protons are slightly more collimated. However, the

beams are highly laminar; they exhibit extremely low transverse emittance [15].

This property determines the “focusability” of the beams.

Methods of controlling TNSA ion beam properties generally fall into two cate-

gories. The ion beam produced by TNSA can be modified by the use of traditional

accelerator based technologies [411, 412] such as permanent magnetic quadrupoles

[413, 414, 415] or pulsed solenoids [416, 417, 418, 419]. The chromatic nature of

these focusing fields leads to an optimum focusing of a narrow energy range at a

given point, but all other energies still have significant flux at this point as the

focusing field is constant. Additionally, these solutions are often unsuitable for

collecting the wide angle beams of TNSA ions efficiently (they result in a con-

siderable fraction of the laser accelerated ions being discarded) and they require

considerable added experimental setup and reduce experimental flexibility due to

their size.

The other control method involves changing the properties of the TNSA ion

beam at its source, either through targetry or laser beam parameter control.

These methodologies are referred to as “all optical” and represent significant

benefits over the traditional beam parameter control methodologies for TNSA ion

beams, as they are highly suited to use in laser environments. All optical methods

are also ideal for smaller laser facilities such as those at universities that could

potentially find their way into hospitals (for hadron therapy or nuclear isotope

production), due to the space constraints. Therefore an all optical methodology

of controlling laser ion accelerated ion beams is highly desirable.

5.2.1 All optical control methods

An all optical method1 for controlling TNSA ion beam parameters is preferential

in many of the envisaged applications in terms of both financial cost, and com-

pactness (physical size) of the system. Laser accelerated ion sources potentially

represent a significant improvement in these areas over conventional accelerator

1All optical refers to the control of the accelerated ion beams properties through either laser
or target parameter changes, no other external equipment such as RF acceleration cavities,
focusing or bending magnets are used.
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sources; it would appear to be foolish to negate these advantages through the

deployment of existing ion optic technologies when an all optical solution may be

available.

Numerous different all optical methodologies have been investigated previ-

ously. These include optimisation of laser parameters for maximum ion energy

[154, 420, 421], spectral manipulation through control of target material [422, 423]

and contaminant layers [130], propagating the ion beam through thin foil stacks,

resulting in self collimation of the ion beam through the combination of magnetic

self-pinch forces generated by the beam current [424] together with the simultane-

ous reduction of the repulsive electrostatic forces due to the foils [425]. However,

the most promising results have been seen from changes to target parameters

by either exploiting the generation of electric and magnetic fields from the self-

charging of targets during the laser interaction or by inducing a curvature to the

rear target surface.

5.2.1.1 Transient target charging

During the interaction of a high intensity laser with a target, a significant fraction

of the laser energy is transferred into the hot electron population that moves from

the target in the forward direction. A percentage of these electrons will escape the

target and leave it positively charged. A transient electric field (similar to that

which is responsible for the ion acceleration in TNSA) can therefore be generated

on the inside of a metallic cylinder target, by irradiating the outer surface with

a high intensity laser pulse.

Laser driven “micro-lenses” have been used to selectively focus a portion of a

TNSA ion beam over a narrow energy range [121]. Part of the ion beam driven

from a flat foil propagates through a small cylinder target a few millimetres from

the ion source target. A secondary laser pulse irradiates the cylinder, where the

fields associated with hot electron sheath formation, focus the protons that transit

the cylinder for the duration of the fields existence. The cylindrical symmetry of

the target creates annular field that acts as a focusing lens. The time of flight

spread of different ion energies, and optical delay between the two laser pulses,

ensures only a narrow energy range of ions is subject to the peak field strength.

This results in a monochromatic proton flux at the focus.

Helical coil target geometry [426, 427, 428, 429] can also be used to control

the TNSA beam by exploiting the self-charging of targets through the escape

of super-thermal electrons from the irradiated target and the subsequent return

current of cold neutralising electrons from ground, resulting in long lived charge

due to the discharge time being determined by the targets capacitance. This

has the benefit of increasing maximum ion energy through post acceleration and
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reducing energy bandwidth and beam divergence. However, from the author’s

experience these targets represent significant experimental challenges in target

manufacture, characterisation and alignment.

The electromagnetic pulse, generated in the transient charging of the target

[430, 431] is directed to follow a helical path defined by the coil target structure.

This pulse generates a strong electric field pattern which travels down the wire

at a speed of > 0.95c [432, 433] but along the coil axis at a speed determined by

coils radius and pitch. By adjusting these parameters, it can be made to match

the speed at which tens of MeV protons travel down the length of the coil. By

attaching the coil to the rear surface of a flat foil target which is irradiated by an

intense laser pulse, TNSA protons can enter the aperture of the coil and those of a

narrow energy range will co-propagate down its length in sync with the travelling

field pattern, enabling the synchronised bunch of protons to be guided and post

accelerated simultaneously, due to the radial and longitudinal components of the

electric field [428, 427, 429].

5.2.1.2 Target curvature

The high degree of laminarity in TNSA beams and the fact ion emission is normal

to the target surface led to curved target surfaces first being suggested by Wilks

et al. [11] as a method of focusing the ion beam. Hemispherical and other curved

target geometries have been shown to reduce TNSA ion beam divergence and

can be optimised to focus the produced ion beams [27, 25, 120, 434, 435]. In

the TNSA mechanism ions are accelerated in a direction normal to the target

surface. By irradiating the convex face of a curved surface, ions are accelerated

normal from the rear side towards a geometrical focus defined by the radius of

curvature of the target. Focusing in this purely ballistic limit can be estimated

by considering the divergence with a source radius of a flat foil and applying it

to a hemispherical shell.

The real behaviour deviates from this case slightly due to varying electron

density and accelerating sheath field at the target rear surface. The first exper-

imental demonstration of this was by Patel et al. [27] who used hemispherical

targets to focus ion beams to heat aluminium to ∼ 23 eV.

Snavely et al. [25] inferred the focusing position of hemispherical targets as

approximately twice the radius of curvature by determining the position of max-

imum heating in Al slabs placed behind the hemispherical target. A convenient

ratio to characterize the focusing position of curved targets is D/r where D is the

distance from the apex of the curved target to the focusing position and r is the

radius of curvature of the target. Snavely et al. found the best focusing position

for 3.5 MeV protons at a D/r of 1.94± 0.40. The location of this focusing position
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was also observed to be dependent on ion energy by Kar et al. [120] in their work

using hemicylindrical targets to produce an ion line focus.

In some works, the curved targets have been attached to a conical structure

[434, 436]. Some of the hot electrons generated in the laser interaction are guided

along the walls of the cone. The transverse component of the electric field gen-

erated in the laser interaction is associated with the focusing (divergence) of the

accelerated ion beam, whilst the longitudinal component is associated with the

acceleration of the ions. The addition of the cone structure results in a stronger

transverse component of the electric field, increasing focusing. Whilst curved

targets do not modify the overall spectra of the TNSA beam, they do provide

additional spatial separation of the ion energies in comparison to the flat foil case.

In the flat foil case, different ion energies can only be spatially sampled through

the higher divergence of lower energy ions. In the curved geometry case, ions of

different energies will focus at a different position in the direction away from the

target.

