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Abstract

In recent years, high intensity laser-matter interactions (> 1018 W/cm2) have

been shown to produce bright, compact sources of many different particles. These

include x-rays, neutrons, protons and electrons, which can be used in applications

such as x-ray and electron radiography. The potential use of these sources for

industrial applications is promising. However, the scalability and tuning of the

sources needs to be understood at a fundamental level.

This thesis reports on three aspects of the development and application of these

sources; the first two discuss applications of laser-plasma interactions. Firstly, the

generation, characterisation and tunability of high-energy x-rays (≈ 200 keV) pro-

duced by the hot-electrons generated inside a solid target for the application of

x-ray radiography. The characterisation of the x-ray source is conducted using a

novel scintillator based absorption spectrometer. This source of x-rays was then

used to radiograph a high density test object. Secondly, a novel technique of x-ray

backscatter is investigated numerically and demonstrated experimentally for the

first time on a laser facility. This uses the high energy electrons generated via

wakefield acceleration to probe deeper into materials than traditional backscat-

ter techniques. Finally, an investigation is reported examining the fundamental

dynamics of electrons escaping from solid targets under different irradiation con-

ditions. Experimentally, the number of escaping electrons was shown to maximise

for certain laser illumination conditions; this was also explored using PIC sim-

ulations. The new results discussed in these three sections produce important

new understanding of laser-driven x-ray generation and its application to pene-

trative probing and imaging for possible future industrial applications as well as

the understanding of escaping electron dynamics.
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Chapter 1

Introduction

The study of laser interactions with all forms of matter is almost as old as the

laser itself. The word laser itself is an acronym for light amplification by stim-

ulated emission of radiation. Consider a set of atomic energy levels; the lowest

level contains the electrons in their unexcited ground state. These electrons can

be promoted to an upper energy level through some excitation process. These

electrons can then fall from this energy level to one that is above the ground

state but is ‘meta-stable’; this means that the decay lifetime is relatively long

compared to the other decay processes. If a photon passes sufficiently close by

the atom with similar energy to the difference between the metastable state and

another energy level, the electron can be forced to decay. As the electron de-

cays, it will emit a photon that matches the energy and phase of the one that

passed it by. This is known as stimulated emission. When more electrons inhabit

the metastable state than the energy level below, which is known as population

inversion, amplification can occur.

The first optical laser was created in 1960 by Maiman [1], and as early as the mid

1960’s accelerated ions were measurable from interactions with achievable inten-

sities of approximately 1010 W/cm2. The principle of accelerating particles is a

major area of research in laser-plasma physics and has been constantly developing

1



1. Introduction

since.

One of the major developments in the application of laser technology was in 1972.

At this time, scientists were developing methods to miniaturise fusion reactions;

Nuckolls et al [2] proposed that intense laser beams could be used to uniformly

compress a sphere such that fusion would occur. Fusion is the process where two

nuclei are close enough together that the short range, attractive nuclear forces

overcomes the electrostatic repulsion and the two atoms fuse to become a heavier

element.

For lighter elements, the binding energy of the heavier combined nucleus is smaller

than the binding energy of the two separate atoms. The difference in the rest mass

energies is converted into energy; the amount of which is dictated by Einstein's

equation E = mc2. This process occurs naturally at the centre of our sun through

the proton-proton chain reaction. Reproduction of this method in the laboratory

would be nearly impossible due to the time-scales required for a number of the

processes to occur, as such, fusion in the laboratory takes a slightly different

route. The fuel in the laboratory case is typically made of a mix of deuterium

and tritium as the cross-section of this reaction is more favourable than any other

combinations of isotopes/elements.

The technique of using laser beams to directly or indirectly cause the compression

of a fuel to induce a fusion reaction is known as inertial confinement fusion (ICF).

A simple criterion for fusion ignition (more energy out than in) can be found by

considering the confinement time of the fuel and the time for a fusion reaction to

occur; this leads to ρR > 3 g/cm2, which is the relationship between the density

and radius of the fuel; this is known as the Lawson criterion. The density of a

cryogenic deuterium-tritium fuel is relatively small (>0.5 g/cm3); to satisfy the

criterion would require a large amount of fuel (in the region of kilograms). This

would lead to a reaction yielding approximately that of a large nuclear explosion,

which is impractical as a fusion power source. To reduce the total fuel and to

still meet the ρR criteria, the density of the fuel must be higher; this is why the
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fuel requires compression.

It is proposed that the necessary compression can be achieved by heating the

outside of a spherical fuel pellet, either directly by the laser or indirectly from

x-rays, such that the outward expansion of the outer layer causes a rocket-like

inward thrust towards the centre of the fuel.

The National Ignition Facility (NIF) [3] was commissioned in 2008 and is cur-

rently researching indirect heating through x-rays to compress a pellet of DT fuel.

One of the problems that many researchers have highlighted is that the uniform

compression of fuel is difficult to achieve due to the hydrodynamic plasma insta-

bilities that arise. This has led to alternative ideas such as fast ignition which

proposes that similar compression is conducted as discussed above, but the igni-

tion of the fuel is caused by energy being delivered into a so-called hotspot by

a secondary source. There are many choices for the secondary source such as

electrons [4, 5] or protons/ions [6] created from short-pulse, high-intensity lasers.

There are many other applications that are also gaining traction in the commu-

nity. For example, electrons oscillating in the wake of a laser propagating through

a plasma can create bright sources of betatron x-rays [7]. The spectrum of these

x-rays currently peak between 1-30 keV, making them ideal for radiography of

medical samples [8]. The coherence of the betatron x-rays also allows for phase

contrast radiography to be performed on soft tissues that can increase the quality

of images [9].

The production of much higher energy x-ray radiation is also possible from laser

interactions with high-density solid targets. The multi-mega-Ampere and multi-

MeV electron beam produces bremsstrahlung as it interacts with the atoms of

the target.

The x-rays generated are highly energetic with energy from a few keV to many

MeVs; as a result they can penetrate through materials to provide radiographs

of large and high density objects. Additionally, x-rays are produced from a small
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point-like source which allows the images to be magnified to a large field of

view and also leads to a source-size and spatial resolution of ≈100 µm [10, 11].

Finally, and one of the most important characteristics, the pulse duration of x-

rays generated is similar to that of the initial laser (which can vary from several

picoseconds to tens of femtoseconds), which leads to an incredibly short x-ray

pulse capable of taking freeze-frame images of processes that occur in a billionth

of a second. This is much shorter than conventional techniques (≈ 100 ps). This

leads to a short, small and penetrating x-ray source.

Conventional, competitive high-energy imaging technology exists in the form of

linear accelerators. However, this technology will compromise one of the previ-

ously mentioned parameters to achieve the other two. For example, to perform

penetrating x-ray radiography will lead to a long exposure time, sacrificing tempo-

ral and often spatial resolution simultaneously. Lower energy imaging technology,

such as those present in modern airport security scanner, currently poccess the

high resolution and object identification through 2-colour x-ray imaging. Lasers

have aided in the security industry through the application of Spatially Offset Ra-

men Spectroscopy (SORS), however, scanning large objects using a laser driven

x-ray source is another potential avenue of application to be investiagted.

The production of highly energetic x-rays from laser-solid interactions has been

conducted numerous times [10, 11, 12, 13]. However, the tunability and full

potential of the applications still needs to researched.

On a single shot basis the above applications compare well to conventional tech-

niques, although the average flux of x-rays/photons is often much lower due to

the repetition rate of current laser technology and associated targetry technol-

ogy. Many current high-power systems, as described in Chapter 3, may take one

shot approximately every 10-60 minutes depending on the experimental setup.

However, new laser systems are being built that not only possess higher peak ir-

radiance but also faster repetition rates [14, 15, 16]. Such systems will be essential

in enabling laser driven sources to be relevant and competitive within industrial
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and security imaging sectors.

This thesis reports on investigations of two possible applications of high-intensity

laser interactions: x-ray radiography of dense objects (Chapter 4), and penetra-

tive x-ray backscatter from a high flux electron beam (Chapter 5). Both of these

have experimental results which demonstrate their viability. Also I discusses the

measurement of the internal and external electron temperature (Chapter 4 and

6), the understanding of which will aid in the development of hard x-ray radio-

graphy. At the beginning of each results chapter (4-6) I give a brief review of

the current progress of the physics and also discuss the relevance of the research

conducted.
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Chapter 2

Overview of Underpinning

Laser-Solid Interaction Physics

The processes involved in laser-solid interactions cross many branches of physics;

including nuclear, quantum, electromagnetic and plasma. This chapter provides

an overview of the underpinning physics; from the ionisation of the atoms, to the

mechanisms that generate the hot electrons which propagate into the target, and

the production of the subsequent x-ray radiation.

2.1 Ionisation from Lasers

To accelerate electrons, they must firstly be freed from their atom. The simplest

method of considering ionisation of an atom due to an incident laser pulse is to

first examine a hydrogen atom and the basic Bohr model. The Bohr radius is

given as,

aB =
4πε0}2

mee2
= 5.3× 10−11 m (2.1)

where ~ is Planck’s constant divided by 2π, me is the mass of an electron and e

is the charge of an electron. The electric field, Es, between the electron and the
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nucleus is,

Es =
e

4πε0a2B
= 5.15× 109 V/m (2.2)

For a laser to ionise the atom in this model, the electric field must be equal to

the one calculated above. The intensity required for a such a laser is given by,

I =
ε0cE

2

2
= 3.51× 1016 W/cm2 (2.3)

This sets a basic intensity limit to ionise a hydrogen atom, often referred to as

the atomic unit of intensity, which is quite high. However, ionisation is observed

at lower intensities; generated by the processes described below.

2.1.1 Multi-Photon Ionisation

As the optical laser intensity is increased, ionisation can initially occur in a pro-

cess known as Multi-Photon Ionisation (MPI) [17]. Normally, when considering

photoelectric ionisation, a photon with energy ~ω exchanges all its energy with an

electron. If this energy is greater than the threshold energy for ionisation (Eion)

the electron escapes and the atom is ionised. If the energy is below the threshold,

the electron does not escape and photons are re-emitted. In the latter case, the

electron has a relaxation time, which is the time between receiving the energy

from the photon and then re-emitting. This time is incredibly short, however, if

another photon is absorbed by this electron during this time the electron can gain

additional energy. If the absorbed energy from multiple photons is greater than

Eion the electron can escape. This process is known as Multi-Photon Ionisation. If

the electron absorbs more photons than required to escape the atom, the electron

will have some energy that is a multiple of the energy of the absorbed photons

minus the ionisation potential. This is known as Above-Threshold Ionisation

[18, 19].
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The final kinetic energy of the electron, Ef , can be written as,

Ef = (n+ s) }w − Eion (2.4)

where n is the required number of laser photons absorbed for the ionisation to

occur, s is the excess photons that may be also absorbed and Eion is the ionisation

threshold energy of the associated ion. This allows for a number of lower energy

photons to ionise an atom, as shown in Figure 2.1 a); allowing the threshold for

this process to be lower than the previously discussed ionisation when considering

the Bohr Radius.

Once an electron is ionised, this electron is openly exposed to the electric field

of the laser and will oscillate back and forth. This electron will collide with the

un-ionised ions/electrons around it, causing more particles to be ionised. This

will sequentially cause more and more particles to become ionised. This is a

cascade ionisation process, which can become the main ionisation process once

the electron is freed by a process such as multi-photon ionisation or one of the

other method discussed in the following section.

2.1.2 Barrier Suppression Ionisation

Another process which can ionise an atom occurs at higher intensities. Consider

a simplified case of an electron trapped in a 1D electric potential, V (x), of the

nucleus under the influence of the laser field, which can be described by the

following,

V (x) = −Ze
2

x
− eEx (2.5)

where E is the electric field from the laser and Z is the atomic number of the

atom. This can lead to two situations arising. Firstly, the potential well that

traps the electron can be altered such that the electron could tunnel through the

potential barrier; this is known as tunnel ionisation. If the field of the laser is

8
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Figure 2.1: a) Multi-Photon Ionisation (MPI). Multiple photons are absorbed to
ionise the electron from the potential well. b) Barrier Suppression Ionisation

(BSI). The potential well is altered by the electric field of the laser; this allows
for the electron to escape over the barrier. If the barrier is still present, the

electron can tunnel through which is known as tunnelling ionisation.

high enough, the barrier could be suppressed such that the electron is allowed to

freely escape. This is known as barrier suppression ionisation. The alteration of

the field potential is shown in Figure 2.1 b).

The amount by which the barrier suppression or multi-photon/above-threshold

ionisation dominates the ionisation processes is given by the Keldysh Parameter

[20], which is expressed as,

γk = ωL

√
2Eion
IL

(2.6)

where IL is the intensity of the laser, ωL is the angular frequency of the laser.

If γk is greater than one, then multi-photon ionisation dominates the ionisation

processes, whereas if γk is less than 1, barrier suppression is dominant (obviously

ignoring the case where a single photon has sufficient energy to release an elec-

tron). If a significant portion of atoms are ionised this can form a plasma, which

is described in the following section.

9
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2.2 Plasma

Unlike traditional states of matter, an ideal plasma consists of free charged par-

ticles. These free particles influence one another in such a way that the plasma

can be described as having collective behaviour. A physical parameter that arises

when there are many freely moving charges in a system is the Debye Length, λD,

which is the characteristic length by which the electric potential of a charge falls

off by 1/e due to the damping/screening from nearby charges. This potential is

described as,

ϕ (x) = ϕ0exp

(
− x

λD

)
(2.7)

where the Debye length is,

λD =

√
ε0kBTe
nee2

(2.8)

where kBTe is the temperature of the electron distribution and ne is the num-

ber density of the electrons. Normally the electric potential is dependent on

the inverse of the distance from the charge, however for a plasma there is an

additionally term that falls exponentially.

A plasma can be described using the Plasma Parameter, Λ, and is given as,

Λ = 4πneλ
3
D (2.9)

This equation essentially determines the electron number within a sphere with

the radius of a Debye length, also known as a Debye sphere. When the Plasma

Parameter is much greater than 1, Λ >> 1, this is known as an ideal plasma.

The plasma is termed as having collective behaviour as the collective electrostatic

collisions are dominant compared to the single particle collisions.

A plasma can also be described as either weakly or strongly coupled; this is

determined by considering the potential and kinetic energy of the plasma. The

10
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potential energy is the result of the electrostatic interactions whereas the kinetic

energy can be approximated as the average energy/temperature of the plasma.

This is given as,
P.E.

K.E.
≈ e2ne

−1/3

Te
(2.10)

If the plasma is sparsely populated and/or has a high temperature, then it can

be described as weakly coupled.

In nature there are many forms of plasma, such as the interstellar medium, solar

winds and the chromosphere of the sun.

2.2.1 Plasma Expansion

Often, in laser-solid interactions, a plasma is formed on the front side of the solid

which is initiated by the intensity pedestal prior to the main laser pulse, the

generation of which will be discussed in Chapter 3. The interaction between the

laser and the so-called ‘pre-plasma’ will be examined in the next sections, but

first the expansion of this plasma will be described. As a plasma expands into the

vacuum away from the target with a constant temperature, the density gradient

is usually a falling exponential, which can be described as,

ne (x) = noe
−x/L (2.11)

where n0 is the solid number density (≈ 1021 cm−3) and L is the so-called ‘scale

length’ which can be estimated as,

L ≈ c0τL (2.12)

where τL is the duration of the pulse or the expansion time. c0 is the ion sound

speed which is given as,

co =

√
kB (ZTe + Ti)

mi

(2.13)

11
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Understanding the role of the preplasma is important because the peak of the

laser pulse often propagates through such a density gradient. Due to this, the

interaction between an electro-magnetic wave and a plasma will be described in

the following section.

2.2.2 EM waves in Plasmas

The propagation of electromagnetic waves is described using the Maxwell equa-

tions,

∇ · E = − ρ
ε0

(2.14)

∇ ·B = 0 (2.15)

∇× E = −∂B

∂t
(2.16)

∇×B = µ0J +
1

c2
∂E

∂t
(2.17)

where E and B are the electric and magnetic fields, ρ and J are the charge and

current density, and ε0 and µ0 are the permittivity and permeability of free space

respectively.

As stated previously, the plasma is made up of freely moving charged particles.

Typically, this is split into two species, the ions and the electrons. As the mass

of the electrons is much lower than that of the ions, they will move more easily

under the influence of external forces, such as those produced by a short laser

pulse. It is therefore convenient to consider that the ions are quasi-stationary.

As the electromagnetic wave travels through a plasma the fields will act on the

electrons. This will feedback onto the propagating electro-magnetic wave altering

the dispersion relation. Firstly, to calculate the dispersion relation we must obtain

the general wave equation. If we take the curl of Faraday’s Law (Eq. 2.16) we

12
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find,

∇× (∇× E) = − ∂

∂t
(∇×B) (2.18)

Substituting equation 2.17 into equation 2.18 and using the vector identity

∇× (∇×A) = ∇ (∇ ·A)−∇2A, we find,

∇2E =
1

c2
∂2E

∂t2
+ µ0

∂J

∂t
(2.19)

The general solution for the electric field, E, from equation 2.19 is,

E = E0exexp [i (kx− ωLt)] (2.20)

where k is the wave-vector and ωL is angular frequency of the laser. Substituting

equation 2.20 into equation 2.19 and assuming J = −ene(dr/dt), we can solve

each term separately,

∇2E = ∇2
(
E0exe

i(kx−ωt)) = −k2E (2.21)

∂2E

∂t2
=

∂2

∂t2
(
E0exe

i(kx−ωt)) = −ω2E (2.22)

∂J

∂t
=

∂

∂t

(
−ene

∂r

∂t

)
= −ene

∂2r

∂t2
=
e2neE

me

(2.23)

Substituting equations 2.21, 2.22 and 2.23 into equation 2.19 and dividing by E

we find the dispersion relation for EM waves in a plasma,

ω2 − e2neµ0c
2

me

= ω2 − ω2
p = k2c2 (2.24)

The difference between the dispersion relation of a plasma and the vacuum is the

plasma frequency, ωp; the natural frequency at which the plasma oscillates which

is given as,

ωp =

√
nee2

γmeε0
(2.25)

13
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where γ is the relativistic correction applied to the mass of the electron me and is

given as γ = 1/
√

1− (v2/c2), where v is the velocity of the particle. The plasma

frequency only varies with the electron number density ne. Therefore, a so-called

critical density, nc, can be defined at which the plasma frequency, ωp, and laser

frequency, ωL, are equal; at which the wavevector k must equal zero and therefore

the laser can no longer propagate. Rearranging equation 2.25, the critical density

can be shown to be,

nc =
ε0γmeω

2
L

e2
(2.26)

If the number density of electrons in the plasma is less than the critical density

then the plasma is described as underdense, whereas if it is above it is overdense.