5.2.2 Warm dense matter generation via laser accelerated

ions

One application in particular that this work will focus on is the generation of warm

dense matter (WDM) in plasma physics experiments [27, 25, 30, 26, 29, 28]. In

this scenario, laser driven ions are used to heat a sample material to extreme

conditions, requiring a short heating time throughout a uniform region of matter,

which is possible with the use of a moderate energy, but high fluence proton

beam. Through this experimental methodology, WDM like states can be created

by isochorically heating samples at 1-10 times solid density at temperatures up

to 100 eV [177].

WDM is a highly challenging experimental and theoretical regime. It is a state

of matter that is too dense to be described by weakly coupled plasma physics

but too warm for condensed matter theory. The cores of giant planets, brown

and white dwarf stars and the surfaces of neutron stars are thought to consist

of matter under these conditions. High quality experimental data is needed to

validate models in the regime to aid astrophysical studies, inertial confinement

fusion programmes and basic plasma theory.

Laser driven ion beams have been shown to heat sample materials to tens

of eV [27]. Production of warm dense matter by heating with proton beams is

advantageous because the material can be heated isochorically, nearly instan-

taneously, compared to the time scale of hydrodynamic expansion of the heated

sample [27, 25, 28]. A relatively large volume of material can be heated uniformly
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due to the long absorption length (microns) of multi-MeV protons compared to

that, for example, of X-rays [178].

5.3 Characterisation of ion beams from spheri-

cal cap shell targets on Orion

For the purposes of WDM generation, the curved rear target surface method

represents the best control method as it allows the full flux of the beam to be

focused. Only one laser beam is required, the targets are relatively simple to

build and align, and there is the potential for chromatic focusing of the high flux

of the lower energy protons (2-10 MeV) which are ideal for heating. In research

to date, coil targets have generally been optimised for the post acceleration of

TNSA ions in an effort to surmount the maximum ion energy deficiencies, and

thus achieving a high flux of focused low energy ions has not yet been thoroughly

investigated.

However, since no two laser facilities are the same, there is no standard opti-

misation of the target parameters for focusing the accelerated ions, especially as

each application may have different requirements for the degree of focusing, the

focused ion energies and the position of the ion beam foci from the target. It is

therefore necessary to characterise the ion beams produced by specific combina-

tions of target and laser parameters, if the produced, focused ion beam is to be

used for applications.

Most previous work on the creation of warm dense matter using focused ion

beams from curved target geometries have been carried out at relatively low laser

intensities of 3× 1018-5× 1018 W cm−2 [27, 25]. To ensure maximum coupling of

protons to the heated samples in these experiments, the samples were placed so

that the rear surface of the sample was at a position corresponding to the Bragg

peak of protons of ∼ 0.9 MeV. This resulted in volumetric but highly non-uniform

isochoric heating of the samples [31].

5.3.1 Motivations

Proton heating of matter to produce WDM states has several advantages over

common alternative techniques like X-ray heating (such as with an XFEL) and

direct laser heating. Direct laser heating is limited because it can only heat a small

volume of matter at a target surface, as the density of the material will be above

the critical density and thus not allow laser propagation through the material. As

a result there is a very small volume of WDM generated with an extremely steep

temperature and density gradient within it. If using X-rays, high energies (with
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a long mean free path) around 8-10 keV can produce a heating gradient in thin

foil samples that is no worse than that achieved with ions, but temperatures are

limited to around 5-10 eV. If studying fundamental properties of WDM such as

the equation of state (EoS) or opacity, it is preferential to heat large volumes of

matter uniformly and to adequate temperatures. Laser generated proton beams

can heat material isochorically (near instantaneously), and can heat relatively

large volumes of matter due to the micron scale absorption lengths of multi-Mev

protons. The start time of heating t0 can also be accurately measured as this

is a highly sensitive parameter in the analysis for extracting EoS. The duration

of the heating δt is also a highly sensitive parameter, and for the broad energy

spectra of TNSA ions, is determined by the time of flight of the ions from target

to sample. Methods of more accurately identifying t0 and reducing δt are highly

advantageous.

The WDM platform at the Orion laser and previous experimental campaigns

at the HELEN laser and at Vulcan have produced ion heated WDM but have been

limited by the temperature achievable in the ion heated sample (∼ 14 − 40 eV)

[28]. The experimental platform is based on the analysis methodology suggested

by Foord et al. [437], involving the adiabatic expansion of a planar sample target

heated by a laser generated proton beam, that is monitored by temporally re-

solved radiography to observe the density profile during the expansion, to extract

an isentrope for the sample material.

The platform uses high resolution X-ray transmission radiography to obtain

the density profiles. Backlit by a broad band X-ray source produced by a long

pulse laser irradiation of either a gold, samarium or gadolinium foil, the expansion

profile is imaged using the Monochromatic X-ray Imager (MXI) diagnostic [438]

via an aspheric quartz crystal at 1.85 keV. This is coupled to an X-ray streak

camera detector to provide temporal resolution of 4 ps in the appropriate dynamic

range. The Streaked Optical Pyrometry (SOP) diagnostic [439] is used to monitor

initial sample temperatures in the range 1-10 eV with 4 ps temporal resolution

using a highly sensitive optical streak camera. These measurements of starting

temperature and temporally resolved density profile are used to infer the pressure-

density release isentrope corresponding to the starting conditions of the sample.

As the opacity also has to be known at every point, it is important to use a

combination of sample material and backlighter energy so that the opacity can

be assumed constant (e.g., the probe energy should be well away from bound-

bound transitions or bound-free edges in the sample material).

By focusing a TNSA ion beam, a higher fluence of protons is achieved which

will increase the temperature attainable in the sample. It is possible to get

> 80 MeV protons using the Orion short pulse (SP2) beam, but the bulk of the

119



Chapter 5 5.3. Characterisation of ion beams from spherical cap shell targets on Orion

heating is done by the lower energy protons and ions (2-10 MeV). It is beneficial

to use ions of energies that do not have a Bragg peak within the sample to be

heated, so the energy deposition is uniform throughout the sample [414].

The typical TNSA spectra from a flat foil (see Figure 5.1) as used in [28] has a

large contribution of low energy protons (< 1 MeV) and low energy, high charge

heavy ions (carbon) which will heat a sample non uniformly and too slowly for

the heating to be considered isochoric. A filter foil can be introduced between

the rear surface of the ion source target and the sample to be heated. This filter,

typically a tens of microns thick Al foil is sufficient to reduce the heavy ion content

of the heating beam and the very low energy protons that heat the sample too

slowly, which increases the duration of the heating time. These ions also decrease

the uniformity of the heating, as do the large population of co-moving electrons

that travel with them.

Figure 5.1: a) Typical TNSA spectra from a flat foil from a Thomson parabola
spectrometer, showing that the spectra is dominated by protons and high charge
carbon ions. b) SRIM cold stopping powers for different 10 MeV ions into a plastic
sample. The stopping power of carbon ions in the flat region before the Bragg
peak is over 100 times greater than the stopping power of protons. As such the
first ∼ 10 µm of sample will have strong carbon heating contributions even if the
number of ions is relatively small. Both from [440].

5.3.2 Experimental setup

Accurate characterisation of the ion beam produced by curved targets (spherical

cap geometry) on Orion has the potential to increase the region of temperature

parameter space that can be investigated in WDM experiments, or improve the

quality of data by suggesting ideal positioning of sample materials so that they

are predominantly heated by a particular ion energy. Optimisations have been

made to the proton generating target to improve the quality of the ion beam for

heating applications.

The experiments were conducted at the Orion laser facility, AWE, Aldermas-
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ton, UK, over several campaigns. The aim was to investigate the feasibility of

using a petawatt class laser to isochorically heat samples to warm dense matter

conditions using laser accelerated ions from spherical cap shell targets and to

investigate the properties of the ion beams generated from these targets.

In the experiments, a single short pulse beam of ∼ 200− 500 J, ∼ 0.6 ps was

focused onto the target using an f/3 OAP (off-axis parabola). Focal spot sizes

of 50-100 µm were produced by de-focusing the OAP resulting in an intensity

on target on the order of 1019 W cm−2. The Orion SP2 beam defocuses without

aberrations for spot sizes � 100 µm in diameter through the use of an adaptive

optic to correct wavefront aberrations. Beyond this there is a considerable amount

of energy into an annular focus and then into a coma-like aberration. Best focus

was not used as it has previously been shown experimentally that the degree of

ion focusing from hemisphere shaped targets depends on the laser spot size [441],

although at a lower intensity.

5.3.2.1 Target design

Typical flat foils used for generating TNSA ion beams have a large beam diver-

gence with a virtual source position for all ion energies positioned behind the

target, with the virtual source of higher energies further away from the target

front surface than for lower energies. The location of the virtual source can be

shifted further behind the target by using a larger laser focal spot, with the added

effect of increasing the real source size at the target plane for lower energies. At

best focus, the real source size at the target plane is comparable over a large

range of ion energies, when a defocused beam is used, the strongly modulated

intensity profile produced a much larger real source size at the target plane for

low energies. This has the effect of moving the virtual source for lower energies

further away than for higher energies. In contrast, curved targets have a much

smaller ion beam divergence, and focus ions to a focal point in front of the target,

potentially recovering the properties of the virtual source [14]. This focal position

is energy dependent in the case of strong focusing. Figure 5.2 shows a schematic

of the ion beam produced by a flat foil and curved target geometries via TNSA,

showing the focusing effect induced by the curved target geometry.
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Figure 5.2: Schematic of ion beams produced from flat foils (a) and curved target
geometry (b).

In the experiments, the proton generating spherical cap shell targets were

10 µm thick gold with a radius of curvature of either 500 µm or 300 µm as shown

in Figure 5.3. The targets were produced by Darmstadt University and AWE

Target Fabrication Group. Experience gained from the first set of experiments

led to the reduction in target radius of curvature for the second campaign.

Figure 5.3: Side on (a) and face on (b) drawings of the spherical cap shell targets,
not drawn to scale. For the 500 µm radius of curvature targets R0 = 500 µm,
R1 = 510 µm and R2 = 370 µm. For the 300 µm radius of curvature targets
R0 = 300 µm, R1 = 310 µm and R2 = 270 µm. The other dimensions were
identical for both types of targets.

The stand off distance of the sample from the target and the position of

any heavy ion filter was also considered in the target design. Although target

curvature has the effect of moving the “source” of the ions closer to the sample

to increase heating, the filter material should still be far enough away from the

target so as not to interfere with the TNSA mechanism, or interact with the

sample during its free expansion. The target, with a standard alignment fiducial,
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was mounted on a 125 µm thick tabbed plastic washer, providing the option of

adding either a 10 µm or 40 µm Al filter foil placed 125 µm behind the rear surface

of the target (see Figure 5.4). This filter foil is designed to reduce the heavy ion

content of the heating beam, as the carbon ions deposit significantly more energy

in the front of the sample than at the back, resulting in asymmetric heating and

expansion. An additional problem with strong non-uniformity is that it can drive

a shock through the sample, destroying the isentropic expansion. If the front

surface gets too hot then it will radiate, which is another source of entropy to

consider in the analysis. It has been suggested that this is not a problem, as long

as the back half of the target is heated uniformly and only data is extracted from

that surface [442]. However, optimisation of the ion filter potentially allows data

to be taken from both surfaces of the sample, and so it is addressed in this work.

The whole target assembly was mounted on a thin glass rod, in an attempt to

isolate it from return currents generated by the interaction, to reduce EMP.

Figure 5.4: Drawing of the assembled target (a) and exploded view (b). The
parts are as follows; 1.- glass target stalk, 2.- plastic tabbed washer, 3.- curved
target, 4.- Al filter foil, 5.- alignment fiducial. (c) shows an image of the target
after mounting on the plastic washer.

5.3.2.2 WDM experimental platform

Whilst the characterisation of the WDM states produced in the experiments is

beyond the scope of this work, the experimental platform for diagnosing the

WDM is briefly presented for the benefit of context.

Figure 5.5 shows an image of the target assembly and typical streaked radiog-

raphy data obtained. The image of the target shows the target assembly mounted

on a glass target stalk (see Figure 5.4) together with a sample ribbon of material

in position for heating. In the bottom left of the image, a grid structure can be

seen which was used to align the SOP diagnostic. In the background the X-ray
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backlighter foil can be seen out of focus. In the image, a red circle highlights the

area where the corresponding radiography data was taken. In the streaked X-ray

radiography image, time can be seen increasing from the bottom of the image

to the top, whilst spatial separation of the target, filter and sample can be seen

across the width.

Figure 5.5: (Left) Typical streaked X-ray radiography data obtained by the MXI
diagnostic showing heated sample expansion, filter foil and the target in the cir-
cled region of the image. The point at which each component begins to expand
can be seen to increase in time as distance from the ion source increases, showing
the time of flight of the ions as indicated by the blue arrow. (Right) Image of ion
generating target assembly and sample to be heated, taken on the target metrol-
ogy station. The X-ray backlighter foil is seen out of focus in the background.

In the method outlined by Foord et al. [437], the transverse radiography trans-

mission profile of the sample is converted to a mass density profile through Beer’s

Law:

ρ(z) = − ln[T (z)]

κ(z)l
, (5.1)

where T (z) is the transmission profile, ρ(z) is the mass density profile, κ

is opacity and l is the thickness along the radiography axis. Careful selection

of the sample material and radiography wavelength means that the opacity is

nearly constant over the temperature and density ranges of interest, so κ(z) takes

the constant value κ. The value ρ(z) can be related to the sound speed Cs

and pressure P by considering the 1D equations of continuity and motion [56],

respectively:

∂ρ

∂t
+

∂

∂z
(ρu) = 0, (5.2)
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∂u

∂t
+ u

∂u

∂z
= −1

ρ

∂P

∂z
, (5.3)

where u is the material velocity, P is the pressure and t is time. Assuming

isentropic flow (the energy lost to radiation is negligible) the above can be related

to the sound speed Cs by:
∂P

∂z
= −C2

s

∂ρ

∂z
. (5.4)

This allows the equation of motion to be rewritten as:

∂u

∂t
+ u

∂u

∂z
= −C2

s

1

ρ

∂ρ

∂z
. (5.5)

By integrating over ρ(z) it is possible to approximate the sound speed profile

as:

Cs(z, t) ≈
1

ρt

∫ zmax

z

ρdz, (5.6)

where zmax is the limit of the expanded sample and t is the time since the in-

stantaneous heating. The pressure isentrope P (ρ) can be determined from the

integral of the sound speed profile:

P (ρ) =

∫ z

zmax

C2
s

∂ρ

∂z
dz. (5.7)

From this, a set of isentropes at different times, that should all lie along the

curve, can be extracted for comparison with equation of state models. The tem-

perature is left as a free fitting parameter by the method, so has to be measured

independently by the SOP diagnostic.