If electrons oscillating in an intense laser field are moving relativistically, then

the gamma/Lorentz factor can effectively increase the mass of the electron which

increases the critical density. This allows the laser to propagate further and to

higher densities. This process is known as relativistically induced transparency.

This can have interesting effects such as making a thin solid material become

transparent, enabling the laser to propagate further into the target which can

affect the accelerated particles [21].

The laser is actually able to penetrate slightly beyond the relativistic critical

surface. The wave-vector for the laser at this point is imaginary and the spatial

dependence is an exponential decay. The gradient of the exponent by which the

laser penetrates is known as the collisionless skin depth, δ. It is defined as,

eikx = e−|k|x = e−x/δ, δ = |k|−1 =
c(

ω2
p − ω2

)1/2 (2.27)

The refractive index of a plasma is dependent on the frequency of the laser and the

plasma frequency; therefore it is also dependent on the electron number density.

The refractive index can be approximated as,

η ≈

√
1−

(
ωp
ωL

)2

=

√
1−

(
ne
nc

)2

(2.28)
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The intensity of a focused laser beam is typically higher in the middle. The

plasma frequency, ωL, is altered by the Lorentz factor, γ, which has a larger

effect at the centre. This affects the refractive index in equation 2.28, causing

the plasma to act as a focusing lens as the centre of the beam now has a high

refractive index. This causes the beam to focus, an effect known as relativistic

self-focusing.

The beam can also self-focus due to the Ponderomotive expulsion of electrons from

the most intense region of the beam (see Section 2.3.2). There is an expression

for the power that determines whether the laser beam will self-focus through this

process known as the critical power, Pcrit; which is given as,

Pcrit ∼= 17.5

(
ω

ωp

)2

GW (2.29)

This expression is developed both numerically and experimentally [22]. Self-

focusing can allow the laser to reach higher intensities due to a reduction in the

spot size.

2.3 Electron interactions with EM waves

As stated in the previous section, electrons will experience a force from the laser

field whereas the ions can be assumed to be quasi-stationary on the timescale

of the oscillating field. Therefore, we only consider the interaction between the

electrons and the electromagnetic wave with a quasi-static ion background.

In most experimental situations we have a finite pulse with a spatial and temporal

variation in intensity. However, for the ease of introduction, an infinite plane laser

wave interacting with a single electron shall be considered initially.
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2.3.1 Single electron interacting with an infinite plane

wave

The electron in an electromagnetic field will experience a force that is described

by the Lorentz force,

F =
dp

dt
= q (E + v ×B) (2.30)

where v is the velocity of the electron and p is the momentum which is given by,

p = γmev (2.31)

In the non-relativistic case, the magnetic field is a factor of c less than the electric

field, therefore it can be neglected. In this case the quiver velocity, vq, of the

electron in the electric field can be shown to be,

∂v

∂t
=
eE

m
,E = E0cosωLt (2.32)

vq =
eE0

mωL
sinωLt = a0csinωLt (2.33)

where a0 is the normalised vector potential which is the ratio of the classical and

relativistic momenta. There exists an intensity threshold where the velocity of

the electron becomes relativistic when oscillating in the laser field; this occurs

when a0 is greater than 1. For linearly polarised light, can be rearranged as,

a0 ≡
eE0

mωLc
∼= 0.85

(
ILλ

2

1.37× 1018Wcm−2µm2

)1/2

(2.34)

This shows that for intensities greater than ≈ 1.6 × 1018 W/cm−2 and a laser

wavelength of 1 µm, the velocity of the electron can be considered relativistic.

The electron motion is initially in the direction of the electric field which is

perpendicular to the magnetic field. At a certain point the magnetic field can no
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longer be neglected, this occurs when a0 > 1. The magnetic field term, v × B,

in equation 2.30 determines that the electrons experience a force in the laser

direction. This drift velocity, vdrift, can be calculated by inserting the quiver

velocity of the electron from equation 2.33 into equation 2.30, only considering

the v ×B term and using the fact that B = E0 cos(ωLt),

vdrift =
e2

4m2
eωLC

c2cos (2wLt) =
a20
4
c cos (2ωLt) (2.35)

This shows that for a laser that enables relativistic electron quiver velocities,

there is a fundamental drift of the electrons in the direction of the laser. Also

note, this occurs twice per laser cycle and always points in the direction of the

laser as the cross product of the current density from the electric field and the

magnetic field is always pointing in the laser direction.

2.3.2 Single Electron in a Inhomogeneous Wave

As stated before, the assumption of an infinite plane wave was a simplification of

the laser interaction with an electron. In reality, the laser has a finite temporal

and a spatial intensity profile.

If the laser is focused, the electron can experience an electric field that is large

enough to oscillate it such that at different positions during the oscillation, it will

experience a different laser intensity. In this case, the restoring force from the

lower intensity regions is not enough to return the electron to the higher intensity

regions. This process will result in the electron gaining net momentum, taking

it away from the higher intensity regions every laser cycle. This is known as the

Ponderomotive force. This force, Fpond, can be shown to be, in the classical case,

the negative average gradient of the ponderomotive potential given by Gibbon

[23] as,

Fpond = −∇Φpond = − e2

4meω2
L

∇E2 (2.36)
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In the relativistic case we have,

Fpond = −mec
2∇γ (2.37)

The kinetic energy gain from the ponderomotive force in a linearly polarised laser

cycle for the relativistic case can be shown to be,

Up = mec
2 (γ − 1) (2.38)

This essentially can be considered as an effective temperature of the electron ac-

celerated by this mechanism [24]. This is an example of an absorption mechanism

for a single electron. There exist multiple absorption mechanisms that can occur

in plasma which are described in the next section.

2.4 Absorption Mechanisms in Plasmas

Absorption mechanisms refer to the energy transfer from the laser to the plas-

ma/electrons. For plasmas there are a few mechanisms for this energy transfer

to occur. These are typically split into two categories; collisional and collisionless

absorption.

2.4.1 Collisional Absorption

Collisional Absorption, often called Inverse Bremsstrahlung, occurs when an elec-

tron in a plasma is oscillating in a relatively low intensity laser field; approxi-

mately 1012−15 W/cm2.

As the laser field oscillates the electron at the quiver velocity, the electron tempo-

rally gains kinetic energy from the laser field. During this oscillation, the electron

has the possibility of having a collision with an ion that is present in the plasma.
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This transfers energy from the laser to the ions in the plasma via the electrons.

This occurs on average at the electron ion collision frequency,

νei (nc) ∝
ncZ

∗

T
3/2
e

(2.39)

where Z∗ is the effective charge of the ionised atom. The fraction of absorbed

energy [24] by the plasma over a scale length L is given as,

fabs = 1− exp

(
32

15

νei (nc)

c
L

)
(2.40)

The absorption is maximised for plasmas with long scale lengths, high atomic

number and low temperature. From equation 2.39, it is apparent that the collision

frequency will decrease as the temperature of the electron increases; this means

that for higher intensities the absorption from this mechanism will decrease.

2.4.2 Collisionless Absorption

There are a number of collisionless absorption mechanisms; each of the relevant

ones shall be discussed in the following section.

2.4.2.1 Resonance Absorption

Consider a laser incident on to a solid target at an angle θi with some non-

uniform plasma density with polarisation in the same plane as the angle (from

here on this is known as p-polarisation). As the laser propagates into the plasma

with a wave vector k = ((ωL/c)sinθi, ky, 0), it experiences an increasing electron

density, which can be described as ∇ne = (δne/δx, 0, 0). A basic schematic of

the main absorption mechanisms is shown in Figure 2.2. The dispersion relation

from equation 2.24 is modified to become,

ω2
L

(
1− sin2θi

)
= ω2

p + c2k2y (2.41)
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The wave-vector, ky, changes as density increases; when ky = 0 the beam is

reflected at ne = nc cos2 θi, note this occurs before the critical density. For the

case of a p-polarised laser, the electric field can tunnel to the critical density.

At the critical density the frequency of the laser and the plasma are matched,

which allows the laser to resonantly drive a plasma wave. The electric field

decays exponentially past the critical density yielding a weak restoring force on

the electrons; this leads to the plasma wave breaking and electrons passing into

the target with high energies.

The absorbed energy/fraction from resonance absorption is described using the

Denisov function [25], ξ which is given as,

ξ = (kL)1/3sinθi (2.42)

which relates to the fraction of absorbed energy, fabs, as,

fabs ∝ ξexp

(
−2

3
ξ3
)

(2.43)

The angle of incidence, θi, and scale length, L, will affect the absorption from

this mechanism. This is because an initial scale length or pre-plasma must be

present for the mechanism to occur, where typically the scale length is greater

than the laser wavelength, L > λL. Secondly, the angle dictates how close the

laser reaches the critical density.

2.4.2.2 Vacuum Heating

Vacuum heating is a similar mechanism to resonance absorption, however in this

instance the scale length of the pre-plasma is shorter than the amplitude of the

electron oscillation. This process was first proposed by Brunel [26] and observed

in PIC codes by Gibbon and Bell [27]. The electric field of a p-polarised laser

can pull the electrons into the vacuum on one half cycle, and on the second half,
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the electric field accelerates the electrons into the target. The laser must be p-

polarised so that the electric field is acting perpendicular to the target surface.

In this picture, the electrons do not experience a restoring force equal to the

acceleration as they pass the critical surface, yielding a net energy exchange to

the electrons.

2.4.2.3 J×B Heating

In section 2.3.1 it was shown that the electron quiver velocity becomes relativistic

above intensities of 1018 W/cm2 for a laser wavelength of 1 µm. At these inten-

sities, the magnetic field becomes relevant and results in a force that causes the

electrons to move in the direction the laser, as shown in equation 2.35. If these

electrons move past the critical density whilst moving at this velocity they gain

net energy from the laser. The laser also acts on the electrons via the Pondero-

motive force as described in section 2.3.2. The combination of these two effect

are described by Kruer and Estabrook [28] who obtain a total force given as,

F = −m
4
∇v2q (1− cos2ωLt) (2.44)

Note that this does not depend on the direction of oscillation relative to a density

gradient unlike the previous mechanisms discussed; this means that there is no

difference between an s-polarised or p-polarised laser pulse.

The J × B mechanism also differs from the resonance and vacuum heating ab-

sorption mechanisms as the electrons are accelerated along the direction of laser

propagation, often refered to as the laser axis, rather than normal to the critical

density.
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Figure 2.2: A schematic of the absorption mechanisms described in the text
with the relevant angle of accelerated hot electrons relative the incident laser.
The circles along the beam represent illustrate the polarisation of the laser (in

this case a p-polarised laser) and the directions of the electric and magnet fields.

2.5 Fast Electron Transport

The previous sections highlighted how the laser transfers energy to the electrons

through a number of mechanisms. Once the electrons pass the critical surface,

they are no longer within reach of the laser field and are thus injected into the

target. The population of electrons injected can possess peak currents of many

mega-amperes. The current of electrons inside the target exceeds the Alfven limit

[29, 30], jA, a limit which predicts that if the current is too high the self-induced

magnetic field will start to break-down the electron beam by turning the electrons

back against the direction of the beam propagation. The size of this current can
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be estimated using the following,

jA =
4π

eµ0

p (2.45)

where p is the momentum of the electrons. Assuming a 1 MeV electron beam

that is infinitely wide, the current limit from equation 2.45 is approximately 47.5

kA. Additional effects must be occurring to overcome the Alfven limit to enable

the fast electron population to propagate within the target.

A return current of electrons is drawn from the background plasma to neutralise

the fast electron current. This is a localised current that is drawn in the opposite

direction to the main electron current. This can be described simply as,

jfast + jreturn ≈ 0 (2.46)

The return current, jreturn, contains significantly more electrons and is cooler

than the hot electron current, jfast.

If the return current does not exactly equal the forward propagating fast electron

current, magnetic fields can form. This magnetic field can be calculated from

Maxwell’s Equations,

E = ηejreturn (2.47)

∂B

∂t
= −∇× E = −∇× (ηejreturn) (2.48)

∇×B = µ0(jfast + jreturn) (2.49)

where ηe is the resistivity of the plasma/target. This shows that a magnetic field

can be generated when jreturn 6= jfast. The resulting magnetic field can lead to a

pinching of the of electron beam as it travels through the target.
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Figure 2.3: An example of the electron distributions that are produced from
laser solid interactions. The temperature in the above graph is 3 MeV for all

the example distributions.

2.6 Electron Spectrum

The result of the absorption mechanisms discussed in section 2.4 is a population of

electrons that have gained significant energy from the laser and are now travelling

through the target. The energy given to the electrons depends on many different

factors, for example, what part of the laser cycle accelerates the electrons or where

in the plasma they experience the laser field. Bezzerides et al [31] shows that from

resonance absorption, the time averaged randomness leads to a Maxwellian type

electron energy distribution. A Maxwellian distribution with a single temperature

can be described as,

f (Ef ) = Nf

√
4Ef

π(kBTf )
3 exp

(
− Ef
kBTf

)
(2.50)
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where Ef is the energy of the fast electrons, Tf is the temperature of the fast

electrons and Nf is the total number of fast electrons. For laser intensities greater

than 1018 Wcm−2 the energy spectrum is given by the relativistically modified

Maxwell-Jüttner distribution,

f (γ) =
Nfγ

2β

αK2 (1/α)
exp

(
−γ
α

)
(2.51)

where α = kBTf/mec
2, β = v/c, γ = 1/

√
1− β2 and K2 is a Bessel function of

the second kind. An example of the distributions are shown in Figure 2.3 as well

as a Boltzmann distribution for a temperature of 3 MeV. Also note that the area

under each of the distributions is normalised to 1 to ensure each represent the

same number of electrons.

The number of accelerated hot electrons, Nf , depends on the temperature of the

electrons and the amount of laser energy absorbed. The absorption of the laser is

often measured using a scatter screen that captures the reflected laser energy or

through x-ray measurements. A review paper by Davies collected all the relevant

data available in the field. The absorption can reach as high as 80% for some

laser conditions. A fit to the data by Davies [32] is given as,

fabs =

(
Iλ2

4.3× 1021Wcm−2µm2

)0.2661

(2.52)

The temperature of the fast electrons, Tf , is related to the incident intensity

and wavelength of the laser. This is often described using so-called scaling laws

[24, 33, 34] which will be discussed in more detail in Chapter 4.

2.7 X-ray Production

X-ray radiation from atomic processes during laser plasma interactions can be

generated in three ways: free-free, free-bound and bound-bound emission. The
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Figure 2.4: Basic schematic of an electron accelerating around a positively
charged atom.

first mechanism, free-free, occurs when free electrons interact with heavier ions

and emit x-rays known as bremsstrahlung. If a free electron recombines with an

atom an x-ray can be emitted, this is the second mechanism free-bound. The

final mechanism produces line emission from transitions between discrete energy

levels in the atom.

The production of bremsstrahlung will be discussed in this section as is it the

most relevant to the research described in this thesis.

2.7.1 Bremsstrahlung

The word Bremsstrahlung comes from German meaning ‘braking radiation’ which

aptly describes the process by which the x-rays are created. An electron passing

by an ion of charge Ze will experience an attraction. This attraction will cause the

electron to accelerate towards the ion displacing its path, as shown in the basic

schematic in Figure 2.4. Accelerating charges produce radiation; to conserve

energy the electron will lose some energy, hence the term ‘breaking radiation’.

The power emitted by a single oscillating/accelerating particle is given by the
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Larmor Equation,

PB =
2

3

e2a2

4πε0c3
(2.53)

where a is the acceleration which can be described using Coulombs law,

F = ma = − Ze2

4πε0x2
(2.54)

and x, for bremsstrahlung, is the distance between the electron and ion. From

Figure 2.4, the closest distance between the electron and ion is known as the

impact parameter, b. It can be approximated that x ∼ b. Note that as electrons

are the lightest particles in this interaction, they will experience the largest ac-

celeration and therefore emit the most power. The interaction will be very short,

where the time, ∆t, can be approximated as 2b/v, where v is the velocity.

The total emitted energy in a single collision can be calculated by substituting

equation 2.54 into 2.53 and multiplying by ∆t,

PB∆t = ∆E =
2

3

e2

c3

(
Ze2

mx2

)2
2b

v
=

4

3

Z2e6

c3m2

1

b3v
(2.55)

For a beam of electrons, there are a number of impact parameters db. The number

of electron collisions per ion per unit time can be expressed as nev2πbdb. The

power radiated is therefore,

W = nev

∫
∆E2πbdb ≈ 4

3

Z2e6

m2c3
2πne

∫ bmax

bmin

db

b2
(2.56)

where bmax and bmin are the maximum and minimum impact parameters. Here,

bmax can be expressed as the Debye length and bmin as the De Broglie wavelength

[35], and therefore bmin � bmax. The integration yeilds,

W ≈ 16π2

3

e6

mhc3
Z2niv (2.57)

The energy spectra of the electron has already been described as Maxwellian.
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2. Overview of Underpinning Laser-Solid Interaction Physics

Considering a Maxwellian temperature distribution of velocities given by,

fe = ne

(
m

2πkBTe

)3/2

exp

(
− mv2

2kBTe

)
(2.58)

Integrating over the entire electron distribution [35] we find,

W v
B ≈

32π

3

(
2π

3kBTeme

)1/2
Ze6n2

e

mec3
exp

(
− hυ

kBTe

)
(2.59)

W v
B
∼= 6.8× 10−52Zn2

eT
1/2
e exp

(
− hυ

kBTe

)
Wm−3Hz−1 (2.60)

The shape of the x-ray spectrum is dependent on the temperature of the hot

electrons. The lower end of the spectrum can be readily absorbed by the material

producing it. The main processes of attenuation are discussed in the following

section.