The Foord method assumes an idealised case of instantaneous, uniform heat-

ing, and a 1D plasma expansion, which cannot be produced by experiment, so to

ensure a planar expansion of the sample, a ribbon sample with rectangular cross

section (aspect ratio of 2.5) was used for 20 µm thick samples.

Figure 5.6 shows a view of the X-ray radiography axis as set up in the target

chamber. The Gd backlighter foil is driven by long pulse beams LP3, LP5 and

LP9 at 3ω in a 2.5 ns square pulse of 500 J in a focal spot of 500 µm.
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Figure 5.6: 3D view of experimental set up showing the 1.8 keV X-ray backlighter
axis driven by the long pulse beams on a gadolinium foil. The sample mount
takes its shape from the requirement to keep the radiography axis clear. The
SOP diagnostic (not shown for clarity, but looking up from the bottom right of
the image) has a very short working distance and so the objective is placed in
close proximity to the sample. A substantial fused silica blast shield protects the
objective lens from target debris. The copper shine shield is used to stop plasma,
produced by the long pulse interaction, contaminating the SOP signal

5.3.2.3 Diagnostics

A diagram of the experimental set up for diagnosing the ion beams is shown in

Figure 5.7. Stacks of radiochromic film (RCF) were positioned 100 mm from the

target rear surface. RCF is sensitive to the energy of protons and ions and is

used to measure the beams spatial and energy profile. Although also sensitive

to electrons and x-rays, the predominant dose measured in the RCF was due to

protons. Due to the non-linear nature of proton energy deposition in matter,

the dose in each layer of film is dominated by a narrow range of proton energies,

enabling spatially resolved dose measurements to be made of the beam at discrete

intervals of the entire energy range. The layers of RCF were interspersed with

filters of a known material (Fe and Al) and thickness to broaden the energy

intervals whilst saving RCF and reducing the stack thickness.
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Figure 5.7: Schematic of experimental set up in the Orion target chamber for
diagnosing the ion beam produced by the curved target.

To diagnose the chromatic focusing of the curved targets, two offset gold TEM

grids were placed at different distances, close to the rear target surface, through

which the accelerated ion beam would propagate. Both grids were 600 LPI (42 µm

pitch, 30 µm hole width, 12 µm bar thickness). Small angle scattering off the mesh

structures imprinted the mesh profile into the beam, effectively dividing it into

multiple beamlets. The mesh structure was clearly visible in the RCF (see Figure

5.8) without significant energy loss [443]. Additionally, the mesh has a higher

stopping power for the ions compared to the X-rays and high energy electrons,

allowing differentiation between the proton, and X-ray and electron signals.

Figure 5.8: Target images showing the crossed grids assembly from the side (a)
and rear (b). Figure (c) shows a typical RCF image (at 14.7 MeV) obtained by
passing the proton beam, produced by a 500 µm radius of curvature spherical cap
shell target, through the crossed grids. The magnified images of the two crossed
grids can clearly be seen.
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The high spatial resolution achievable when back-illuminating objects with

TNSA generated proton beams indicates emission from a source with a radius

of a few microns. By exploiting the point-projection imaging capability of the

ion beam it is possible to determine the location of the equivalent virtual source,

which in the case of curved targets is the focusing position. The crossed grids were

3 mm in diameter and attached at 45° to each other, on either side of a 500 µm

thick plastic washer. The grid closest to the target was orientated so the grid lines

were vertical and horizontal with respect to the target plane. The radiographs of

the mesh enabled energy resolved mapping of the beam trajectories through the

observed change in magnification of the grids.

The image on the RCF provides a measurement of the beam size at the mesh

plane, and the RCF plane. These measurements can be used to calculate the

virtual source or focus position as in [119]. The virtual source/focus is the point

on the propagation axis from which a point source of particle would yield the

measured magnification of the mesh as seen in the RCF.

Under the assumption that the source location is the target position, the

assumed magnification Mcalc is simply the ratio:

Mcalc =
L

d
, (5.8)

where L is the source-to-detector distance, and d is the source-to-object distance.

This can be compared to the experimentally measured magnification in the RCF

Mexp:

Mexp =
himg
hobj

, (5.9)

where himg is the height of a feature in the image in the RCF plane, and hobj is

the height of the same feature in the object.

If Mcalc/Mexp 6≈ 1 then we can assume this is due to a different source location

than the position of the target either as a virtual source on the laser side of the

target, or a focus position on the rear side of the target.

The point projection of the probed region is obtained with geometric magni-

fication given previously by Equation 3.11, and rewritten here as:

M =
ls + l + L

l + ls
, (5.10)

where ls is the displacement of the virtual source/focus with respect to the target,

l is the distance between the proton target and the interaction target, and L is

the distance between the interaction target and the detector plane.

The position of the grids was varied on different shots to investigate if the
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presence of the grids had an effect on the beam through processes such as the

charging of the grids. Measurements of the observed grid magnification in the

RCF have been used to infer the position of the virtual source and therefore

focusing position of the ion beams at different energies for the different target

designs. This is obtained by a lineout of optical density across the shadow of the

grid structure imaged in the RCF. The calculated magnification expected for a

point-projection imaging system is given by:

Mcalc = L/d, (5.11)

where L is the source-to-detector distance and d is the source-to-object distance.

Different values of L for different layers of RCF have been considered due to the

thickness of the RCF and filter materials used in the stack. The experimental

magnification Mexp was measured in separate shots by placing the mesh at various

distances from the target, while the first layer of the RCF detector was kept at

the fixed distance of 100 mm. Figure 5.9 shows how the grids were positioned.

Figure 5.9: Schematic of the set up used to diagnose virtual source and ion
beam focus through grid magnification. Distance a is the laser-target interaction
point to detector distance, b is the interaction point to grid distance and x is the
displacement of the virtual source or focus position with respect to the interaction
point.
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The magnification is given by:

M =
a− x
b− x

, (5.12)

giving the location of the virtual source from the interaction point as:

x =
bM − a
M − 1

, (5.13)

where a, b and x are the distances indicated in Figure 5.9 and a� b and M 6= 1.

In other shots that were not dedicated to diagnosing the ion beam focusing

position, a Thomson parabola ion spectrometer was run instead of the RCF stack.

5.3.3 Experimental Results

Tables 5.1 and 5.2 show the target and laser parameters of the shots, respectively,

taken in the experimental campaigns. A limited number of shots, dedicated to

diagnosing the ion beams, were taken, as the primary purpose of the campaigns

was producing and diagnosing the WDM states.

Shot Number Target type RoC (µm) Filter 1st grid position (µm) 2nd grid position (µm)

6466 Flat foil NA (∞) 10 µm Al 600 1100

6468 Spherical cap shell 500 10 µm Al 600 1100

6482 Spherical cap shell 500 NA 1250 1750

6484 Spherical cap shell 500 NA 750 1250

10513 Spherical cap shell 300 40 µm Al 1200 1700

10520 Spherical cap shell 300 40 µm Al 1200 1700

Table 5.1: Target parameters for the shots taken to diagnose the produced ion
beams. All targets were made of gold and were 10 µm thick. Grid position is
given as distance from the laser-target interaction point.

Shot Number Laser energy (J) Focal spot diameter (µm) Laser intensity (W cm−2) Focal spot diameter
RoC

6466 300 50 2.5× 1019 NA (→ 0)

6468 205 50 1.7× 1019 0.10

6482 196 70 8.5× 1018 0.14

6484 205 70 8.9× 1018 0.14

10513 200 100 4.2× 1018 0.33

10520 567 100 1.2× 1019 0.33

Table 5.2: Laser parameters for the shots taken to diagnose the produced ion
beams. The ratio Focal spot diameter/RoC gives an indication of how much curvature
of the target is irradiated. The bigger the value, the more curvature is irradiated
and the greater the focusing and beam collimation effect should be.
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5.3.3.1 Ion beam divergence reduction

Use of the two crossed grids and the RCF allows measurement of the beam

envelope size at three different planes. These can be taken as the number of grid

elements visible across the beam diameter at the first grid, the second grid and the

physical size of the beam on the RCF. Figures 5.10, 5.11 and 5.12 show the beam

diameter as measured from the experimental RCF. Figure 5.12 collates the data

from Figures 5.10 and 5.11 but shows it on a logarithmic scale. The ion beams

emitted by both flat and curved targets exhibited roughly conical beam envelopes.

Throughout this section, the beam diameter measurements are averaged over the

horizontal and vertical axis in the RCF plane.

Figure 5.10: Linear scale graph of the beam diameter plotted against the distance
from the interaction at which it was measured for various target designs and
energies below 20 MeV. Flat foil targets are indicated by a square (�) and a
dashed trend line, unfiltered curved targets are indicated by a triangle (4) and a
dotted trend line, filtered curved targets are indicated by a circle (#) and a solid
trend line. Colour corresponds to energy.
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Figure 5.11: Linear scale graph of the beam diameter plotted against the distance
from the interaction at which it was measured for various target designs and
energies above 20 MeV. Same legend as Figure 5.10.

Figure 5.12: Logarithmic scale graph of the beam diameter plotted against the
distance from the interaction at which it was measured for various target designs
and all energies. This highlights that a linear trend fits well at all three beam
diameter measurement positions, indicating that the ballistic approximation of
ion focusing is a reasonable assumption within the errors.

Figure 5.10 shows that the unfiltered spherical cap shell targets exhibit the

smallest beam diameter in comparison to the filtered spherical cap shell and flat

foils. Figure 5.11 shows the chromatic nature of the beam diameter reduction

from the curved targets, as expected for TNSA from a flat foil. However 5.10
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shows that the beam diameter for the unfiltered spherical cap shell at 14.7 MeV

is smaller than the beam diameter from the flat foil at 17.8 MeV, indicating the

curved target’s ability to focus the ion beam. For similar energies, the unfiltered

curved targets exhibit the largest reduction in beam envelope diameter, followed

by the filtered curved target, with respect to the filtered flat foil. This is likely to

be due to the scattering of ions in the filter material, for which lower ion energies

are more susceptible. Additionally the unfiltered curved targets were irradiated

with a large focal spot, which is likely to increase the beam collimation effect.

Figure 5.12 shows that across the whole range at which beam envelope di-

ameters were measured, a linear trend describes the data well. This indicates

that the assumption that the protons follow a ballistic trajectory is valid over the

range of distances at which measurements were taken, and within errors.

Figure 5.13 shows the reduction in beam divergence half angle as a function of

energy for different target designs. Divergence is calculated using the size of the

beam diameter on the RCF, defined as a circle which encompasses a dose > 80 Gy

in the HD-V2 layers, or by counting the number of grid elements visible in the

RCF images. As grid elements are counted as discrete entities, partial elements

are counted as whole, resulting in an over estimation of the divergence using this

method.

Figure 5.13: Plot of the experimental measured half angle divergence versus ion
beam energy for different shots. Note the larger errors for measurements taken
using grid elements.
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5.3.3.2 Ion beam focusing

The following results represent more than 5500 individual measurements of fea-

tures in experimental RCF. Due to the use of two grids, both with a bar width

of 12 µm and a bar pitch of 42 µm, it is possible to make a maximum of four

measurements of average grid magnification and therefore virtual source location

in each layer of RCF corresponding to a discrete proton energy range. Grid image

size was taken in all RCF images across every visible grid feature, in two orthog-

onal directions for both grids to average out any variation in magnification across

the beam profile and any deviation from a circular beam. The average feature

size and the associated standard error were used to calculate the magnification

and therefore virtual source of focus position.

Figure 5.14 shows a plot of the experimentally calculated virtual source po-

sitions using all possible features in the RCF from shot 6466. As defining bar

size width in the image is difficult due to poor contrast across such small fea-

tures, width measurement for both grids (black and green) routinely result in

an underestimation of the magnification. Bar pitch measurements are therefore

more accurate as the errors in defining the position average out over the larger

distance. All further measurements are made using pitch only. Measurements

of virtual source position using the first grid at 600 µm and the second grid at

600 µm independently, only converge at higher energies, implying that the pres-

ence of the grids has an effect on the ion beam propagation. If this was not the

case, we would expect calculated virtual source positions to be independent of

grid position.
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Figure 5.14: Plot of all experimentally calculated virtual source positions for shot
6466.

For shot 6482, the first grid was positioned at 1250 µm and the second at

1750 µm from the interaction, whereas shot 6484 had the first grid positioned at

750 µm and the second at 1250 µm. All other parameters between these shots

were identical. In both cases a grid was placed at 1250 µm (shot 6482 - first

grid, shot 6484 - second grid). Regardless of other grids in the beam, a grid

at the same distance from the interaction should yield the same magnification.

Figure 5.15 shows a plot of the experimentally measured magnification obtained

from measurements of grid pitch from the grids positioned at 1250 µm from the

interaction in shots 6482 and 6484.
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Figure 5.15: Plot of the observed magnification of grid pitch in shots 6482 and
6484 for grids at the same position.

The measured magnifications begin to converge for measurement made with

protons of energy >8 MeV. Below this energy, the measured magnifications di-

verge even considering the errors. Figure 5.16a shows the calculated virtual source

positions for the filtered flat foil in shot 6466, for these validity conditions. Fig-

ures 5.16b to 5.16d show the experimentally calculated virtual source positions for

all the shots taken on the 500 µm radius of curvature spherical cap shell targets.
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(a) Filtered flat foil (6466). (b) Unfiltered spherical shell cap (6468).