2.7.2 X-ray Attenuation

The attenuation of x-rays can occur through a number of different processes.

These processes can be split into three different regions where a particular process

is dominant.

For the low energy x-ray the dominant process is the photoelectric effect. This

is the entire absorption of the photon energy which is transferred to an electron.

This is more likely to occur in materials with high atomic numbers and to the

electrons most tightly bound to the atoms. The photoelectric mass attenuation

coefficient, σphoto, is approximately given by,

σphoto ∝ ZnEγ
3 (2.61)

where n is a constant that varies between 4 and 4.8 depending on the material [36]

and Eγ is the energy of the x-ray. The energy at which this dominates depends
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2. Overview of Underpinning Laser-Solid Interaction Physics

Figure 2.5: Ratios of each attenuation process to the total attenuation for a)
Carbon and b) Tantalum. The differences between the two are mainly due to
the changes in atomic number. The photoelectric effect is dominant to much

higher energies and pair production becomes dominant for lower energies for the
higher atomic number material.

on the atomic number of the material; for materials with higher atomic numbers

the photoelectric effect will be dominant at higher energies compared to materials

with lower atomic numbers.

The second energy region is dominated by Compton scattering, also known as

incoherent scattering. This process occurs between the outer-most electrons and

the x-rays, where the x-ray transfer parts of its energy to the electron and then

scatters. The angle of deflection is dependent on the energy transferred in the

collision. This will be discussed in more detail in Chapter 5.

At the highest energies, pair production can occur. This is the process where the

x-ray can become a pair of particles with a net charge of zero. At two times the

electron rest mass (1.022 MeV) the x-ray photon can become an electron-positron

pair. If the x-ray possesses energies greater than 211.3 MeV it can produce a muon

pair. The angle at which these particles are emitted depends on the initial energy

of the x-ray due to the conservation of momentum/energy.

The regions in which each of these processes are dominant, as expected by the

dependence on atomic number, vary for different materials. The extent of which
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2. Overview of Underpinning Laser-Solid Interaction Physics

is shown in Figure 2.5 which plots the calculated ratios of the attenuation due

to each process to the total attenuation. The two materials here, carbon and

tantalum, represent a low and high atomic number material. It is clear that

for the high atomic number, the photoelectric effect is dominant to much higher

energies compared to the low atomic number. Also the pair production process

becomes dominant earlier for the high atomic number material. The cross-section

for Compton scatter varies slightly for different materials, and as such, dominants

for a larger region for the low atomic number material.

X-rays can also excite the nucleus; this is known as a photonuclear reaction. This

can cause a neutron to be released through a (γ,n) reaction. Typically the cross

section for such an interaction is on the order of hundreds of millibarns (10−29

m2); compared to the other effects mentioned above (approximately 10 barns at

1 MeV for Cu), this has negligible attenuation. However, there will be neutrons

created through this process during laser-solid interactions.

The transmission Tγ of a material for x-rays is given by the Beer-Lambert law,

Tγ = e−σtotallρ (2.62)

where σtotal is the total mass attenuation coefficient, l is the length/depth of the

material and ρ is the density of the material. The form of this equation shows

that the transmission falls exponentially as a function of distance. It also shows

that for denser materials the transmission will be lower.

2.8 Summary

The aim of this chapter was to summarise the basics of laser-plasma interac-

tions. Initially, the ionisation of atoms due to optical light at high intensities is

described. When the laser is incident onto a solid target, this can lead to the

formation of a plasma on the front surface which expands into the vacuum. The
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2. Overview of Underpinning Laser-Solid Interaction Physics

interaction between the laser and the front surface plasma results in the accelera-

tion of electron to high energies through a number of absorption mechanisms. The

injected electron beam has a current of multi-mega-Ampere with temperatures

up to mega-electron-volts.

As the electrons pass through the target, they will interact with the target atoms

generating x-rays through bremsstrahlung. These x-rays will have a spectrum

that depends on the temperature of the injected electron beam.

The following chapter discusses the laser systems and diagnostics used to study

such interactions.
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Chapter 3

Methodology

This chapter reviews the techniques and developments used to conduct the re-

search discussed in later chapters in the thesis. This will include an overview of

high-power/intensity lasers as well as details of the laser systems used to conduct

the research. Additionally, the numerical simulations which aid in the under-

standing of experimental results as well as diagnostic developments conducted by

the author are reviewed.

3.1 High Power Laser Technology

Since the invention of the laser over 50 years ago, developments have been made

in many aspects of laser technology, for example the developments of Q-switching

to allow for short-pulsed lasers or the development of more advanced gain media.

As the peak laser intensity increased, this opened the door for further exploration

in the field of laser plasma physics. The technique of Chirped Pulse Amplification

(CPA) [37] stands out as probably one of the most important evolutionary steps

in the field of high peak power laser systems.
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3. Methodology

Figure 3.1: A basic schematic of Chirped Pulse Amplification (CPA). The laser
is stretched to reduce the intensity to prevent damage to optics. The beam is

safely amplified and then compressed, increasing the intensity.

3.1.1 Chirped Pulse Amplification (CPA)

Chirped Pulse Amplification uses the method of stretching the pulse prior to

amplification to reduce the fluence of the beam. The reduction of the fluence

helps to prevent the laser from damaging optics and gain media in the laser

chain which is one of the main challenges for highest peak intensity laser systems.

Lowering the intensity directly reduces the effect of the non-linear refractive index

distorting the beam wavefront, which causes self-focusing of the laser and can also

lead to damage of the gain medium and other optics.

CPA traditionally uses a pair of gratings to introduce a positive dispersion, mean-

ing that the shorter-wavelengths take longer to pass through the setup compared

to the longer-wavelengths. The device that does this is known as a stretcher. This

path difference stretches the pulse in time which therefore reduces the intensity,

allowing the pulse to be amplified without incurring significant non-linear effects.

After the amplification process is complete, a negative dispersion is applied in

the compressor to reverse the effect of the positive dispersion and compress the

pulse. A basic schematic of the CPA technique is shown in Figure 3.1. Figure 3.2

shows a history of the peak achievable intensity; a massive increase occurred a

few years after the first optical CPA technique was demonstrated, which opened

up areas of physics that were previously unavailable.

33
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Figure 3.2: The history of the maximum achievable focused laser intensity since
1960 (adapted from Gray [38]). The regions highlight the areas of physics

available for a laser with a wavelength of 1 µm. The construction of new laser
systems promises to deliver higher peak intensities in the future [15].

3.1.2 ASE

An intense main pulse is readily achieved using CPA and other such amplification

techniques. However, due mainly to spontaneous emission from the gain medium,

an unwanted lower intensity pedestal of the laser is also amplified, which is known

as amplified spontaneous emission (ASE).

When a gain medium is pumped, the excited atoms are held in a long life-time

energy level (also known as a meta-stable state) before the main pulse stimulates

them and amplification can occur. However, excited atoms can spontaneously

decay from this energy level before the main pulse arrives. This process is inher-

ently random and emits photons in 4π Steradians. If this spontaneous emission

emits at an angle that allows it to propagate along the remaining laser chain it

will be amplified along with the main pulse. This causes a pedestal either side

of the main pulse where the leading edge can arrive up to nanoseconds before.
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Figure 3.3: A simple temporal schematic of a high power laser pulse with ASE
present, which can arrive nanoseconds before the main pulse. The laser contrast
is the intensity ratio between the peak of the laser and the intensity of the ASE.

Figure 3.3 shows a temporal schematic of the a high powered laser pulse with

a leading ASE pedestal. The ratio between the intensity of the main pulse and

the pedestal is known as the intensity contrast of the laser. For modern laser

systems this contrast can vary between 106−10 [39, 40]. If the peak laser intensity

is 1020 W/cm2 with a contrast of 108, then the ASE pedestal has an intensity

of 1012 W/cm2 which is intense enough to ionise the surface of solid targets, see

Chapter 2. This ionisation causes plasma to expand from the front of the target

which can change the nature of the interaction, often creating conditions where

instabilities can grow such that they cause unpredictable absorption and electron

beam pointing due to filamentation [41] or magnetic field growth [42].

3.1.3 Optical Parametric Chirped Pulse Amplification

(OPCPA)

Optical Parametric Chirped Pulse Amplification (OPCPA) is similar to CPA as

it uses a stretcher to reduce the intensity of the beam prior to amplification

before the beam is finally compressed to a short pulse length. The difference

in this technique is in the method used to amplify the laser which is known
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Figure 3.4: Basic schematic of the Optical Parametric Amplification process.
The non-linear crystal is used to amplify the signal pulse using the pump pulse.

In this process, an idler beam is produced whose frequency is the difference
between the frequency of the pump and signal pulses.

as Optical Parametric Amplification (OPA). This technique uses a non-linear

crystal and a pump pulse, which has a higher energy and frequency than the

main pulse. The pump and main pulse are incident onto the non-linear crystal

which parametrically creates a third pulse called the idler. During this process,

the pump exchanges energy to both the idler and the main pulse.

There are many advantages to using OPCPA. Firstly, there is no direct interac-

tion between the photons and the non-linear crystal which means there are no

dissipative loses into the crystal; ideally this means that thermal effects can be

effectively ignored. This potentially allows OPA systems to operate at higher

repetition rates. Also, the amplification process only occurs whilst the pump

beam is present; if the system is well timed this can effectively lead to a reduc-

tion of ASE/fluorescence, increasing the contrast of the laser. The amount of

gain provided is also larger per unit volume than traditional techniques. Finally,

and probably the most important advantage in terms of reaching the highest

peak intensities, is the ability to amplify a number of wavelengths simultaneously

whereas for many standalone laser materials only a narrow range of wavelength

can be amplified. The minimum pulse length achievable from a pair of gratings

is inversely proportional to the bandwidth of the laser chain (i.e. the width that

the laser is spectrally); this is known and the bandwidth limit. As OPA systems

can have a large bandwidth, it is possible to achieve significant compression to
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short pulse durations, which leads to high peak intensities.

3.2 Laser Systems

Much of the cutting edge research, especially in the most intense regimes (1018−22

W/cm2), requires increasingly complex systems. This often leads to national/in-

ternational scale facilities [3, 15, 43, 44, 45] being built to accommodate the

high-power laser community; however, more recently university scale systems are

becoming more widespread [46, 47, 48].

Current high power laser facilities require scientists and engineers with a wide

range of knowledge to meet the numerous challenges encountered high-power

laser experiments. The development of novel target fabrication techniques ([49],

Chapter 17) is required to create a variety of technically demanding targets.

Scientific expertise is required in radiation shielding and safety [50] due to the

creation of numerous types of highly energetic particles. Additional shielding

is also required due to the presence of large Electro-Magnetic Pulses (EMP)

[51, 52]. These are just some examples of the combination of challenges that

must be overcome to conduct such experiments.

The experimental work in this thesis has taken place at a number of laser facilities

that all have different laser parameters. The aim of this section is to give a brief

overview of these facilities, their characteristics and the methods that are used

to create some of the most intense laser pulses in the world and the delivered

parameters such as energy, wavelength and pulse-duration.

3.2.1 The Vulcan Laser

The Vulcan laser system is based at the Central Laser Facility (CLF)[53]. The

main amplification stages of the Vulcan laser uses Nd:YAG which is primarily a
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Figure 3.5: An overview layout of the Vulcan Laser. Target Area Petawatt
(TAP) and Target Area West (TAW) are highlighted in red and yellow

respectively. The dotted lines represent the place where the beam lines between
TAP and TAW separate. Prior to this the two beams follow the same path.

4-level gain medium that emits at 1.054 µm and is pumped using flash lamps.

Initially, an oscillator feeds a stretcher with 120 fs pulses that are stretched to 4.5

ns. The oscillator uses Ti:Sapphire, as it is able to generate a large bandwidth

of frequencies, giving it potential to be compressed to very short pulse lengths.

The pulse is then sent to a pre-amplifier that uses OPCPA to deliver pulses of

approximately 10 mJ.

The beam is then directed into the main amplification stages, where the energy is

increased to 85 J in a beam of diameter 150 mm, before being sent into the final

amplification stage that increases the energy to 650 J. Through both of the main

amplifier stages, adaptive optics are used to ensure that the wave-front quality

remains optimum to keep the focal spot quality high. The beam is also spatially

filtered using pinholes, which are usually 10-20 times the diffraction limit. This

smooths the beam by eliminating the high frequency components. The exit beam

is spatially expanded to 600 mm and finally directed into Target Area Petawatt

(TAP) where it is compressed using two 940 mm diameter gratings to 0.7-1 ps.

After this process, the laser energy is ≈450 J. The laser is focused using an F/3

off-axis parabola to a spot of diameter of ≈5 µm. This yields an intensity of
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1020−21 W/cm2.

Vulcan has a second operational target area; Target Area West (TAW) [54]. TAW

has two main high-power beam lines, 10 ps and 1 ps after compression. The energy

delivered into the area is ≈150 J. The two laser pulses are focused using an F/3

off-axis parabola to a focal spot diameter of ≈9 µm. The peak intensity is 1019

W/cm2.

3.2.2 The PHELIX Laser

The PHELIX laser is based at GSI in Darmstadt [55]. The front-end of the laser

consists of a commercially available femtosecond oscillator that delivers a 4 nJ,

100 fs pulse, of wavelength 1 µm at 76 MHz. The pulse is stretched to a length

of 2.4 ns and amplified using two regenerative amplifiers, made from Ti:Sapphire

operating at the repetition rate of 10 Hz. They have an approximate output of

30 mJ. A pre-amplifier further amplifies the pulse using 2 × 19 mm and 1 × 45

mm diameter flash-lamped-pumped Nd:glass rods. The beam is then expanded

to 70 mm to keep it below the damage threshold.

The main section of the laser chain is made up of 5 Nd:glass amplifiers; the laser

pulse transverses this amplifier section twice. After this point the beams have a

diameter of 28 cm, and an approximate total energy of 200 J. The beam is then

spatially filtered before being sent into the compressor and the pulse length is

reduced to ≈ 0.7 ps. The beam post-compressor contains 75% of the energy, it

is then focused by an F/1.5 off-axis parabola to a ≈4 µm focal spot. The peak

intensity is 1020−21 W/cm2.
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3.2.3 The Astra-Gemini Laser

The Astra-Gemini laser system [56] is based entirely around energy amplification

in Ti:Sapphire rather than the Nd:glass. The central wavelength of the light is

800 nm. The three early amplifier-stages deliver approximately 1 J in 35-50 fs to

the target area with a rep-rate of 1 Hz. The final stage splits the laser into two;

each beam line uses a Ti:Sapphire crystal that is pumped using a Nd:glass based

laser that has been frequency doubled to green. These lasers deliver 26 J of laser

pump energy to each of the final amplifier, increasing the final laser energy to

approximately 20 J. The final pump lasers are capable of firing once every 20 s

which limits the repetition-rate of the entire system. The beam is compressed to

sub-50 fs before entering the target area. This process is identical for two beams

that each deliver 15-20 J laser pulses capable of firing simultaneously.

Both solid target and wakefield based experiments are conducted in the Astra-

Gemini target area. In this thesis, the Astra Gemini target area was utilised for

laser wakefield acceleration and as such, the focusing optic can either be a long

F/20 or F/40, giving a focal spot of 25-35 µm. The final energy in the pulse

is much lower than that of Vulcan or PHELIX, however, the shorter achievable

pulse length is still able to yield intensities of 1019 W/cm2.

The parameters of the lasers discussed are shown in Table 3.1. Although the

laser systems and deliverable parameters have been briefly introduced here, when

each laser is applied, the parameters used for each specific experiment will be

reiterated.

Laser System
Laser Wave Pulse Focusing Time Between Intensity

Energy (J) Length (µm) Length (ps) Optic Shots (W/cm2)

Vulcan (TAP) [53] 600 1.054 0.7 F/3 30 min 1020−21

Vulcan (TAW) [54] 100 1.054 0.7 and 10 F/3 30 min 1018−19

PHELIX [55] 200 1.054 0.6 F/1.5 90 min 1020−21

Astra Gemini [56] 20 0.8 0.040 F/20 or F/40 20 sec 1019

Table 3.1: A summary of the deliverable laser parameters for each laser system
discussed
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Figure 3.6: Basic Schematic of a photomultiplier tube. A high energy x-ray
interacts with the scintillator, creating lower energy photons that convert to
electrons in the photocathode. The electron is focused and then strikes the
dynode which produces more lower energy electrons; these then accelerate

towards the next dynode. The signal is recorded by the anode at the end of the
chain.

3.3 Diagnostics

3.3.1 Photomultiplier Tubes

Photomultiplier Tubes (PMTs) are devices capable of detecting high energy parti-

cles, typically through secondary optical photon detection. Their basic operation

depends on two physical principles; the photoelectric effect and secondary emis-

sion. The photoelectric effect occurs on the photocathode at the front of the

PMT, as shown in Figure 3.6. The electrons from the cathode are focused to-

wards the first dynode using a focusing electrode. Each dynode is held at a higher

voltage (≈100 V) than the previous one. Initially, electrons strike the first dynode

producing more low energy electrons which are accelerated towards the second;

this process is repeated down a chain of dynodes. At the end the electrons strike

an anode that results in a large detectable signal. PMTs, when used for high en-

ergy particle detection, are often placed behind a scintillator and used to detect

the secondary photons from the ionising radiation.
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Figure 3.7: A multi-channel plate photomultiplier tube utilises many channels
to amplify the electron numbers. The channel has a potential along it and acts

similarly to the plates in a PMT.

3.3.1.1 Multi-Channel Plate Photo-Multiplier Tubes

To achieve better temporal resolution, Multi-Channel Plate Photo-Multiplier

Tubes (MCP-PMT) can be deployed. The operation of the MCP-PMT is similar

to a PMT, however, it consists of many channels that are capable of amplifying

electron numbers, as shown in Figure 3.7. This method allows for a compact

design that also achieve high-gain and temporal resolution. Current models of

MCP-PMTs can achieve temporal resolution on the order of 1/6 nanoseconds.