(c) Filtered spherical shell cap (6482). (d) Filtered spherical shell cap (6484).

Figure 5.16: Plot of valid experimentally calculated virtual source and focusing
positions for shots 6466, 6468, 6482 and 6484.

Figure 5.17: Plot of the average focus position calculated from pitch of both grids
(squares) for shots 6468, 6482 and 6484. The focus positions plotted for shots
10513 and 10520 are calculated from the pitch of the 2nd grid only (circles).
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Figure 5.18: Plot of the average focal position against the ratio Focal Spot Diameter
Radius of Curvature

.

Higher FSD
RoC

indicates a stronger expected focusing and collimation effect.

Figure 5.17 shows a comparison of focus positions for all of the spherical cap

shell target configurations (both 500 µm and 300 µm radius of curvature), whilst

Figure 5.18 shows a plot of the average focal position with FSD
RoC

.

5.3.3.3 Spectral comparisons

On the shots described so far, it was not possible to deploy an ion diagnostic

such as a Thomson parabola spectrometer (TP) concurrently with the RCF due

to space limitations. Thomson parabolas were used on other shots, however. TPs

separate ion species based on their charge to mass ratio, allowing identification of

the main components of the ion beam (protons and carbon ions). The Thomson

is a good indicator of the peak ion fluence, and a reasonable monitor of the time

of flight spread of the ions in the heating beam.

Figure 5.19 (a) shows a TP trace from a shot on a 10 µm thick Au flat foil,

filtered by a 10 µm Al filter, shot with 225 J of energy in a focal spot 30 µm

in diameter (5.3× 1019 W cm−2). These parameters make it comparable to shot

6466 (also a 10 µm thick Au flat foil, filtered by a 10 µm Al filter, shot with an

intensity of 2.5× 1019 W cm−2). 5.19 (b) shows a TP trace from a 188 J, 100 µm

diameter focal spot (4.0× 1018 W cm−2) shot on a 300 µm RoC 10 µm thick Au

spherical cap shell target, filtered by a 40 µm Al filter. This can be considered

comparable to shot 10513 with the same target and laser focal spot, only with

200 J of laser energy on target (4.2× 1018 W cm−2).
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Figure 5.19: PSL converted image plate from the TP for shots comparable to 6466
(a) and 10513 (b). In Figure (a) there are four visible “tracks” corresponding to
four ion species (protons and C4,5,6+). In Figure (b) only two tracks are visible
by eye, corresponding to protons and a weak signal from C6+. Image plate PSL
corrections for fade time [444] and ion species calibrations were made based on
[267] for protons and [445] for carbon ions.

Figures 5.20 and 5.21 show ion spectra extracted from Figure 5.19. The TP

was only able to resolve up to ∼ 30 MeV. The extracted spectra of each species

allows energy deposition modelling.

Figure 5.20: Spectra extracted from data in Figure 5.19 (a) for a shot comparable
to 6466.
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Figure 5.21: Spectra extracted from data in Figure 5.19 (b) for a shot comparable
to 10513.

5.3.4 Discussion

The first set of experimental results (shots 6466, 6468, 6482 and 6484) indicated

that an improvement of the focusing effect and collimation could be achieved by

using laser and target parameters with an increased FSD/RoC. It was also found

that whilst the temperatures achieved in the samples were sufficient, there was

still a large contribution from heavy ion and slower protons, thus the increase

in filter thickness in the second campaign (shots 10513 and 10520) to reduce the

heating time of the sample.

One extremely interesting result from these experiments is the effect of placing

grids in the ion beam. We find that in the case of two grids, considering the lower

proton energies, both provide different magnifications when the first and second

grid of different shots are placed at the same distance from the interaction, as

shown in Figure 5.15. If the grid had no effect on the propagation of the ions,

these should yield the same magnification. This implies that protons of lower

energy are considerably affected by the addition of objects such as grids into the

beam path and are also likely to be affected by the addition of filter foils, further

than by the expected additional scattering. The measured magnifications only

begin to converge for measurement made with protons of energy > 8 MeV in this

work. It is expected that this effect is also present (although potentially less

strong) in the case of a single mesh. However it is impossible to measure this

effect directly. This observed effect has important implications for measurements
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made via the proton deflectometry technique [446, 447, 41] and other variations

on this such as the use of moiré fringes from grids to detect electromagnetic

fields [448, 449]. Our results indicated a limited usefulness of these techniques by

restricting their validity to measurement only made with higher proton energies,

which are only achievable at a smaller number of laser facilities, and reducing the

amount of useful data that can be taken in a single shot. Whilst achieving TNSA

ion energies above 8 MeV is not difficult at most facilities, consider frequently

used facilities in the UK such as Target Area West (TAW) of the Vulcan laser

at RAL where ∼ 15 MeV is around the maximum ion energy produced. Protons

below ∼ 5 MeV typically produce poor radiographs due to slow time of flight,

if this limit is raised to ∼ 8 MeV for proton deflectometry measurements, this

represents a reduction of 1/3 in the useful data that can be taken at the facility

via this method. It also has implications for proton deflectometry measurements

made at large nanosecond scale facilities (without a short pulse capability) such

as NIF and Omega, where proton deflectometry is used as a diagnostic utilising

the protons from a D-T capsule implosion at 14.1 MeV and 3.5 MeV [450]. Our

results indicate that measurement taken using 3.5 MeV protons for deflectometry

could produce results with an error up to 30± 7%. Li et al. [450] use the ratio of

grid periodicities taken at 14.1 MeV and 3.5 MeV to infer that magnetic fields are

the dominate source of proton deflections near a hohlraum wall and not electric

fields and that the peak magnetic field is on the order of ∼ 1 MG. Considering

their experimental errors and our results, this value could in-fact differ by up to

a factor of ∼ 2. This effect is likely to be caused by charging of the grid, either

by hot electrons from the interaction interacting with the grid (due to the fact it

is often placed close to the interaction in these techniques) or by the interaction

EMP return current. Additionally, the use of multiple grids may influence the

ion beam further via the effect seen in [425], where ion beams are passed through

multiple conducting layers to elicit a focusing effect. Further investigation is

required to determine if this is an energy dependent phenomena or a temporal

effect based on grid charging and the time of flight of the different ion energies.

These results indicate a clear reduction in beam divergence up to ∼ 12 MeV,

after which the divergence remains roughly constant, as FSD/RoC increases (see

Figure 5.13). This indicates that for lower FSD/RoC, an ion focal position closer to

the target rear surfaces results in a more divergent beam, as would be consistent

with a ballistic trajectory approximation. A less divergent beam is seen as FSD/RoC

increases, implying more collimation but a focal position further away from the

target rear surface. The energy dependence of the ion beam focal position is

comparable at all energies for lower FSD/RoC as show in Figure 5.17. At the

higher values of FSD/RoC in shots 10513 and 10520 we can begin to see very slight

141



Chapter 5 5.3. Characterisation of ion beams from spherical cap shell targets on Orion

chromatic dependence of the focusing position.

The defocusing of the TNSA drive beam is essential to increase FSD/RoC with-

out having to manufacture and align extremely difficult and small targets. This

is to ensure enough curvature of the target is irradiated so that sufficient amount

of the ion beam is accelerated normal from the rear curved surface. Additionally

it should be noted that defocusing the beam onto a curved surface will result in

a non uniform intensity profile across the focal spot. This will be more extreme

than the typical case, as not all the surface will be at the same position and

the wings of the beam will be defocused further. In previous works [120], best

focus has been used which resulted in the portion of the curved target that was

irradiated approximating a flat surface. Whilst defocusing reduces the intensity

of the beam and therefore lower ion energies are achieved through TNSA, the

increase in collimation and focusing is substantial. For the application of WDM

generation, where maximum ion energy is not a huge concern, this is a worthwhile

trade off.

The results in Figures 5.16a to 5.16d indicate a virtual source location on

the target rear side of the foil, in contradiction to published results [119, 120].

This is due to several factors. Firstly measurements in the RCF include the net

effects of anything that may affect the ion beam propagation. Whilst we have

eliminated the effect of the grids (by looking at high energy protons only) and

subsequently the effect of the thin heavy ion filter (the effect of the filter on high

energy protons is negligible), the cause of this difference to published results is

the laser beam defocus. The location of a virtual source of the laser irradiated

side (negative on our y axis) was obtained through an unfiltered flat foil shot at

best focus. In the best focus case, the real source size of the ion beam at the

target plane is comparable over most ion energies. When the beam is defocused

the source size varies with ion energy. This combined with the small effects of the

grids and scattering in the filter results in the net effect on the beam divergence

producing grid magnifications that would imply a virtual source position in front

of the target, were it to be produced by an unfiltered flat foil shot at best focus.

Target and laser configurations with a higher FSD/RoC are preferable for WDM

generation for a number of reasons (see Figure 5.18). The ion focal position is

moved further away from the interaction, which is beneficial in reducing stray

light around the sample location, improving the quality of data that can be

extracted. The chromatic nature of the focusing (over 150 µm for protons in the

energy range 10-25 MeV) also means that in combination with heavy ion filtering,

the slow heating effect of carbon ions and low energy protons can be substantially

reduced. The 40 µm Al filter is capable of stopping protons up to ∼ 1.9 MeV and

carbon ions up to ∼ 39 MeV based on SRIM calculations. Considering the time

142



Chapter 5 5.3. Characterisation of ion beams from spherical cap shell targets on Orion

of flight of these energies to the sample at ∼ 300 µm, this represents a reduction

in heating time of ∼ 10 ps.

Figures 5.19, 5.20 and 5.21 show the effectiveness of the thicker 40 µm Al

filters in reducing the heavy ion content of the TNSA beam. In Figure 5.21 the

contribution from carbon ions is comparable to the noise level and is reduced by

about an order of magnitude at the higher energies, in comparison to Figure 5.20.

The proton spectra in Figure 5.21 is much hotter than in Figure 5.20. However,

it is not unrealistic as integrating the proton spectra in both cases, we find the

shot comparable to 6466 in Figure 5.20 represents a total laser energy on target

to proton efficiency of ∼ 0.2%, whilst the shot comparable to 10513 in Figure

5.21 represents a total laser energy on target to proton efficiency of ∼ 1.4%.

Considering the defocused laser beams in both cases, and that curved target

geometries have been shown to increase laser-to-proton conversion efficiency in

comparison to the flat case [36, 174, 451], these numbers are comparable with

the typically reported conversion efficiencies of 0.1-10 % [10, 14, 452] for flat foils

shot at best focus.

As Figures 5.20 and 5.21 provide spectra of the ion beams used to heat ribbons

of sample material, it is possible to estimate the energy deposition of these beams

in the sample. Using SRIM, protons and carbon ions in the range 1-30 MeV have

been propagated through a 20 µm thick sample of Al, and the average energy

loss per ion has been scaled to the spectra from the TP traces. An experimental

configuration of interaction-to-sample distance of 300 µm and an Al sample ribbon

measuring 50 µm wide by 20 µm thick, has been assumed. The ion beam size at the

sample plane, and therefore volume of material heated has been calculated based

on the solid angle subtend by the ion beam irradiated part of the sample ribbon,

based on the calculated ion beam divergence and focus position. Carbon ions

have been assumed to focus at the same position and have the same divergence

of equivalent energy protons, as the carbon ion beam profiles have not been

measured.

Figures 5.22 and 5.23 show the energy deposited in the sample by protons

and carbon ions. Only ionisation through energy loss is considered as it is the

dominate mechanism by at least two orders of magnitude. In Figure 5.22 (a)

it can be seen that the dominant process of energy deposition is by the carbon

ions. Due to their high stopping power, they also result in the highly non uniform

energy deposition throughout the sample resulting in approximately 50% energy

deposition at the front surface than the back. The effect of the thicker filter in

Figure 5.22 (b) is a substantial reduction (about a factor of 5) in the energy depo-

sition by carbon ions. Combined with the increased proton conversion efficiency

from this type of target, the energy deposition in the sample is considerably more
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uniform throughout the 20 µm thick sample. Figure 5.23 shows the total energy

deposition from both target designs on the same axis for ease of comparison.

Figure 5.22: (a) Energy deposited in a 20 µm thick Al sample by the ion beam
produced by a flat foil filtered by 10 µm Al, split into contributions from protons
and carbon ions. (b) Energy deposited in a 20 µm thick Al sample by the ion
beam produced by a spherical cap shell target filtered by 40 µm Al, split into
contributions from protons and carbon ions.

Figure 5.23: Total energy deposited in a 20 µm thick Al sample by ion beams
produced by the two target types.
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Using the analytical Equation of state for Al provided by [453], it is possible

to estimate the temperature obtainable in the heated sample by the two target

designs. For Al, the specific internal energy E as a function of temperature T

and density ρ is given by:

E ∼= (kBT )1.55qAl(ρ), (5.14)

where qAl ∼= 12.6, 8.7 and 5.3 for ρ = 0.01, 0.1 and 1 g cm−3, respectively. As-

suming that all the energy deposited goes into internal energy and qAl ∼= 5.3, we

find a temperature of ∼ 62 eV and ∼ 72 eV obtained in the sample for the flat

and curved target geometries respectively. Fitting an exponential function to qAl

as a function of ρ we extrapolate to find qAl ∼= 3.8 for ρ = 2.7 g cm−3 (Al solid

density). Using this value of qAl we find a temperature of ∼ 77 eV obtained in

the sample by the flat target and a temperature of and ∼ 90 eV obtained by the

curved target geometry. For the filtered curved targets, we find a higher tem-

perature is obtained in comparison to the filtered flat, but still with the benefits

of reduced non uniformity and heating time. It is likely that these values are

an overestimate due to the assumptions made in the treatments of the carbon

ions. However, these values are in agreement with the temperature as determined

by the SOP diagnostic (found to be 80-100 eV on one shot using a curved tar-

get geometry) but the SOP diagnostic itself is not without issues arising from

contamination with stray light from the interaction and a non ideal view of the

sample.