3.3.2 Ion Diagnostics

The measurement of the ion and proton beams from a laser-plasma interaction

is one of the primary diagnostic tools used in understanding the fields present

at the rear of the target. These diagnostics complement others discussed later

that measure different particles to give a more extensive picture of the entire

interaction.

The two diagnostics used to characterise the protons/ions in this thesis are de-

scribed in this section, the Thomson Parabola spectrometer and the RCF stack.
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3.3.2.1 Thomson Parabola

To provide high resolution for spectral analysis of ion/proton beams, a Thomson

Parabola can be used [57, 58, 59]. The typical design of a Thomson parabola

consists of a magnetic field and electric field that are used to separate ions with

different charge to mass ratios, q/m, and velocities. A schematic of the Thomson

parabola used in later experiments is shown in Figure 3.8.

Firstly, a pair of magnets are used to deflect particles before an electric field is

applied using a pair of charged plates. The deflection from each of these can be

calculated from the Lorentz Force, F = q(E+v×B). The electric field deflection

is perpendicular to the deflection from the magnetic fields. The displacement

from each plate, dB,y and dE,z, for magnetic (Bz) and electric fields (Ez) can be

expressed as,

dB,y =
q

m
Bz
L2
B

vx
(3.1)

dE,z =
q

m
Ez
L2
E

v2x
(3.2)

where vx is the x component of the velocity of the ion as it passes through the

fields, and LB and LE are the lateral lengths of the physcial area where the

electric and magnet fields occupy respectively. The ions with the same charge to

mass ratio will be deflected such that they follow the same dispersion due to the

sum of these two deflecting fields. As slower ions spend longer in each field, the

deflection they experience will be greater than higher energy ions/protons that

experience the fields for a shorter time.

As shown on the schematic in Figure 3.8, the Thomson parabola requires a pinhole

on the front to reduce the beam size. Smaller pinholes lead to better energy

resolution but lower flux. The requirement of a pinhole makes the alignment of

the Thomson parabola crucial and limits the viewing angle of the diagnostic to a

small solid angle. Normally during experiments, a number of Thomson parabolas
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Figure 3.8: Basic schematic of a Thomson parabola. The magnetic field induces
a vertical force perpendicular to the magnetic field lines whereas the electric

field induces a horizontal force parallel to the electric field lines. Further details
of the specific Thomson Parabola used in this thesis can be found in Gwynne et

al [57]

are deployed simultaneously to provide ion/proton spectra at different angles.

3.3.2.2 Radiochromic Film (RCF)

Radiochromic film (RCF) stacks can be used to provide the spatial and spectral

characteristics of the accelerated ion beam. The film contains an active layer

that reacts when exposed to ionising radiation. This leads to a darkening of the

film that is related to the dose deposited in the active layer. An exposed RCF

is scanned using a flat-bed scanner where the data is digitised into 16 bit Red,

Green and Blue (RGB) channels. Each colour has a different opacity relation-

ship as a function of dose deposited in the active layer. Where each channel is

most sensitive (when there is the largest change in dose), that channel is used to

diagnose the dose.

There are many different types of RCF film. However, only HDV2 was used

in this thesis. HDV2 consists of two layers: an 8 µm active layer and a 97µm
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supporting substrate at the rear that is transparent.

Protons and other ions have a well understood deposition curves in materials.

This is described using the Bethe-Bloch relationship,

dE

dx
=

4πe4

miv2i (x)
q2Ztarg ln

(
miv

3
i (x)

qe2ωe

)
(3.3)

where Ztarg is the atomic number of the target/material that the proton/ion

is propagating through and ωe is the electron orbital frequency about the ion.

The stopping is initially continuous, however as the ion/proton loses energy the

velocity will drop which will lead to greater energy loss. This effect leads to the

proton rapidly losing lots of energy and then suddenly stopping. This effect results

in what is known as a Bragg peak and is a characteristic feature of proton/ion

stopping in materials.

To utilise this property of ion/proton stopping, RCF is layered in an array with

filter material between each layer. The layers of RCF then are effectively only

sensitive to protons above a threshold energy. This allows for easy extraction of

the maximum proton energy using an RCF stack [60]. The RCF stack is usually

sufficiently large to record the angular profile of the emitted protons.

To accurately calculate the energies in an RCF stack, SRIM [61] (Stopping Ranges

In Matter), a Monte Carlo based code, is used to model the penetration of ion-

s/protons and then find the energies which the Bragg peak falls in the active layer

of the RCF. An example of a stack design is shown in Figure 3.9 with the Bragg

peaks modelled using SRIM to find the threshold energies.

To enable an RCF stack to be used in conjunction with a Thompson Parabola,

which requires a clean a line of sight to the target, modifications must be made

to the RCF stack. This can be achieved by using two smaller RCF stacks with a

gap in the middle or a stack with a hole in the middle. Using both techniques at

the same time to measure the proton spectra and beam profile is advantageous
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Figure 3.9: Example of an output from SRIM for an RCF stack with HDV2 film
in-between layers of aluminium filtering. The two energies shown have Bragg

peaks that fall inside the active layer; this technique is used to build the
response function of stacks with many layers.

when attempting to measure its properties.

To deconvolve the proton spectra SRIM can be used to produce a response curve

for each layer of the RCF stack. From here there are two methods to deconvolve

the spectrum. Firstly, a simple thermal spectrum can be assumed and fitted to

the data. This method is quick however but lacks the ability to resolve spectral

features. The second method also requires a response function for each layer of the

RCF stack. The process of deconvolution first calculates the energy deposited on

the final layer of the RCF stack that has visible signal. The energy of the protons

that reach this layer is known as well as the energy that these protons deposit

in the layers before; this energy is then subtracted from the earlier layers. This

is then repeated for the second last layer, and so on. To achieve accurate results

using this method a good response function must be acquired and the RCF must
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have adequate spectral resolution which requires more layers of RCF in the stack.

3.4 Simulations

The act of making measurements is only half the task; the key is explaining the

results and understanding the underlying physics otherwise the measurements are

meaningless. However, explaining the processes of sub-picosecond interactions of

trillions of particles using what are often time integrated diagnostics is difficult.

Analytical models can be used to help in the understanding of some problems.

However, the number of parameters to consider are often large; this can make

accurate analytical solutions different to obtain. The alternative method is nu-

merical modelling/simulations. Two distinct methods of numerical modelling,

each with its own merits and operational limitation, are discussed in the follow-

ing section.

3.4.1 Monte-Carlo Simulations

Monte Carlo methods use a random sampling of a system, repeating until the

average statistical behaviour of the system can be approximated. The benefits

of using multiple particles to gain statistical results is ideal for many areas of

physics; particularly for particle physics.

GEANT4 is a Monte Carlo based toolkit that is capable of simulating a wide

range of different physical models as well as comprehensive geometry and tracking

methods [62]. GEANT4 was developed as an object-oriented simulation program

by CERN and many other collaborators. The first release of GEANT4 came in

1998 and is now used by a wide range of scientists around the world.

At the beginning of a typical GEANT4 simulation a particle is created with a

given energy, direction and location and allowed to propagate into the system/
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geometry. The particle is assigned a random number which will differentiate it

from other initial particles and therefore determine its unique interactions with

the system through various physical process. The physical interactions that the

particle will undergo are determined by the transport data of the particular ma-

terial that it is travelling through. This data is usually created using extensive

theoretical and experimental models. The initial particle may create secondary

or tertiary particles or radiation during its path, these are all simulated in turn.

Once all the kinetic energy in the system is equal to zero, including the all daugh-

ter/secondary particles, a new particle is created with a different random number

and the process is repeated.

The Monte Carlo method has limitations. The single particle nature of Monte

Carlo based simulations neglect how each particle interacts with one another. It

is therefore better at examining situations where collective effects can be ignored

such as particle interactions with bulk materials. In GEANT4, these include

electron transport effect, such as those discussed in 2.5, or high temperature

opacity of solid targets.

GEANT4 has the capability of simulating many different physical interactions

ranging from hadronic, electromagnetic processes [63, 64, 65] or neutron transport

[62]. It comes with a complete set of electromagnetic models that are capable of

operating in many different energy regions. GEANT4 will be used throughout

this thesis for a variety of problems such as creating x-ray spectra from electrons

travelling through solid targets, measuring particle absorption and calculating

electron stopping ranges in number of different materials.

As stated earlier, Monte Carlo simulations require repetition before the statistical

nature of the system being analysed to converge. To test the number of times

the particle needs to be input (in GEANT4 this is known as an event), a simple

simulation was conducted.

The simulation was setup similar to the investigations conducted in Chapter 4
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Figure 3.10: The total x-ray energy emitted from a solid target for different
input electron numbers. The simulation begins to converge above 103 input

particles.

with an electron spectra incident onto a solid target of copper. The simulation

was conducted multiple times with different input particle numbers. The total x-

rays emitted from the rear of this target as a function of input electron number is

shown in Figure 3.10; this shows that the energy of the x-rays converge above 103

events. Most simulations in this thesis, although pocessing different geometries,

will be conducted with more many more orders of magnitude events as Monte

Carlo simulations are fairly inexpensive computationally. .

3.4.2 Particle In Cell Simulations

Particle In Cell (PIC) codes are designed to solve the dynamics of plasmas using

a kinetic approach. In an ideal case, a fully described kinetic approach would be

solved using the Fokker-Planck equation that describes the distribution function,

fV FP (r, p, t), for each species,

∂fV FP
∂t

+ v
∂fV FP
∂x

+ q(E + v×B)
∂fV FP
∂p

= C(f) (3.4)

where C(f) is the collision term. Normally when considering laser plasmas, the

ionisation rate is fixed and the plasma is assumed to be collisionless yielding
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the Vlasov equation. Solving the Vlasov equation in six-dimensions (three space

and three momentum) is very difficult. Instead, PIC codes solve this by treating

a number of real particles as a weighted macroparticle which approximates the

distribution of the real particles. These macroparticles have the same charge to

mass ratio as the particles that they represent. The fields in a PIC code are fixed

to a grid and the points in between are interpolated whilst the macroparticles are

free to move between the grid cells.

The basic algorithm of PIC codes follows 4 principle steps;

1. Particle Push; the forces applied to the particles by the fields move the

positions and the momenta is updated.

2. Particles to Grid; current, charge and particle densities are calculated,

these must be interpolated to the grid.

3. Field Calculations; Maxwells equations are solved using the values cal-

culated from the previous step.

4. Fields to Particles; the newly calculated fields are interpolated back to

the particles.

This process is looped until the end of the simulation.

One of the prevalent issues with PIC codes is self-heating. The finite number

of macroparticles defined in the simulation leads to errors in the calculation of

the current density. These in turn leads to ‘noise’ electro-magnetic fields, which

becomes a particle scatterer inside the simulation, leading to an artificial heating

of the population of macro-particles. To mitigate this issue, more particles or

third-order particle shape can be used; however, both of these are more compu-

tationally expensive. Another issue with PIC codes is that they do not simulate

all the known physics that are present in laser plasma interactions.
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In the case of this thesis the PIC code EPOCH was used [66]. There are other

PIC codes available that are used to simulate laser-plasma interactions; EPOCH

is purposely different by being released open-source. This allows for modification

and developments to be made by the community.

Simulations using EPOCH can be conducted in 1D, 2D or 3D; becoming more

computationally expensive as more dimensions are added. It also has the abil-

ity to be parallelised across many CPUs which allows for the simulations to be

operated on CPU-clusters which will speed up the overall simulation time. For

example, a 2D simulation with 6875×3000 cells and 30 particles per cell will

take approximately 24 hours to run on 100 cores. In this work, EPOCH is used

with sufficient but not excessive computational resources. In each case where

simulation is presented in the thesis, the configuration of the simulation will be

summarised.

The simulations in this thesis were conducted on the Science and Technology

Facilities Councils (STFC) CPU cluster known as SCARF (Scientific Computing

Application Resource for Facilities).

The output from EPOCH is very flexible and allows for extensive analysis of

the simulation results. The variables that can be output include basics such

as the momentum and electric fields, to more complex information such as the

absorption of laser energy. A typical file from the output of a simulation at a

given time can be many gigabytes; although it is also possible to output each

variable separately and at different time steps which can help to reduce the file

size. The analysis of the results is conducted in MATLAB which is ideal for

handling the large arrays output by the simulation.
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3.5 Diagnostic Developments

Diagnostic developments have been made by the author. This includes new di-

agnostics as well as improving the understanding of other diagnostics that have

previously been used on laser-plasma experiments. Only diagnostics relevant to

this thesis are included in this section.

3.5.1 Cameras

Cameras are used in a large number of diagnostics on laser-plasma experiments,

such as interferometers, shadowgraphy, electron spectrometers, reflectivity mon-

itors etc. Modern digital camera technology is rapidly advancing with EMCCD

and deep-cooled CMOS sensors enabling such application as single photon count-

ing. One of the key aspects of a scientific camera is to have a system with a

large dynamic range; the difference between the brightest and darkest measur-

able features. This allows for images to be recorded of the dimmest features

whilst not being saturated by others that are often present in high intensity laser

interactions.

It is important to know the performance of each camera before deciding which

to use. A linearity test was performed using Neutral Density (ND) filters and a

uniform light source to determine the dynamic range and operation at low light

levels. A number of different cameras available at the CLF were tested, the results

are shown in Figure 3.11. The standard deviation of the cameras is determined

by calculating the variability over a fixed area of the signal, the same area of

the singal that the average is recorded from. The Andor Neo CMOS and Ixon

EMCCD have the largest dynamic ranges of the cameras tested which make them

ideal for most cases where practical limitation allow.
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Figure 3.11: Linearity and dynamic ranges of the selection of cameras at the
Central Laser Facility. The lines represent the average signal and the diamonds
standard deviation of that signal. When the standard deviation is equal to or
greater than the signal level, the average counts line flatten off. This indicates

that the signal is close to the noise lower level.

3.5.2 Scintillator Based X-ray Spectrometer

One of the simplest and most common techniques for observing the harder ther-

mal spectrum of x-rays is to use an absorption based spectrometer [67, 68] because

high density filters will stop x-ray energies up to hundreds of keV which are easily

achievable from high-power laser-solid interactions. Another reason such diagnos-

tics are simple to use is because of the ease of calculating the response curves,

which will be discussed later. The limitation of current absorption spectrometers

is processing time and sensitivity. With new laser systems being developed that

promise faster repetition, a spectrometer with lower processing times needs to be

developed. From the temperature of the x-ray spectrum, the temperature of the

hot electron population can be inferred. There are other x-ray diagnostics that

can be used to infer the electron temperature, such as k-alpha emission[69].

A spectrometer that can operate on these new laser systems would require a novel

method of detection and x-ray attenuation to provide good spectral resolution.
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Scintillators are materials that absorb a high energy photon, which typically

produces an electron through the photoelectric effect. This electron collides with

many more atoms, exchanging energy with their electrons, exciting them to a

higher energy level. The electrons decay to a lower state before finally decaying

to the ground state emitting a lower energy photon than initially absorbed. The

conversion of high energy photons to lower-energy/optical photons is known as

a Stoke Shift. There are two main types of scintillators; organic and in-organic.

The internal decay that occurs whilst the electron is in the initial excited state

is different for these types of scintillators. Inorganic scintillators have crystal

impurities called activators. These activators create sites in which the electron

can de-excite before falling back to the valence band. The mechanism in an

organic scintillator comes from the internal transition between energy levels in a

single molecule. The electron decays from the excited state before transiting to

the ground state. The electron can decay via a triplet state which has a longer

lifetime.

The decay times of the energy states varies depending on the chosen scintillator;

from hundreds of nanoseconds to sub nanosecond. The decay times are currently

thousands of times quicker than the repetition rate of current high power laser

systems which means this should not factor in the choice of scintillator.

The scintillators can be placed in a 1D array such that they attenuate the inci-

dent x-rays as they scintillate. The optical light emitted is imaged and the energy

deposited in the scintillators can be measured. A simple schematic of the sys-

tem is shown in Figure 3.12. Current absorption spectrometers use high density

materials to filter the x-rays recorded by the active material. Using an array of

scintillator will make the scintillator both the filter and active material. This

will allow the diagnostic to utilise more of the x-rays that pass through it. The

flexibility of scintillator choice and arrangement means that the spectrometer can

be used on a variety of experiments.

Two designs are presented in this section; one for higher energy x-rays from solid
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Figure 3.12: A basic schematic of the scintillator based absorption
spectrometer. The x-rays pass through the scintillators and lose energy; they

reach the next scintillator with less energy than the previously. This will lead to
a fall in light from the first to the last scintillator. The light is then imaged

using a camera and lens system.

Figure 3.13: Attenuation curves for a) carbon and b) bismuth.

targets and one specifically for betatron x-rays which will have results demon-

strating the retrieval of the input spectral shape.
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3.5.2.1 High Energy Design

Attenuation curves for a) bismuth and b) carbon are shown in Figure 3.13. These

are split into all the effects that sum to the total attenuation. Attenuation from

pair production in the presence of an atom and the photoelectric effect are both

proportional to the atomic number (Z) of the element, which is clear from the

differences of bismuth and carbon in Figure 3.13. Figure 3.14 compares two scin-

tillator materials, BGO and BC422q, that differ in Z and as such possess different

X-ray attenuation curves. Bismuth Germinate (BGO) is a high Z and density

(7.13 g/cm3) crystal which has a high attenuation and also a high light output

(8000 photons/MeV). BC422q is a plastic scintillator which possesses very good

temporal resolution with a density of 1.032 g/cm3. The chemical composition of

BC422q is HC, with ratio of 1.1 between the hydrogen and carbon atoms. The ‘q’

stands for quenching, which refers to a technique used to decrease the temporal

response at the same time sacrificeing the light yeild of the scintillator. It is also

doped with Benzophenone which reduces rise time and pulse width of the light

emitted but also reduces the light yield. For the doping which was used (0.5%)

the light yield is ≈3300 photons/MeV. Using a combination of these two scintil-

lators in an array yields the benefits of both of these attenuation curves (which

will be demonstrated when calculating the absorption response of a spectrometer

in the next section).

To calculate the response of an absorption spectrometer the NIST XCOM [70]

attenuation tables can be used, however they only provide the one-dimension at-

tenuation cross-section of a material. Neglecting scattering inside the scintillator

which will occur at energies greater than 100 keV will have a major effect on the

response of the spectrometer.
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Figure 3.14: Attenuation curves provided by NIST XCOM [70] for two scintillator
materials; BGO and BC422q, which are examples of high-Z and low-Z scintiallor
materials respectively.

3.5.2.2 High Energy Design - Geant4 Analysis

GEANT4 can be used to calculate the absorption whilst taking into account

all scattering effects and secondary particles created by the photoelectric effect,

Compton scattering and pair production. A design using an alternating array of

BGO and BC422q layers was chosen as the arrangement.

The thicknesses of the two scintillators were chosen such that the mass density

for each scintillator was similar so that each scintillator absorbed approximately

the same amount of x-rays at 1 MeV. This can be calculated by equating the

Beer-Lambert equation for each scintillator,

T = e−ρlσ(E) (3.5)

e

(
ρ
BGO

l
BGO

σ
(BGO,1MeV )

)
≈ e

(
ρ
BC422q

l
BC422q

σ
(BC422q,1MeV )

)
(3.6)
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Where ρ
BGO

and ρ
BC422q

are the densities, l
BGO

and l
BC422q

are the length and

σ
(BGO,1MeV )

and σ
(BGO,1MeV )

are the attenuation of the BGO and BC422q at 1

MeV respectively. The attenuation of both of these materials are very similar

at 1 MeV, which can be seen from Figure 3.14 and the mass density of both

materials is known, the equation can be simplified to,

ρ
BGO

ρ
BC422q

=
l
BC422q

l
BGO

≈ 6 (3.7)

This means that the BC422q layer should be 6 times thicker than the BGO layer

to ensure the absorption is approximately the same in both types of scintillators.

The height and width of the scintillators are 30×12 mm.

The GEANT4 simulations were ran mainly with 106 mono energetic x-rays from 1

keV to 100 MeV with a number of different initial energies; the number of particles

is mainly limited by the output file size from GEANT4. Additionally, simluations

at lower energies were conducted with 107 to gain more statistics and as these

files are much smaller. From each run the location of the energy deposition

was recorded so that the fractional energy absorption could be calculated. The

response curves of each of the layers from the simulations are shown in Figure

3.15. The BGO response peaks sharply for the layers 1-4 and then flattens off.

The BC422q response, largely unaffected by pair production due to its low Z

number, falls in the high energy region. This is helped by the BGO absorbing

better in this region. Observing the electron tracks via a visual output, as shown

in Figure 3.16, the importance of the scattering effects is demonstrated. Inside

the BGO the ionized electrons travel much shorter paths than inside the BC422q;

this will lead to energy being lost in the BC422q via scattering.

A significant drop off in the response in the first layers of BC422q is also observed,

meaning for certain energies it will be dimmer than the second layer. Scattering

effects, such as Compton scattering, through the layers of the array cause the

x-rays to down-shift to lower energies which are more likely to be absorbed. The

x-rays incident on the first layer of BC422q will not be down-shifted and are
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Figure 3.15: Response curve generated from energy deposited in each
scintillator layer using GEANT4.

Figure 3.16: Visual output of electrons inside the scintillator layers for 10,000 2
MeV incident photons. The electrons can escape from the BC422q layers as the
attenuation outside the propagation direction is much lower than that of BGO.

therefore less likely to be absorbed. The spectra leaving the first layer of BGO

and the first layer of BC422q from the same array is shown in Figure 3.17 where

this down-shift is apparent.

Initial tests were carried out by deploying the scintillator array as designed

above on a high intensity (≈1018 W/cm2) solid target experiment in Target Area

Petawatt. The beam was diameter was limited (apodised) whilst still at large di-

ameter (reducing from 60 cm to 30 cm), to regulate the energy to ∼50 J. The size

of the focal spot was changed to perform a focal scan to reduce the temperature

of the Bremsstrahlung spectrum by reducing intensity of the incident laser whilst

keeping the absorbed energy high. This was conducted on a 100 µm Ta target.

The results from the average counts from the first three layers of BC422q and
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Figure 3.17: Spectra of x-rays entering different layers of scintillators. This
highlights the effect that the previous layer has on sequential layers. By down

shifting the mono-energetic spectra to lower energies the likelihood of
photoelectric absorption increases.

BGO are shown in Figure 3.18. The first two layers of BC422q for the infocus

shot appear to have a high flux and do not have similar shapes to the other lower

intensity shots. What is also apparent is the BGO data all have very similar

shapes for all foci. This could be explained if there was a high flux of lower

energy x-rays on the in-focus shot, however this should also be observed in the

BGO layer. Also, the output of the BGO layer for this shot is much lower than

the 100 µm defocus shot. For this to occur, a secondary source of radiation must

be incident onto the array. The main difference between the two scintillators is

the chemical composition; BGO contains heavier elements compared to BC422q.

Although the attenuation of x-rays, and electrons, is mostly proportional to the

atomic-number and density of the material, the attenuation/absorption of neu-

trons has a very different dependence. Table 3.2 shows the cross section for the
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Figure 3.18: The average counts measured on a) the BC422q and b) BGO for
three different incident laser intensities. The high flux of the first two layers

BC422q for the in-focus, high-intensity shot is not replicated on the BGO layer
that is in between. This suggests that BC422q is sensitive to a secondary source

that BGO is not.

elements inside the scintillator array. The cross section is highest for hydrogen;

this will increase the absorption of neutrons for BC422q as it is ≈50% hydrogen.

Using the NIST Centre for Neutron Research calculator, the transmission of each

object can be estimated. For BGO the transmission of 1MeV neutrons is 99.9%

whereas for BC422q the transmission is very low at 0.87%. This means that any

neutrons present from a shot are very likely to be only observed by the BC422

layers and not the BGO layers.

Neutrons are created through nuclear activation on solid target experiments.

However, this can be from proton or gamma/x-ray induced reactions, as brei-

fly discussed in Chapter 2. The data from Figure 3.18 a) with the highest flux

on the BC422q is also the shot at the highest intensity (3.7×1018 W/cm2). The

number of higher energy x-rays capable of inducing photon-nuclear reactions will

increase with higher incident laser intensity.

A second test was conducted to eliminate any neutron scintillation; this is de-

scribed in the following section.
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3.5.2.3 Characterisation of Betatron Radiation

A betatron x-ray source was chosen to test the capabilities of the spectrometer

as it is highly directional and the interaction is not a direct source of neutrons.

Betatron x-rays arise from electron oscillations during laser wakefield accelera-

tion [71, 72] and generally peak at lower energies (< 80 keV) in comparison to

Bremsstrahlung x-rays from solid target interaction. It will therefore require a

different arrangement of scintillators to properly characterise these x-rays. EJ-

208, a plastic scintillator very similar to BC422q, was chosen as it has much

higher light yield (9200 photons/1 MeV electrons). Each scintillator is cut to

the size of 12×30×5 mm, where 5 mm is the thickness of the scintillator in the

attenuation axis. The absorption as a function of energy of the design created

from GEANT4 simulations is shown in Figure 3.19.

The intensity of a betatron angular spectrum [72, 73] is,

d2IB
dΩdθB

=
γ2ξ2B

1 + γ2θ2B

[
K2

2/3 (ξB) +
γ2ξ2

1 + γ2θ2B
K2

1/3(ξB)

]
(3.8)

where θB is the angle away from the axis and K2
2/3 and K2

1/3 are modified Bessel

functions. ξB = (E/Ec)(1 + γ2θ2)3/2, where Ec is the critical energy, which is

described as the point at which half the energy is above and below and dictates

the shape of the spectrum. A prediction for the normalised output can be made

Element
Bound Coherent Bound Incoherent Total Bound

Scattering (barns) Scattering (barns) Scattering (barns)

H 1.7568 80.26 82.02

C 5.551 0.001 5.551

Bi 9.148 0.0084 9.156

O 4.232 0.0008 4.232

Ge 8.42 0.18 8.6

Table 3.2: Neutron coherent and incoherent scattering cross sections for elements
in the scintillator array. The element with the highest total cross section is
hydrogen.
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Figure 3.19: Fractional absorption as a function of energy for the scintillator
based spectrometer designed for detecting betatrons x-rays using layers EJ208.

Figure 3.20: a) The simulated normalised output when combining the response
curves from GEANT4, Figure 3.19, and the equation for the betatron spectrum.

b) The response for each layer as a function of the critical energy.

by multiplying the betatron spectra given by the equation above and the response

curve from GEANT4 shown in Figure 3.19. The normalised outputs are shown in

Figure 3.20. As the critical energy increases, the curves get closer together/the

gradient become shallower and therefore harder to distinguish. To further demon-

strate this, the normalised output for layers 2 to 5 against the critical energy is

shown in Figure 3.20 b), which again shows that for increasing critical energy the

gradients become shallower.

The betatron x-rays were created on an experiment on the Astra-Gemini Laser
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Figure 3.21: The basic experimental layout for creating betatron x-rays. The
laser beam is focused into the gas cell where electrons are accelerated and

betatron x-rays are produced. The depleted laser beam is blocked by aluminium
foil. The electrons are deflected away using a magnet and the spectrum is

recorded on a lanex screen above. The x-rays propagate out from the chamber
onto the array of scintillators.

which delivered up to 15 J of 800 nm radiation at a pulse length of approximately

45 fs. The beam was focused using an F-40 parabola onto a gas cell with an

elliptical focal spot size of (43±9) µm by (39±8) µm. The laser is capable of

firing once every 20 seconds. The gas cell is used to control the length and

density of the gas used in the interaction.

An experimental layout is shown in Figure 3.21. The betatron x-rays exit the vac-

uum chamber through a 250 µm thick Kapton window to minimise attenuation.

The x-rays are then recorded on the scintillator based spectrometer. A second

spectrometer is mounted above to monitor the background/Bremsstrahlung x-

rays coming from the target chamber. Each spectrometer is housed inside lead

(50 mm in all directions except the rear). Additional scintillators are placed in-

side the lead to monitor any harder x-rays that penetrate the shielding. The

arrays were imaged using Andor Neo CMOS due to its high dynamic range. The

gas cell pressure was modified in order to investigate the characteristics of the

betatron x-rays.
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Figure 3.22: The signal recorded on the first layer of EJ208 as a function of gas
cell pressure. The flux peaks at a pressure of 100mBar and falls for higher

pressure.

The Helium gas pressure inside the gas cell was varied from 60 mBar to 140 mBar,

changing the electron density. A background has been measured from scintilla-

tors that are placed within the lead shielding that will only see x-rays energetic

enough to penetrate 50 mm of lead. A second background was subtracted using

the array mounted above which measured the x-ray signal from the chamber.

The uncertainty from the measurements comes from the background subtraction

and the single pixel error of the cameras. For the data with the highest flux,

this uncertainty has the smallest effect. The brightness of the first layer of the

scintillator is plotted in Figure 3.22 which peaks between pressures of 100 and

110 mBar. Although one shot at 100 mBar has very low flux, this is likely due

to an anomaly observed in the electron beam. As a result, the critical energy is

extracted from data from these pressures. The data shown in Figure 3.23 is a

shot taken at 100 mBar plotted with error bars from the uncertainties discussed

above and the expected outputs of the data from multiplying the spectrum cal-

culated from equation 3.8 by the response curves from GEANT4, as shown in
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Figure 3.23: The normalised signal from a shot at 100 mBar plotted with the
expected output of the scintillator array for many critical energies. The data

from this shot was found to have a critical energy of (30±10) keV.

Figure 3.19. The comparison between the data and expected values is obtained

by finding the critical energy curves that has the r-squared that is closest to 1.

The uncertainties are placed on each measurement assuming a normal distribu-

tion and then compared to the expected results; this is done numerous times to

calculate the average and uncertainties in the critical energy. For the data shown

in Figure 3.23, the critical energy is found to be (30±10) keV.

To improve the uncertainties in this data, further shielding could be used on top

of the 50 mm of Pb surrounding the diagnostic. Also, the energies involved in

the initial electron beam will indirectly cause the creation of neutrons. Possible

neutron shielding to reduce the contamination in the diagnostic, time-of-flight

monitors to record the neutron flux or gated camera systems to gate out the neu-

tron flux on the scintillators are all possible methods to improve future betatron
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spectral measurements.

These initial tests demonstrate the capabilities of the diagnostic as a tool to char-

acterise x-ray spectra. The limitations arises when the signal is low and when

background sources of x-rays or a high number of secondary particles that the

scintillator is also sensitive to, such as neutrons exist. Although, as shown pre-

viously, the initial tests conducted on a solid-target interaction created a bright

signal from the scintillators, particularly the BGO, which should allow for bet-

ter spectral extraction from the diagnostic. The diagnostic has also proven its

capability operating on a laser system with a fast repetition rate.

3.5.3 Image Plate Calibrations

Fujifilm image plates (IP) are commonly used in laser-plasma experiments due

to high resolution, high dynamic range, re-usability and versatility at detecting

different charged particles. Many diagnostics have been designed with IP as the

detector; such as electron spectrometers [74, 75], Thomson parabolas [57, 58, 59]

or x-ray spectrometers [67, 68, 76]. Numerous papers have also been written on

the calibration/sensitivity of IP for each of these uses [77, 78, 79, 80, 81, 82].

There are a number of different types of IP that are designed for specific detection;

the most commonly used are BAS-TR, BAS-SR and BAS-MS. The composition

of each type of image plate is slightly different; Table 3.3 shows the individual

compositions found from [80, 81, 83]. Some of the values from the different sources

disagree slightly with one another; in such cases both pieces of information are

shown.

IP consists of an active layer of Barium Fluorohalide phosphor crystals doped

with Europium (Eu) atoms. When the active layer absorbs incoming energy

from an incident beam, the electrons in the Eu are excited to a meta-stable state.

These electrons usually stay in their excited state, but they can decay due to
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defects which leads to a gradual fade [81, 84, 85]. If the IP is exposed to a

red laser the meta-stable state is excited to a higher level which rapidly decays

producing blue light, a process known as photo-stimulated luminescence (PSL).

An IP scanner can extract the position and brightness of the PSL which yields

spatial and intensity information about the particle beam incident on the IP.

Inside an IP scanner the blue light produced in the stimulated decay is recorded

via a photomultiplier tube (PMT). The PMT can saturate if the incident signal

is too strong; therefore the spatial and intensity information from this saturated

signal cannot be extracted. The simplest method of recovery of the signal is to

conduct more scans. This will lower the number of excited electrons available to

decay therefore yielding less light the more times you scan the IP. This can be

repeated any number of times until the signal recorded is no longer saturated.

However, as the data from the calibrations are given from first scan of the image

plate therefore the data must be extrapolated from the unsaturated scan to the

signal at scan 1.

At the Central Laser Facility there are two IP scanners (both are the model

FLA5100). Each scanner will be slightly different due to the many components

IP Type Colour Protective Sensitive Undercoat Base Film Magnetic Base Film
Layer Layer Layer Layer

BAS-MS White

Material
C10H8O4 BaFBr(0.85) Plastic C10H8O4 MnO,ZnO, C10H8O4

(Mylar) I(0.15):Eu (Mylar) Fe2O3 +Plastic (Mylar)

Thickness
9 115/124 12 190 80 25(µm)

Density
1.64 3.18 1.4 1.4 3 1.4(g/cm3)

BAS-SR

Material
C10H8O4 BaFBr(0.85) Plastic C10H8O4 MnO,ZnO, C10H8O4

Light (Mylar) I(0.15):Eu (Mylar) Fe2O3 +Plastic (Mylar)

Thickness
6-8 112 12 190 80 25Blue µ

Density
1.64 3.07 1.4 1.4 3 1.4(g/cm3)

BAS-TR Blue

Material
BaFBr(0.85) Plastic C10H8O4 MnO,ZnO, C10H8O4

- I(0.15):Eu (Mylar) Fe2O3 +Plastic (Mylar)

Thickness
- 50/60 12 250 80 25µ

Density
- 2.61 1.4 1.4 3 1.4(g/cm3)

Table 3.3: The different types of Image Plate that are commonly used in diag-
nostic. Information on the compositions of the image plate is found from the
following sources [80, 81, 83]. Any discrepancy from the values from the sources
have been noted with a slash between the two values.
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inside; therefore a calibration of each scanner must be done. In this section we

firstly conduct a calibration on each scanner to find any difference in the scanning

decay and sensitivity and also a rigid method for data recovery/extrapolation to

the first scan. To measure the decay of the IP with each scan and absolute

sensitivity of the scanners, the image plate was exposed to a calibrated radiation

source. The radioactive source used was iron-55 (Fe-55) which emits 5 keV auger

electrons and 6 keV K-capture x-rays with a branching ratio of 60.7 % and 27.8

% respectively.

3.5.3.1 Sensitivity

Image plate scanners come in a variety of models. As discussed before, each scan-

ner is made up of a laser to de-excite the electrons and a PMT to measure the

light output. Small differences in optical alignment may lead to different sensitiv-

ities or decay curves. Tests were carried out by the author to check whether each

of two image plate scanners have similar sensitivities and, later in this section,

decay curves. Firstly, two pieces of BAS-TR were ‘wiped’ of all previously ac-

quired signal using a white light source and then wrapped in Al foil. Additional

foil was added to the front to provide different levels of filtering. The two pieces

IP were placed approximately 85 mm away from the Fe-55 source and side by

side so that the same dose would be received by both IPs. The IPs were exposed

for 24 hours. Afterwards, both IPs were removed at the same time and scanned

simultaneously on the two previously mentioned scanners. A scanned image from

one of the scanners is shown in Figure 3.24 a) where 5 separate areas of different

filtering are highlighted. The PSL decay against scan number is shown in Figure

3.24 b). An example of the signal from the two scanners for Area 1 is show in

Figure 3.25 a). The ratio between PSL for the two scanners is shown in Figure

3.25 b). The change of ratio between the signal taken in each area between each

scanner as a function of scan highlights the differential variation in the decay

of the signal on the image plate with each sequential scan for the two different
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Figure 3.24: a) Separate TR FUJIFILM IP after the first scan from both
scanners. Different areas of filtering are labelled 1-5 with b) the decay curves of

a IP for 20 scans.