5.3.4.1 Future work

The observation that the virtual source position is not independent of grid po-

sition is important and could be the focus of future work. In this work, the

measured magnifications of the grid features only begin to converge for measure-

ment made with protons of energy > 8 MeV. We can speculate that this could be

either due to the fact the grids have not charged up enough to distort the beam

for these faster ions or that the field is pre-established for all ion energies, but only

acts noticeably on the low-energy ions for our experimental setup and sensitivity.

Discrimination between these two potential effects will provide a more detailed

understanding of the dynamics. It is also possible that the observed distortion of

the beam is an unknown feature of TNSA and not of the proton deflectometry

technique in general.
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5.3.5 Conclusions

• Spherical shell cap targets were shown to heat sample materials to higher

temperatures (up to ∼ 100 eV).

• Heating times were decreased by ∼ 10 ps in comparison to the flat foil case.

• For the Orion WDM platform, focusing the ion beam close to the sample

achieves a comparable temperature to the flat foil case, but using a reduced

laser drive.

• Higher sample temperature space can be accessed if required by using nom-

inal laser drive for the flat foil case, but on a curved target.

• At nominal laser drive, additional filtering can be used to achieve compa-

rable sample temperatures but with further reductions to the heavy ion

content in the heating beam, improving the quality of the EoS data by

reducing the time and non-uniformity of the heating.

• Further optimisations to the target design to reduce heating times will po-

tentially include more heavy ion filtering (either increased thickness or in-

creased density).

• It is recommended that any measurements made with proton deflectometry,

requiring grids to be placed into the ion beam, are only made with the

highest energy protons (not below 8 MeV).
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Conclusions and future outlook

The work presented in this thesis addresses experimental investigations concern-

ing applications and optimisations of TNSA laser driven ion acceleration. Exper-

iments have been conducted in Target Area West (TAW) of the Vulcan laser at

the Rutherford Appleton Laboratory and the Orion laser at AWE, Aldermaston.

The majority of the experimental data was obtained via the proton radiography

technique. This technique exploits the spatial and spectral properties of TNSA

ion beams to determine the spatial distribution and temporal evolution of elec-

tromagnetic fields in a region of interest. The following sections will give a brief

summary of the results found in this thesis and avenues for potential future work.

6.1 Chapter 4- Proton radiography of collision-

less shocks

The expansion of a dense plasma generated in the nanosecond ablation of a solid

target by an intense laser pulse, into a low density ambient plasma background

produced by photo-ionisation of a residual gas, was investigated via proton radio-

graphy. This is a situation analogous to many astrophysical phenomena. Experi-

mental evidence of the splitting of electrostatic collisionless shocks into a forward

and reverse shock at later time, due to the self amplifying feedback of ion front

steeping is presented for the first time. It has been possible to resolve the shock

front topology and simultaneously measure the spatial profile, electric field dis-

tribution and propagation velocity with a high temporal and spatial resolution,

over a longer temporal window than any previously reported observations, using
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similar techniques. By following the temporal evolution of the shock like features,

the splitting of the shocks has been seen to develop in agreement with simulations

in the literature, and thus helped to remove the ambiguity in the interpretation of

proton probing data that already existed in previous studies. Experimental mea-

surements and comparison to simulations show that the shock potential is high

enough to reflect some of the incoming upstream ions, stabilising the electrostatic

shock. These shock reflected ions are also observed to be the cause of the ion-ion

instability which is seen to develop at later times as evidenced by a filamentation

front. This is seen to propagate through the shock features, destroying them in

the process, due to the similarity of the associated electric fields of the shock

front and the instabilities, again in agreement with simulations.

6.1.1 Future outlook

Future work will study the dependence of the shock properties on the ambient

plasma and laser parameters. Investigations on more powerful short pulse sys-

tem would also allow an even larger temporal window to be monitored by proton

radiography, possibly allowing the full evolution from initial development to split-

ting, to be observed in one shot. To further validate our findings, diagnostics,

such as a Thomson parabola spectrometer, dedicated to measure the shock re-

flected ions, would be highly beneficial in confirming the key energy dissipation

methods in the formation and stability of electrostatic collisionless shocks.
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6.2 Chapter 5- Optimisation of TNSA ion beams

for applications

In Chapter 5, various methods for controlling the less desirable properties of

TNSA ion beams (from the point of view of many applications) are discussed.

One application in particular where TNSA ion beams have the potential to be

of high value is in the generation of Warm Dense Matter (WDM). Both flat and

curved foils, exploiting the target normal nature of ion acceleration in TNSA, have

been previously used to produce ion beams to heat sample materials to WDM

conditions. However, these investigations struggled with the low temperatures

obtained in the samples, and non uniform heating. To rectify these issues, a

series of experimental campaigns were conducted on the Orion laser to generate

and diagnose WDM states produced by ion beams from a selection of iteratively

improved targets. A small number of dedicated shots were reserved for diagnosing

the ion beams produced from these targets to optimise them further and influence

future experimental design. It is these results which are presented in this work.

Firstly it was noted that in using the higher power, higher intensity Orion

SP2 beam (in comparison to previous works) sample heating by the TNSA ions

was achieved at adequately high temperatures (up to ∼ 100 eV). This allowed

for increasing the thickness of the heavy ion filter from 10 µm Al to 40 µm Al.

This has the effect of removing the carbon ions and very low energy protons

that heat the sample too slowly for the subsequent expansion to be considered

adiabatic. The sample heating time has been reduced by ∼ 10 ps). By decreasing

the curved targets radius of curvature and increasing the laser focal spot size to

irradiate a larger portion of curved target, the collimating effect of the targets is

seen to increase, resulting in high flux at a distance further from the target. This

is beneficial in generating WDM as it means the sample can be placed further

away from the interaction, reducing stray light for other diagnostics, and the

stand off distance between sample and ion source is increased. This allows the

expansion to be monitored for a longer time before the ion source target expands

and physically collides with the sample. Similarly, it means that compared to a

laser drive on a flat foil, higher temperatures can be reached in the sample by

using curved targets, or comparable temperatures for a reduced laser drive. We

also note that for the more extreme cases of laser drive, laser defocus and target

radius of curvature, the focusing effect starts to become chromatic. This allows

a sample to be placed in the position where a particular energy will focus. By

choosing an energy that will have the plateau of its energy deposition curve in

the sample and not the Bragg peak, heating can be considered extremely uniform

throughout thicker samples.
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An additional key finding from these investigations is that measurements made

using the proton deflectometry technique, employing a number of grids to divide

the ion beam into multiple smaller beamlets, are flawed at lower ion energies,

which from this work is determined to be less than 8 MeV. This is an important

consideration that must be made when using this technique to diagnose electro-

magnetic fields in plasma, as the validity of data taken at lower energies could

now be in question. For example measurements of magnetic field strength in

hohlraums made by Li et al. [450], using 3.5 MeV protons for deflectometry on

NIF, could be wrong by up to a factor of ∼ 2.

6.2.1 Future outlook

As the high temperatures required can be easily accessed under non optimum

target and laser parameters, further filtering can be added to the target assem-

bly, to further reduce the heavy ion content and improve the quality of the data

attainable. Further experiments using both flat foils and those of a curved ge-

ometry, along with numerous grids are needed. This will help clarify if the effect

is purely energy dependent, or if it can be reduced by considering the stand off

distance between the grids and ion target.
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