Figure 3.25: a) The difference between the signal of area 1 on two FLA5100
scanners for 20 scans. b) The ratio of the decay curves for all the areas. This

ratio is changing suggesting that the decay curves are different for both
scanners.

scanners available.

Using this data, an absolute calibration for each scanner can be made. To cal-

culate the absorbed energy on the IPs, the attenuation of the filtering must be

calculated. This can be done using the NIST XCOM and ESTAR tables. NIST

XCOM is used as scattering effects are unlikely to occur at this low energy. The

5 keV emission of electrons will not penetrate the Al filtering, meaning that the

signal on IP is exclusively from the x-rays emitted. The x-rays first have to

travel through 85 mm of air; approximately 79% of them will reach the filter-

ing. Using a micrometer caliper, the thicknesses of the Al filters were measured

and the transmission through the Al is calculated. Finally, a percentage of the
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Figure 3.26: The PSL per particle for image plate for a number of different
particles. GEANT4 results for the energy deposited per particle were compared
to the results in Bonnet et al [77] to relate energy to PSL. The curves show that

the image plate is less sensitive to x-rays than any other particle shown. The
neutron data is found in [82] for BAS-SR.

x-rays will be absorbed into the IP. Using the measured PSL and this fractional

absorption, the PSL per photon for scanner A is (8.9±0.9)×10−4 and for scanner

B (7.8±0.8)×10−4. Comparing these with the values given in [77, 80, 81], the

difference is small; in fact the literature values differ by similar amounts.

The data shown in Bonnet et al [77] shows that the PSL per particle is very

dependent on the input energy of the particle. As the results from this section

are similar to the results from Bonnet et al [77], the full calibration curve in that

study shall be used in this thesis.

Additionally, GEANT4 can be used to calculate the amount of energy deposited

in the active layer of the image plate. As energy deposited is what an image
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Figure 3.27: a) The signal at scan 1 against signals at scan 5, 10, 15 and 20 that
show a linear relationship. b) The gradients from the linear fits plotted against
scan number for each scanner. The fits are displayed on the graph next to the
corresponding curve. The differences in these curves highlights the deviation

emphasized earlier in Figure 3.25.

plate measures but not in the same units, these values must be converted to PSL

to a direct comparison. To convert to PSL the difference between the predicted

values in GEANT4 and Bonnet et al [77] were compared and a conversion factor

of 3.2 and 4.3 was found for electrons and x-rays respectively. The sensitivity

to a number of particles is shown in Figure 3.26. Protons were added using the

data in Bonnet et al and muons were added using GEANT4 and the conversion

factor for electrons assuming that they deposit energy in a similar manner to

electrons due to their similarities in charge. The neutron data was added from

Monte Carlo simulations performed by Izumi et al [82] for BAS-SR. The image

plate is shown to be far more sensitive to electrons than it is to x-rays. For all

the particles displayed, the energy deposited and therefore the PSL is dependent

on the likelihood of interacting with the active layer.

3.5.3.2 Scan One Recovery/Reconstruction

As stated before, if the signal is saturated it must be extrapolated to the signal

at first scan to use the calibrations performed by others. Fitting a decay curve to

the data shown in Figure 3.24 would be the simplest method to relate signal to

scan number, however no fitting method provides a good fit across all the data.
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An alternative method is to plot the PSL at scan one as a function of the signal at

an arbitrary scan. This method shows a linear trend between the different signal

strengths as shown in Figure 3.27 a). This shows that the signal at the nth scan

can be taken back to scan one using this linear relationship. Taking the gradient

of each of these and plotting them as a function of scan number yields the graph

shown in Figure 3.27 b), which displays the data for both scanners. These can

be fitted easily with a decaying power fit. Rearranging the linear equation and

substituting the power laws produces the equation;

S1 =
Sx
ax−b

(3.9)

where S1 is the PSL at scan 1, Sx is the PSL at scan x, x is the scan number and

a and b are the constants taken from the power fit in Figure 3.27. This equation

will allow for retrieval of the signal from the first scan.

3.5.3.3 Scanning Filters

Although we have discussed how to retrieve data from any scan number in the

previous section, scanning a single piece of IP numerous times is time consuming.

This issue increases when the user wants to increase the resolution of the scan or

the size of the IP. Neutral Density (ND) filters can be placed between the IP and

the PMT, reducing the light incident onto the PMT.

A similar exposure as before was conducted on 2 IPs with filtering using the Fe-

55 source. An ND 1 filter was placed inside the scanner before the PMT. The

data shows that the light was cut down by a factor of 19, this is twice the value

expected. As the scanner itself is a closed system, it is very difficult to know the

exact optical path the light takes to the PMT. This means that the light cannot

be guaranteed to be passing through the ND filter normally which may lead to

modifications to the opacity. Although it is not the expected filter value, the

introduction of the ND filter will reduce the processing time of the image plate.
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Figure 3.28: a) Image of wraparound diagnostic installed on laser-solid
experiment with a copper target in the middle. b) shows a view from the top of

the diagnostic.

Figure 3.29: Arrangement of Image Plate between Fe filters used in wrap
around stack with two variations. design A is the original, designed to give the

largest spectral gap between the 1st and 4th image plate providing better
spectral measurements. design B is specifically designed to avoid proton

contamination onto the first layer of image plate.

Further tests have been conducted using an ND 2 filter that shows a decrease by

a factor of 245.

3.5.4 Angular Wrap-Around Stack

Measuring the angular distribution of radiation from a laser-solid interaction has

provided validation of theorical models [86, 87] and led to new physical insights

into the absorption mechanisms [87, 88, 89]. As well as the angular data, the spec-
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tral data of the escaping electrons may provide additional information about the

surface charge that they create as they leave the target. The angular wraparound

stack [90] can provide both the angular and the spectral data of the escaping elec-

trons simultaneously [91]. The steel and image plate are curved around the target

which provides the angular information about the emitted radiation. Figure 3.28

shows a picture of the wraparound stack on an experimental set-up. Multiple

layers of image plate can be used in the stack, with differential filtering pro-

viding spectral information. Two designs of filtering were developed (designs A

and B) which are shown in Figure 3.29, where design B has an additional layer

of filtering to reduce/stop proton contamination; this is specifically a worry for

thinner targets as these have been shown to create higher energy protons [92].

The difference between the required proton energies to reach the first active layer

was simulated using SRIM. For design A the Bragg peak of 21 MeV protons lay

within the active layer, whereas for design B it required 31 MeV protons to reach

the active layer. These Bragg peaks are shown in Figure 3.30.

These arrangements were tested in GEANT4 to analyse the spectral response

of the detector. Each of the layers of Fe was 0.9 mm thick. The image plate

type used was BAS-TR with the composition built in GEANT4 the same as that

described earlier in this chapter in section 3.5.3.

3.5.4.1 Mono-energetic Electron Absorption Curves

GEANT4 simulations were conducted on these two particular stack designs to

find what energies of electrons each layer responded to. The simulations were

conducted using 106 mono-energetic electrons and repeated multiple times for

different input energies. Dividing through by the total amount of input energy

will yield the fractional deposited energy in each layer of the image plate, which

is shown in Figure 3.31. For design A, the peak response is above 4 MeV, whereas

for design B it is 6 MeV. In most cases, the energies required to reach the first

layers of both designs will be part of the high energy tail of the electron spectrum
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Figure 3.30: SRIM calculations for design A and B to determine the threshold
energy of protons required to contribute to the active layer (highlighted by the

shaded areas).

Figure 3.31: Fractional absorption of the image plates at different
mono-energetic electron energies for both design A and B, shown in a) and b)

respectively, calculated using 106 incident particles per energy sample

that rapidly falls off. As design A and B do not vary after the second layer it is

clear to see that the subsequent layer have identical absorption.
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Figure 3.32: Fractional absorbed energy for different mono-energetic x-rays for
both designs A and B, shown in a) and b) respectively.

Figure 3.33: Fractional absorbed energy for different electron Maxwellian
distributions with temperatures from 100 keV to 10 MeV for both designs A

and B, shown in a) and b) respectively.

3.5.4.2 Mono-energetic X-ray Absorption Curves

The response of the image plate layers has also been simulated for many different

mono-energetic x-rays. The results for both design A and B is shown in Figure

3.32. Layers 2-4 have very similar response for both designs, but again layer 1 has

very different thresholds/peaks. The peaks for x-rays are much sharper than the

response of the diagnostic to electrons. This is mainly due to the response of the

active layer to x-rays which peaks at ≈35 keV, as shown in Figure 3.26, but the

filtering layers cut this energy out. As the energy increases the absorption drops

significantly as the cross section for interaction in the active layer is reduced.
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3.5.4.3 Maxwellian Electron Distribution Absorption

Modifying the input of GEANT4 allows for the input of spectra rather than single

energies. Using a relativistic Maxwellian distribution of electrons, the fractional

and total absorption of the layers of IP was measured for an input of 105 particles

at different temperatures. Due to the method GEANT4 uses to create an input

spectrum, the input particles into the system were also recorded enabling the

fractional absorbed energy to be calculated. Figure 3.33 shows the fractional ab-

sorption for a relativistic Maxwellian spectrum for many temperatures for designs

A and B. As we have seen from Figure 3.31, the electrons only start depositing

the largest fraction once the energies go above the threshold for each of the two

different designs. The difference in the two designs is highlighted again as design

A layer 1 responds to lower temperatures than layer 1 in design B. The temper-

ature can be extracted using similar techniques to that shown in the previous

section for the scintillator based spectrometer.

3.6 Summary

It is clear from the content of this chapter that executing experiment in laser-

solid interactions requires application and knowledge of range of physics. The

laser technology has been and is constantly being developed to produce well

diagnosed intense laser pulses, the diagnostics deployed on the experiments are

becoming faster and better understood and the simulation techniques are growing

more extensive. All of these are important in understanding complex laser-plasma

interaction physics and thus in reaching the conclusions in this thesis.
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Chapter 4

Diagnosing the Internal Electron

Temperature using

Bremsstrahlung X-rays

The diagnosis of the internal hot-electron distribution produced in high-intensity

laser-solid interactions is of utmost importance due to the key role it plays in

determining the spectral characteristics of emitted ions [93, 94] and x-rays [95];

both of which are sources for potential applications. The interaction between an

intense laser pulse and the plasma on the front of a solid target has led to the

development of models that attempt to find the relationship between the inten-

sity and wavelength of the incident laser and the resulting electron temperature

distribution. This distribution is often considered to be a Maxwellian [31] in

the non-relativistic case. However, as discussed in Chapter 2 the distribution

can have other forms, such as a Boltzmann or Maxwell-Jüttner distribution [49].

The high energy component is often simply described using a single temperature

whereas in reality there is normally a second lower energy temperature [96]. In

this section, for simplicity, the temperature distribution will be described and

modelled using the high energy component as this is the most likely source of the
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high energy (>200 keV) x-rays.

As it stands, there are many models that derive analytically and empirically

‘scaling laws’ for the relationship between the intensity and temperature. Here,

I will only discuss the most commonly used and accepted models.

The scaling model introduce by Beg et al [33] was derived from results where

the numbers of high energy photons emitted from plastic targets at intensities of

≈2-8×1018 W/cm2 were measured. Assuming a Maxwellian distribution of hot

electrons producing the photons inside the target, the temperature in keV was

shown to scale as,

Thot,Beg = 215
[
I18λ

2
µ

]1/3
(4.1)

where I18 is the intensity of the laser in units of 1018 W/cm2 and λµ is the

wavelength of the laser in microns. This suggests the hot electron temperature

is 215 keV when the laser intensity is at 1018 W/cm2 for a wavelength of 1 µm.

Another scaling law, the ponderomotive scaling, was derived by Wilks et al [24]

using the ponderomotive potential, see chapter 2. The electron temperature in

keV scales as,

Thot,Wilks = 511

[√
1 +

(
Iλ2µ

1.37I18

)
− 1

]
(4.2)

A more recent scaling law by Haines et al [34] was developed analytically and is

given in keV as

Thot,Haines = 511

1 +
√

2

√ Iλ2µ
1.37I18

1/2

− 1 (4.3)

Many experimental campaigns have measured/inferred the hot electron temper-

ature in a variety of ways, with some directly comparing their results to the

previously mentioned scaling laws. A summary of the different measurements

made over the last 15 years between the intensities of 1017 and 1021 W/cm2 is

presented in Figure 4.1.
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Figure 4.1: A collection of electron temperatures from laser solid experiments
for wavelengths of 1 µm, recorded using electron spectrometers [97, 98, 99] and
diagnosed using x-rays [68, 89, 100, 101, 102, 103, 104, 105]. The 3 data points
at the top/above the Wilks Scaling were recorded using activation techniques
which could bias the temperature higher as they are only recording the high

energy tail of the emitted x-ray spectrum.

One of the earlier experimental campaigns to compare their results to a scaling law

was reported by Malka et al [97], using an electron spectrometer to measure the

escaping electron distribution from a 30 µm CH target. The laser was incident

normally to the target surface and the intensity was varied from 2 to 9×1018

W/cm2. The temperature of the hot electrons at the rear target normal was

measured and found to match very closely with the scaling by Wilks et al (300-

900 keV). More recent experiments by Tanimoto et al [98] and H.Chen et al [99]

also measure the escaping electron temperature from laser-solid interactions with

intensities between 1017 and 1021 W/cm2 using electron magnetic spectrometers

and found that the temperature scales closer to the Beg or Haines scaling (500-

2300 keV).

Using an electron spectrometer is possibly the easiest method to measure the
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hot electron distribution. However, the electrostatic fields set up as the electrons

escape the target also act to retard the electrons. This can lead to a cooling

of the temperature which was shown both analytically and numerically by Link

et al [106]. The percentage of this cooling is between 10-30% depending on

the laser conditions. Therefore, the internal and escaping electron temperatures

are different. Another, and potentially better, method to measure the internal

electron temperature is to measure the bremsstrahlung x-rays emitted from the

target as they are not influenced directly by the electrostatic fields set up by the

escaping electrons. However, in many experimental cases, the majority of hot

electrons are trapped and reflux back and forth [69]. This will result in more

x-rays being produced, which will be discussed later.

X-ray diagnostics have been deployed on many experiments to measure x-ray spec-

tra to determine the hot electron spectra temperature. These x-ray diagnostics

include absorption based spectrometers [95, 107] that are able to monitor/esti-

mate the spectral temperature, or crystal spectrometers[108] that directly observe

the spectrum. The hot electron temperature can be infered from inside the target

using k-alpha fluorescence imaging using trace layers within the a target [109].

Each of these technique has merits and limitations, such as signal to noise for

crystal based spectrometers, as coherent scattering has a low cross-section.

Early experiments by Yu et al [110] using a 0.54 µm laser with a pulse length of

400 fs and intensity of 1017-1018 W/cm2 measured a temperature that approxi-

mately matched that of the Beg scaling. More recently, C.Chen et al [89] Courtois

et al [101, 102] and MacPhee et al [100] have all conducted their experiments on

1 µm laser systems and measured the emitted x-rays. Experiments conducted by

MacPhee et al and Chen et al, using the same absorption based spectrometer,

measured a spectrum between 850-1500 keV for intensities of 8-15×1019 W/cm2.

Courtois et al used activation diagnostics to measure temperatures up to 3 MeV

for 1019 W/cm 2.

One of the highest resolution measurements of the high energy x-rays emitted
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from a solid target was conducted by Zulick et al [96] using a high repetition rate

laser (0.5 kHz) and a Germanium detector. A dual temperature x-ray spectra

was measured, using over 1 million shots, which scaled slower than the Wilks

scaling but faster the Beg scaling.

The discussed measurements made with a laser wavelength equal to 1 µm, plus

some additional measurements [103, 104, 105], are shown in Figure 4.1. The

measurements have been split into data recorded with electron spectrometers

and those made using the variety of x-ray diagnostics. For intensities of approx-

imately 5-10×1018 W/cm2 the temperatures appear to fit in-between all three

scaling laws. As the intensity increases the number of measurements that match

the Wilks scaling is significantly less. At intensities above 1020 W/cm2 the hot

electron temperature follows the Haines or Beg scaling more closely than the

Wilks scaling. The out-lying data at the top of the graph, measured by Courtois

et al, was measured using activation of materials. This method would only sam-

ple the highest energies of the x-ray distribution (>8 MeV), which might not be

representative of the entire spectrum.

Although there is a lot of data from electron spectrometers, there are only 3

data points measured using x-ray spectrometers from C. Chen [105] between the

intensities of 1018 and 1019 W/cm2; two of these points fall below all three scalings

discussed.

In this chapter experimental results from a selection of targets and irradiation

conditions that lie within the intensity range of intent (approximately between

1018 and 1019 W/cm2) are presented to address this data region.

The x-rays that are produced in solid targets are highly energetic and are typ-

ically generated in a small region (<100 µm) which makes them favourable for

high resolution imaging for non-destructive testing of materials using x-ray ra-

diography. One of the earliest demonstrations of high-intensity laser-solid x-ray

radiography was conducted by Perry et al [12] where basic absorption images

83



4. Diagnosing the Internal Electron Temperature using Bremsstrahlung X-rays

were recorded through varying thicknesses of lead attenuators using a Kodak

film. Since then, work has also been conducted using laser-Wakefield targets to

produce x-rays suitable for radiography [103, 111]. More recently, Courtois et al

[10, 102] conducted experiments characterising the x-ray source for the purpose

of radiography. They measure the size of the x-ray source to be 350 µm and

400 µm using penumbral imaging and a resolution test grid respectively; both

experiments with ≈ 1019W/cm2.

In this chapter, I infer the internal hot-electron temperature from a laser-solid

interaction by measuring the emitted x-ray spectra whilst also measuring the scal-

ing of the x-rays flux. Both x-ray measurements are performed using the novel

scintillator based absorption spectrometer described in Chapter 3. Once char-

acterised and optimised, x-ray radiography is performed on a number of objects

to demonstrate the suitability and applicability of using laser-solid generated x-

rays. Additional results from the experiment are reported by Jones et al [112]

and Brenner et al [13].

4.1 Experimental Method

An experiment was conducted using the Vulcan laser system in Target Area West

(TAW). A basic schematic of the experimental setup is shown in Figure 4.2. The

target was irradiated at 20 degrees by a (10±2) ps laser pulse with a wavelength

of 1.054 µm. The focal spot was (7±1) µm FWHM in diameter. The maximum

energy on target was (140±15) J leading to a peak intensity of ≈1.2×1019 W/cm2.

The flux and spectrum of the x-rays was recorded using the scintillator based

spectrometer (see Figure 4.3 a)). The array was positioned at approximately 20

degrees with respect to the laser axis, along the rear target normal, and 2.15

m from the target. The scintillator array was imaged using an Andor CMOS

detector due to its high dynamic range, as discussed in Chapter 3. The array
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Figure 4.2: Schematic of the experimental setup used to measure the
temperature and flux. Radiography was performed on samples placed outside

the vacuum chamber as highlighted.

Figure 4.3: a) A picture of the scintillator array. b) An example of a picture of
the array during a shot and c) the line-out of the array.

views the interaction through a small aperture in a 50 mm lead shield wall. To

reduce the number of indirect scattered hard x-ray hits on the camera chip, the

entire camera is also placed behind a lead shield.
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The x-rays exit the vacuum chamber by propagating through a thin (5 mm)

aluminium port. This is taken into account in the response of the scintillator

array by multiplying the response curves shown in Figure 3.15 of Chapter 3 by

the attenuation of the steel port and the air between the port and the diagnostic.

Before the chamber port there is a magnetic field that is used to deflect any

electrons that escape the target.

A typical image from the scintillator array for a full energy shot is shown in Figure

4.3 b). It is clear to see that the smaller scintillator, the BGO, is much brighter

than BC422q; this is primarily due the light yield of the two scintillators. Analysis

will only be conducted using the BGO layers which are significantly brighter and

therefore have better signal-to-noise than the BC422q. Although the camera is

placed behind 50 mm of Pb, hard hits are still visible on the recorded image;

these are removed using a medium filter; this filter looks at a region of the image

finding the out-lying pixels with very high counts and replaces them with the

medium value in that region.

In Figure 4.3 the x-rays are incident onto the left of the array. The signal is clearly

decreasing as a function of depth which is shown from the lineout in Figure 4.3

c). The average number of counts are extracted from the scintillator over an area

that represents the middle 50%; this is done to ensure the light from each layer

is not influenced by the neighbouring layer.

The imaging area on the experimental schematic in Figure 4.2 highlights the

region where the variety of imaging objects/samples are placed. There are two

detectors used to record the x-rays: FujiFilm BAS-SR Image Plate and a Cesium

Iodide Thallium-doped (CsI(Tl)) scintillator array. The type of image plate used

was SR, which is described in table 3.3. The active layer in the image plate

is thin (112 µm) so it is most sensitive to low energy x-rays (<100 keV). The

CsI(Tl) is 300×300 mm with 0.5×0.5 mm pixel width with a depth of 10 mm.

The thickness of the CsI provides much larger attenuation and therefore it can

detect higher energy x-rays (≈100% of energy up to 200 keV); this is shown by
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Figure 4.4: Absorption of the CsI(Tl) array and image plate used for
radiography calculated using the NIST XCOM attenuation tables [70].

the absorption calculated by the XCOM attenuation tables of each detector in

Figure 4.4. To optimise the amount of light captured from the CsI array, two

large-area 11 bit-CCDs were used. A major advantage of the CsI array is that

it is able to operate at a high repetition rate which is ideal for use on newer

high-power laser systems.

Both detectors can be placed close to the sample to perform contact radiography

or further away to take advantage of the point-like nature of the source and

perform projection imaging. The image plate is scanned at a resolution of 25

µm on the image plate scanner to ensure that the radiography comes out at the

highest possible resolution. Although, it has been shown by Fiksel et al [113]

that an image plate in general has a resolution limit of approximately 100 µm.
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Figure 4.5: The average counts on the layer of scintillator as a function of
incident laser energy (J), EL, onto the target. For each layers a fit power laws

with slight different gradients is shown.

4.2 Experimental Results

Firstly, the laser energy (EL) incident onto a 1 mm thick Al target was varied so

that the dependence of the x-ray flux on incident laser energy could be measured.

The flux changes were measured by taking the average counts of the first four

BGO layers of the scintillator array; this is shown in Figure 4.5. The flux recorded

scales as S1 ∝ E
(1.8±0.1)
L , S2 ∝ E

(1.9±0.1)
L , S3 ∝ E

(1.9±0.2)
L and S4 ∝ E

(2.0±0.2)
L . This

clearly shows that the flux is strongly dependent on the incident laser energy.

This is similar to scaling of proton flux as a function of incident laser energy

measured by Robson et al [114] and Brenner et al [115].

To model the scaling of the x-ray flux as a function of incident laser energy,

GEANT4 was employed. As the electron beam travels through the target, bremss-
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Figure 4.6: The modelled x-ray flux from GEANT4 as a function of the incident
laser energy (EL). The flux scales as the incident laser energy to the power of

1.7.

trahlung is created which can be modelled using GEANT4. It simulates the

bremsstrahlung by firstly calculating the mean energy lost by an electron of a

given energy in a material as calculated using range and inverse-range tables for

that material. The GEANT4 calculations effectively introduce a distribution in

the energy loss and x-ray generation depending on the thickness of the material.

Validations of the bremsstrahlung and electromagnetic models for GEANT4 have

been undertaken by numerous authors [63, 64, 65, 116, 117]. The typical con-

clusion regarding the bremsstrahlung models and cross sections/stopping pow-

ers is that the additional/optional electromagnetic models are more accurate at

lower energies (<1 MeV) than the standard models included in GEANT4. The

‘Livermore’ electromagnetic model [65, 117] will be used in the following work

conducted by the author.

Simulations were conducted using 106 initial electrons propagating through 1 mm

of aluminium using different relativistic electron temperatures. The emitted x-
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rays and electrons were recorded at the front and rear of the target so that the

forward propagating and backscatter of each particle could be predicted. The

x-rays were restricted to a 15 degrees half angle cone to only observe the most

forward propagating x-rays as these are the ones recorded using the scintillator

array. To take into account the increase in the x-ray flux due to refluxing, the

surviving electron fraction was recorded and this fraction of the x-ray energy was

added to the x-ray energy from one pass. This was only added every odd pass,

as the electrons will be propagating back towards the front of the target on even

passes. The backscattered x-rays were also added to the total flux on the even

passes. This was repeated until the numbers of electron number dropped below

5% of the original electron number; at this point the amount of x-ray energy

added during each pass is negligible compared to the total.

The electron temperature distributions from the simulations were converted to a

laser intensity and then incident energy using the Beg scaling and the parameters

discussed in the experimental method 4.1. The total energy of the x-rays created

by the electrons was then multiplied/normalised to adjust it to the energy esti-

mated in the laser pulse. The x-ray energy as a function of laser energy is shown

in Figure 4.6. This model has a scaling to the power of 1.7, which is similar to the

experimental data. The difference between the experimental data and the model

may arise as GEANT4 does not take into account the collective behaviour of the

electrons and the change in resistivity due to heating of the target [118, 119].

A model was developed by Fontaine [120] using numerical (PIC and Monte Carlo)

and analytical simulations to calculate the dose per unit incident laser energy as

a function of intensity and wavelength. A 2D model using a 6 µm pre-plasma

matches closely with the experimental data [50, 101]; fitting this to a power law

yields a power of ≈0.7. Dividing the values for the x-ray energy by the incident

laser energy from the model developed by the author to convert to x-ray flux

per unit incident laser energy also yields a value of 0.7. The basic model and

experimental data agree well with each other and other models and experimental
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Figure 4.7: The average counts measured from the first two layers of the
scintillator array as a function of atomic number of the target on the

experimental set up discussed earlier.

data.

To determine the best target material for radiography, three targets were used

during this experiment: aluminium, copper and tantalum. Three shots of similar

energy (125-130 J) were made on all three targets with a thickness of 3 mm, the

results are shown in Figure 4.7. As expected, the output signal of the scintillators

increases with the atomic number of the target. The highest flux of x-rays are

achieved with Ta, which is ideal for radiography and is the target used for the

imaging shots shown later in this chapter in section 4.3.

The process of extracting the electron temperature is similar to that demon-

strated for the betatron spectrum in Chapter 3. As the x-ray spectrum from the

experimental data is unknown, an example spectrum can be used to calculate

the output of the diagnostic and then compared to the experimental results. To

create the example spectrum, GEANT4 can simulate a relativistic Maxwellian
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Figure 4.8: Fractional absorption of the BGO layers in the scintillator array
with the addition of the Al port.

distribution of electrons travelling through a target; similar to the previous sec-

tion. The response curves for the diagnostics are already known from previous

GEANT4 simulations in Chapter 3. The modifications due to the aluminium port

have been added and are shown in Figure 4.8. The port has the most impact on

the lowest energy (< 30 keV) x-rays that are unable to propagate through it; the

higher energy regions remain largely unaffected.

4.2.1 X-ray Spectra Analysis

The shape of the x-ray spectrum depends on the temperature of the electrons, as

shown by equation 2.60 from Chapter 2. However, it is also modified by on the

x-ray self-absorption of the target, which depends on both the target material

and the target thickness. An example of the effect that different target materials

have on the x-ray spectra is shown in Figure 4.9 a) from a GEANT4 simulation

using a 1 MeV temperature distribution with an input electron number of 106.

Aluminium converts less of the electrons into higher energy x-rays when compared

to copper and tantalum, this is due to aluminium having a much lower atomic
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Figure 4.9: a) The x-ray spectra from GEANT4 simulations for a distribution of
1 MeV electrons incident onto three different 1 mm targets. The higher atomic
number target produces higher energy spectra. Multiplying the spectra by the

response of the diagnostic produces the outputs shown in b). Although the
temperature of the electrons is the same for each of the x-ray spectra shown in

a), the output of the diagnostic is vastly different.

number and mass density of atoms. The continuous spectral peak for each target

differs due to the self-attenuation. For example, the k-edge of tantalum at ≈67

keV attenuated a large amount of x-rays that appear in the copper spectra. Also,

each target has unique line emission which will affect the output of the diagnostic.

These differences in the spectra caused by the separate absorption from each

material will lead to different outputs from the diagnostic even though the sim-

ulation was conducted with the same input distribution of electrons. This can

be shown by multiplying these spectra by the response function, which yields

the output shown in Figure 4.9 b). The outputs of the diagnostic differ by a

significant amount, highlighting why each target needs to be simulated.

For targets in which the electrons do not lose all their energy on the first pass,

refluxing must be taken into account. To understand the alteration that refluxing

may cause to the x-ray spectra the electrons that reach the back of the target can

be recorded and used in a new simulation allowing them to continue to create

bremsstrahlung. This was done using the three targets used in the previous

simulation (1 mm Al, Cu and Ta). The simulation was conducted three times,
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Figure 4.10: The refluxing/recirculation of the electrons inside the target cause
a modification to the x-ray spectra as shown in a). The output of the

scintillator array is also modified due to the refluxing, as shown in b). This
modification is ≈5% for the Al target for a temperature of 1 MeV and ≈2% for

500 keV. Aluminium has the largest error as it has the largest remaining
fraction of electrons.

allowing the electrons to complete three passes of the target. On the second

pass, the backwards x-ray spectrum is recorded. The recorded x-ray spectra are

summed together and are shown in Figure 4.10 a). The dotted lines represent the

spectra from a single-pass whereas the solid lines are the spectra as a result of

multiple electron passes. The largest effect is observed for the aluminium target as

this target has the most electrons refluxing (≈15% remaining after 3 passes). The

most notable aspect of the spectra is that the shape is very similar. Multiplying

the new spectra by the response matrix yields the output shown in Figure 4.10

b). The maximum difference between these outputs is approximately 5% which is

found when simulating the Al target. This measurement was repeated for a 500

keV electron temperature for Al where the difference decreased to ≈2%. This

is expected as the temperature is lower; therefore the energy of the electrons

are also lower and the electron flux will be more heavily attenuated on the first

pass. The creation of the refluxing spectra is computationally time consuming,

therefore the difference due to the refluxing will be simply included using these

results as the difference is small (maximum of ≈5%).

The majority of laser shots on the experiment were conducted using 1 mm thick Al
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Figure 4.11: output of the diagnostic for a number of different electron
temperatures through 1 mm Aluminium target. The output of the diagnostic is
smoothly changing as a function of temperature as shown in b). Interpolation is

conducted between temperatures that have not been simulated.

or 100 µm thick Ta. Single pass simulations are conducted for each of these targets

for many temperatures. The normalised output for 1 mm Al is calculated and

shown in Figure 4.11 a) for temperatures ranging from 100 keV to 3 MeV. Figure

4.11 b) shows the normalised output plotted as a function of temperature for the

different layers which shows the output on each layer increase smoothly as the

temperature increases. This allows for the data to be interpolated in-between the

temperatures that have not been simulated; allowing for temperature extraction

without running simulations at every input electron temperature.

Each measured shot is compared to the expected detector output for different

temperatures; the temperature is varied until the difference is minimised as de-

termined by the least-squares method. To take into account the uncertainties of

the comparison, such as the background and the single pixel error present on the

camera, the comparison is repeated many times. Each time the comparison is

done, the uncertainties are added to the data randomly according to a normal dis-

tribution yielding many temperature fits which are then plotted in a histogram;

an example of which is shown in Figure 4.12. The average is taken as the resulting

temperature of that shot and the standard deviation of the histogram is used as

the uncertainty in the temperature extraction.
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Figure 4.12: A histogram of the extracted temperature of a shot with the
uncertainties randomly added to the data taken on a full energy shot onto 100
µm Ta. The mean of the distribution is taken as the temperature with the

standard deviation as the uncertainty in that measurement.

The final temperatures, as extracted by the above analysis of the experimental,

are plotted in Figure 4.13 with the previous data recorded from the entire field;

this shows that the experimental data fits well with previous data in the field.

The data fits more closely with the Beg or Haines scaling rather than the Wilkes

scaling. This might be as expected as the Wilks scaling [121] is derived from the

ponderomotive force, which primarily acts in the laser direction and the diagnostic

sampled the distribution along the target normal. Often the angular distribution

of the emitted x-rays is due to a combination of all the absorption and scattering

mechanisms [87]. In future, a more comprehensive measurement of the x-ray

spectra should be performed at many angles to better determine the internal hot

electron temperature.

The highest flux of x-rays is achieved when the maximum laser energy is incident

and the target is tantalum; this is shown in Figures 4.5 and 4.7 respectively. This

is crucial for radiography for which the high photon numbers are required for good
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Figure 4.13: The temperatures extracted from the new results presented in this
thesis taken with the diagnostic plotted along with the temperatures from the

literature.

signal to noise ratio and therefore high image quality. For the highest energy and

intensity achievable on this experiment the temperature of the electron/x-ray

spectra is close to 700 keV.

4.3 Radiography

Having investigated the optimum conditions for x-ray generation, as a demon-

stration experiment, the x-ray beam was used to radiograph a variety of samples.

The x-rays were recorded using an image plate and the CsI array discussed ear-

lier. The majority of the imaging shots were conducted using a 100 µm Ta target

and at maximum laser energy, unless stated otherwise.
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Figure 4.14: The calculated transmission using NIST XCOM attenuation tables
of a steel cylinder with an outer diameter of 70 mm and inner diameter of 15

mm for different input x-ray energies.

Figure 4.15: Figures a) and b) show the images of the object described taken on
the CsI imaging array and an image plate respectively. It is clear that the inner
hole is only visible using the CsI array. Taking a lineout of the images clearly

shows the visibility of this feature, as shown in c).

To demonstrate the spectral response of each detector, a steel cylinder with an

outer diameter of 70 mm and inner hollow region of diameter 15 mm was imaged

using both an image plate and the CsI imaging array simultaneously. Figure 4.14
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Figure 4.16: Radiograph of steel spheres of varying sizes embedded in concrete
recorded on an image plate from a full energy (∼125 J) using a 100 µm Ta

target. The smallest steel spheres (sub-millimetre) are still visible through the
concrete.

shows the calculated attenuation of the material as a function of depth using the

NIST XCOM attenuation tables; the lower energy x-rays are instantly attenuated.

The hollow feature is only visible with x-rays with energies greater than 200 keV.

As mentioned before, the image plate is primarily sensitive to less than 100 keV

x-rays, with a peak sensitivity at ≈50 keV which, as shown in Figure 4.14, do

not meaningful transmit through the object. The radiography recorded on the

image plate in Figure 4.15 b) shows that the inner hollow region is not visible,

as expected. The inner hollow region is visible on the CsI array in Figure 4.15 a)

which is only possible if both the x-ray source and detector response to x-rays is

greater than 200 keV. This is further highlighted in Figure 4.15 c) which shows

lineouts from the two detectors. Note that the signal either side of the object is

not the same, this is likely due to the x-ray beam being biased to one side of the

image.

Additional radiography was conducted on a on steel spheres randomly embedded

in concrete. The spheres vary in size from sub-millimetre to 2 millimetre. An

image was recorded on an image plate using a 200 µm Ta target irradiated with

≈129 J which is shown in Figure 4.16. The smallest steel balls are visible in

an radiograph. The object was also radiographed on the CsI array with varying
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Figure 4.17: Three shots taken on 100 µm thick Ta with varying laser energy to
radiograph steel spheres of varying sizes embedded in concrete and recorded on
the CsI array. The flux of x-rays is clearly higher at the highest incident laser
energies which also increases the visibility, see Figure 4.18 for a the lineout of

the dotted areas a) and b).

Figure 4.18: The lineouts of the steel sphere highlighted in Figure 4.17 a) and
b). The increasing energy improves the contrast of the same features recorded

on the CsI array highlighting the need for the highest flux of x-rays.

laser energy as shown in Figure 4.17. The steel balls are more visible when the

laser energy is high, as would be expected as the x-ray flux increases, as shown

in Figure 4.5. The dotted areas represent the lineouts shown in Figure 4.18 a)

and b); the periodic features on the lineout are a result of the pixelation of the

CsI array. The largest difference between the brightest and dimmest feature is

from the highest energy shot. This highlights the need for high flux to provide

the highest possible image-contrast when performing radiography.
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4.4 Summary & Conclusions

Initially the scintillator based spectrometer was used to characterise a source of

x-rays created as hot electrons travel through a solid target. The flux of the x-rays

was shown to scale with the incident laser energy to the power of (1.8±0.1) for the

first layer of BGO, as shown in Figure 4.5. The data was only taken on the BGO

as the light emitted by the BC422q was too dim. An alternative scintillator with

a higher light yield will be paired with BGO to ensure both types of scintillator

can be used to characterise the source. The spectrum of the x-rays was shown to

scale from 400 keV and 750 keV between the incident laser intensities 8-12×1018

W/cm2. This is in closer agreement with the Haines and Beg scaling laws rather

than the Wilks scaling discussed at the start of this chapter and shown in Figure

4.13. This is consistent with a lot of the data from the literature which suggest

that the hot electron temperature does not reach temperatures as high as those

predicted by the Wilks scaling.

Radiography was then performed on a number of objects; the two discussed here

were the hollow steel cylinder and concrete containing steel spheres. More x-ray

radiography images can be found in Jones et al [112] and Brenner et al [13]. Two

detectors were used to perform the radiography: image plate and a 2D-CsI array.

The higher energy sensitivity of the CsI was able to detect x-rays that penetrate

the steel cylinder allowing for the hollow region to be observed. This was not

possible on the image plate as it primarily samples lower energy x-rays. The steel

spheres in the concrete were observable on both detectors with the energy scan on

the CsI array showing that visibility increases with higher incident laser energy.

To further the understanding of the hot electron population inside the target,

multiple scintillator arrays should be deployed at many angles around the tar-

get. This method would allow for any angular distribution of the hot electron

spectra/temperature to be measured. Using the scintillator spectrometer in con-

junction with the wraparound diagnostic discussed in Chapters 3 and 6 would
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also allow for information to be obtained about the escaping and internal elec-

trons simultaneously. This would provide greater insights into the fields that the

electrons experience on the rear surface.

It has been demonstrated that the CsI array can image higher energy features

when compared to the image plate; this is due to its attenuation shown in Fig-

ure 4.4. To improve the high energy radiography, detectors with higher spatial

resolution need to be developed so that they can complete with the ≈100 µm res-

olution of the image plate. Additionally, the CsI has the capability of operating

at a much faster repetition rate than the image plate, which is ideal for newer

laser systems.
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Chapter 5

Penetrative Imaging using

Backscattered X-rays Produced

by Wakefield Accelerated

Electrons

Backscatter x-ray imaging is the process of directing x-rays at a sample, detecting

the resulting backscatter x-rays and spatially resolving an object. This imaging

technique has some advantages over the transmissive absorption imaging that is

often used. One of the major advantages is that the detector is on the same

side as the source; this allows imaging of objects that previously could not be

imaged (buried objects or objects a large distance from the source for example).

This technique is highly applicable for security imaging [122, 123, 124, 125, 126],

archaeology [127] and single-sided structural inspection.

Developments of backscatter imaging techniques in recent years have shown its

great potential for a number of applications. Industrial sized demonstrations of

the performance of x-ray backscatter imaging on vehicles and containers to create

high resolution images of the contents [122, 123] have already been conducted.
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Work by Paulus et al [125] has shown that is also possible to discriminate between

material with different densities and effective atomic numbers. This is highly

applicable to the detection of hazardous materials, such as plastic explosives.

The source of these backscatter x-rays is usually through Compton and Rayleigh

scattering. Compton scattering is the inelastic process in which the x-ray scatters

off an electron. The energy transfer from x-ray to electron is related to the angle

by which the x-ray is deflected; lower energy x-rays are more likely to be deflected

by larger angles and be backscattered. Rayleigh scattering is an elastic process in

which the x-ray loses no energy when scattering. The cross section for Rayleigh

scattering is much lower than that of Compton scattering which, as a result, is

considered the primary process for creating backscatter x-rays.

The angular cross sections for Compton scatter is given by the Klien-Nishina

formula [128],

dσ

dΩ
= α2r2cP (Eγ, θ)

2 [P (Eγ, θ) + P (Eγ, 0)−1 − 1 + cos2 (θ)
]
/2 (5.1)

where α is the fine structure constant (≈ 1/137), the coulomb radius rc = }mec

(≈0.38 pm), Eγ is the incoming x-ray energy and θ is the angle of the emitted

x-ray. P (Eγ, θ) is the ratio of the photon energy before and after the collision

with the electron,

P (Eγ, θ) =
1

1 + (Eγ/mec) (1− cos (θ))
(5.2)

For x-ray energies from 10-500 keV, Figure 5.1 a) shows the angular distribution

of the scattered x-rays. The highest proportion of backscattered x-rays come

from the lowest energy x-rays. However, Compton scattering is not the dom-

inant attenuation process until photon energies exceed ≈100 keV. Using SiO2,

iron and carbon as examples, the ratios of Compton scattering to each of the

other x-ray attenuation processes was calculated and then multiplied by the in-

tegrated backscatter cross-section to determine the energy at which Compton

104



5. Penetrative Imaging using Backscattered X-rays Produced by Wakefield
Accelerated Electrons

Figure 5.1: a) The angular emission of x-rays for energies ranging from 10-500
keV given by the Klien-Nishina Formula. As the energy increases the x-ray is
more likely to be scattered in the forward direction. Although the number of

x-rays that are backscattered increases as the energy of the incident x-ray
decreases, scattering is not the primary effect. Taking the ratio of Compton

scatter to other attenuation process and multiplying by the integrated
backscatter cross-section yields results in b). b) shows the normalised

probability that the attenuation is caused by Compton scatter for three
different materials.

scatter dominates; the result is shown in Figure 5.1 b). For SiO2, x-rays with

∼100 keV are the most likely to undergo backscatter. For materials with higher

atomic numbers, such as Fe, this optimum energy increases.

The energy of the backscattered x-rays is limited due to the conservation of

momentum. As the incident x-ray energy tends to infinity, the energy of Compton

backscatter x-ray tends to 511 keV and 255 keV at 90 and 180 degrees respectively

due to the rest mass of the electron.

As discussed in Chapter 2, x-ray attenuation and penetration is dictated by the

Beer-Lambert law, as shown in equation 2.62. For a given material and a fixed

input energy, the transmission will fall off exponentially, limiting the depth that

can be probed.

Secondly, the x-rays that are backscattered through Compton scatter will have

less energy than they have initially. This also limits the depth at which the
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backscattered x-ray can return from, as these will also be exponentially attenu-

ated. This constraint has been shown in Heuvel et al [124] when simulating the

detection of landmines. The majority of x-rays are unable to penetrate to the

relevant distance and return to the surface. Increasing the energy of the input

x-rays does increase the penetration depth. However, this reduces the likelihood

of the backscatter flux escaping and also decreases the resolution as there will be

multiple scattering events.

An alternative approach would be to create the x-rays inside the sample. Elec-

trons can be used to create x-rays via bremsstrahlung deep in the sample material.

An electron with the same energy as an x-ray cannot penetrate any deeper. How-

ever, through laser-wakefield acceleration it is relatively easy to produce incredi-

bly short bunches of electrons ( <100 fs) with energies above 100 MeV. Electrons

with this energy would penetrate much deeper than x-rays from sources currently

commercially available (<500 keV).

Additionally, for traditional backscatter techniques to achieve high spatial reso-

lution they must be collimated which will typically cause significant reduction to

the useful flux. This then requires long integrated acquisitions to be conducted to

improve the signal to noise ratio. Electron beams produced from laser-wakefield

interactions typically have divergences on the order of milliradians [129]. This

means that no further collimation is required and single shot measurements can

be conducted.

In this chapter, the basics of a new technique of using electrons as the source

of x-ray backscatter within the sample will be discussed. A basic analytical

model is created that demonstrates the advantages of using an input source of

electrons over x-rays. GEANT4 is then deployed to further demonstrate the

advantages of this technique. GEANT4 is used again to test the technique of

using short bunches of electrons to temporally resolve distances between objects.

This technique is also investigated experimentally; the first time this imaging

technique has been demonstrated. Finally, a collection of ideas are presented to
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further the applicability of the electron/x-ray backscatter techniques.

5.1 Modelling

To begin, a model is created to accurately replicate the energy lost from electrons

in a material and conversion of the energy loss into bremsstrahlung x-rays in the

forward direction. Information can be obtained from the ESTAR NIST database

[130] regarding how much energy electrons will lose per unit distance. Figure 5.2

shows the stopping power of electrons for sand (SiO2). For electrons below 50

MeV the majority of the electron energy is lost via collisions within the material.

The second process, losses due to electrons radiating, is responsible for the pro-

duction of Bremsstrahlung inside the material. Using these tables, the average

energy the electron loses per unit depth and also the amount of that energy that

will go into the creation of x-rays can be calculated. The remaining electron

energy is calculated in a step-like process; the amount of energy lost per step

(∂E/∂x) is calculated and subtracted from the previous energy. This is given as,

Ee(s) = Ee(s−1) −
∂Ee(s−1)
∂x

(5.3)

where s is the integer step number, Ee(s−1) is the electron energy at the previous

step and ∂Ee(s−1)/∂x is the total electron energy lost over the step. The amount

of x-ray energy at a given step (Ex(s)) is calculated in a very similar way except

it includes additional attenuation term (∂Ex(s−1)/∂x); and is given as,

Ex(s) = Ex(s−1) +
∂Ee→x(s−1)

∂x
−
∂Ex(s−1)
∂x

(5.4)

where ∂Ee→x(s−1)/∂x is the amount energy lost by the electrons that goes into

radiative losses.

The x-rays that are created in each step, will have a continuous spectra reaching

the maximum energy of the electrons at that depth. To simplify the problem, the
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Figure 5.2: The stopping power of electrons in SiO2 taken from the ESTAR
NIST database. The electrons primarily lose energy by two different process,

collisional and radiative emission. Radiative emission is the source of
bremsstrahlung x-rays and only becomes the dominant process above ≈50 MeV;

below this the primary process for energy loss is collisional.

average energy of the x-ray flux is assumed to be the energy that is lost in that

step to x-rays taken from the ESTAR tables.

If we now consider an electron population with a singular initial energy, the esti-

mated energy loss of the electrons and production of x-rays and their attenuation

inside a target can be calculated. The total energy as a function of depth is

shown in Figure 5.3 for 100 MeV electrons in SiO2. The electrons entirely lose

their energy by 200 mm in the target. The total x-ray energy increases as the

electron energy decreases. As the electron energy decreases, the amount of the

energy that goes into creating x-rays also reduces. This causes the x-ray energy

to plateau before the electrons energy is reduced to zero. After the x-ray energy

stops increasing, the attenuation of the material begins to reduce the total x-ray

energy. This relationship has an exponential decay as expressed the Beer-Lambert

law, equation 2.62.
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Figure 5.3: The average energy the electrons and the total energy of the
resulting emitted x-rays as a function of depth. The electrons, with an initial

energy of 100 MeV, lose their energy through the two processes discussed
earlier, collisional and radiative. The radiative process creates an x-ray beam
that gains energy from the electron beam. The electron energy reaches zero at
just below 200 mm. The x-rays stop gaining energy from the electrons as their

energy reduces. The x-ray energy starts to be attenuated exponentially from the
material, dictated by the Beer-Lambert Law.

The amount of backscattered energy can be calculated using the Klien-Nishima

formula, as shown in equation 5.1. First the amount of Compton scatter as a

fraction of the overall attenuation is estimated. Then, the fraction of energy

backscattered compared to the total energy scatter is calculated. Considering

SiO2 again and x-ray energies of ≈500 keV, Compton scatter makes up ≈97%

of the attenuation and ≈25% of those x-rays will be backscattered. The aver-

age energy of these backscattered x-rays will be ≈200 keV. Using these values

the backscattered x-rays per unit length is shown in Figure 5.4, which has a

peak demonstrating that the majority x-rays are coming from deeper inside the

material. This peak occurs for two reasons; firstly the total x-ray numbers are

initially increasing inside the target as a function of depth, as shown in Figure

5.3. Therefore, the number of backscattered x-rays is also increasing. Secondly,

the energy of these backscattered x-rays is limited to ≈250 keV due to the con-

servation of momentum; this restricts the depths at which they can return from.
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Figure 5.4: The normalised backscatter x-rays as a function of depth in SiO2.
The depth at which these x-rays return from is limited by the energy of the

backscattered x-rays, which due to the conservation of momentum is half the
rest mass of the electron the x-rays scatter off (≈255 keV). This limit to the

return depth and the increase in number of electrons inside the material shown
in Figure 5.3 leads to a peak in the number of backscatter x-rays returning from

inside the material.

This demonstrates that this method has more x-rays coming back from inside

the material than from the surface, which is the main limitation of traditional

backscatter techniques.

This model lacks detail in a number of crucial areas. Firstly, although the scat-

tering of the x-rays is taken into account and calculated using the Klien-Nishima

formula, a single x-ray can undergo multiple scattering events. This is important

as Compton scattering is not angularly or energy symmetric in the forward and

backward scatter directions; therefore, multiple scattering events do not average

out. Secondly, although the energy loss and creation of electrons and x-rays over

an entire distribution can be averaged to a continuous function, in real life some

electrons may lose all their energy in one interaction creating an x-ray with all

of the electrons immediately preceding energy which is not taken into account in
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Figure 5.5: Schematic of the GEANT4 setup used to model the forward
electron, forward x-rays and the returning backscattered x-rays. The

simulations were conducted using 106 incident electrons and repeated for
different depths of materials. The particles were detected using two large

detectors (1×1 m) either side of the probed object.

the model. Finally, with input electron energies above 100 MeV, pair production

will become a large source of secondary electrons, positrons and, through annihi-

lation, 511 keV x-rays. Analytically modelling these effects becomes complicated

and therefore the best method is to use GEANT4 as this can simulate all of the

previously mentioned effects.

5.1.1 GEANT4 Modelling

GEANT4 was setup as shown in Figure 5.5. The simulation was undertkaen

multiple times for a single mono-energetic electron energy. The thickness of the

target material was increased in steps for each simulation to properly calculate

the amount of stopping, x-ray creation and x-ray backscatter per unit depth.

To ensure statistical reliability of the simulation, 106 input electrons were used

each run. Two ideal detectors were placed at the rear and front of the target to

detect the forward escaping and backscattered particles; these detectors are large
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to capture the majority of the particles in both directions.

Firstly, the electron energy remaining at each depth step in the GEANT4 simula-

tion was compared to the electron energy from the model. The results in Figure

5.6 a) for an initial electron energy of 50 MeV, showing that the analytical model

closely matches the GEANT4 data till a depth greater than 100 mm. At this

point the energy of the model is reduced to zero, whereas GEANT4 has a num-

ber of remaining electrons with a total energy in the order of 5×10−3 of the initial

input energy. These electrons are created through the photoelectric effect from

x-rays that have penetrated deeper into the material as they appear to have an

exponential decay.

To demonstrate that the majority of x-rays that are backscattered come from

inside the target, the total number of x-rays as a function of depth was recorded;

this is shown in Figure 5.6 c). Initially for shallow depths the number of backscat-

tered x-rays is low; this is because the number of x-rays in the forward direction is

also initially low, Figure 5.6 b). As the depth increases, the number of backscat-

ter x-rays increase rapidly. Finally, the backscatter x-ray numbers plateau as the

x-rays are not energetic enough to escape the object from the depths at which

they are being created. The rapid increase in the middle section of the graph

is the depth where the majority of the backscatter x-rays are being created. A

curve is fitted to the graph shown in Figure 5.6 c) to smooth out the results then

the gradient in calculated. Figure 5.6 d) shows the gradient which represents the

number of backscattered x-rays that have escaped per unit depth; a comparison

with the analytical results is also shown. The analytical results peak at a lower

value (≈35 mm) to the results from GEANT4 (≈80 mm).

The differences arise from the physical processes mentioned earlier that are diffi-

cult to analytically model. An example of a typical backscattered x-ray spectrum

for SiO2 is shown in Figure 5.7 which further highlights the number of physical

process occurring in these interactions. There is an obvious 511 keV peak that

arises from pair production and annihilation. There is also a large discontinuity
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Figure 5.6: a) A comparison between the model and GEANT4 simulation for
the electron energy when propagating through a material. The normalised
forward x-ray energy for different depths of material, as shown in b), which
increases before the energy in the electron beam is depleted and the x-rays

begin to be attenuated by the material. c) shows the total normalised energy of
x-ray backscatter received as a function of depth whereas d) shows the amount

of backscatter per unit depth as a function of depth.

either side of the 511 keV line that occurs due to the 511 keV x-rays scattering

and being Compton down-shifted in energy. The peak of the continuous spectrum

occurs at ≈100 keV, whilst below the x-rays are self-absorbed by the SiO2.

The simulation was repeated with different input electron energies, the resulting

backscatter per unit depth is shown in Figure 5.8. The peak of the signal does

not appear to penetrate much deeper than 100 mm into SiO2 when changing the

energy of the electrons from 100 to 500 MeV. There is however, an increased

amount of x-rays coming from deeper in the sample that is located in the tail of

the backscatter for increasing energies.
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Figure 5.7: Typical backscattered x-ray spectrum from SiO2 modelled using
GEANT4. This spectrum in particular is from a 100 MeV electron beam

incident onto a 100 mm thick SiO2 block.

Figure 5.8: Normalised backscatter signal for a number of different incident
electron energies. The largest change appears in the tail of the signal where for
higher energy electron beams more signal is able to return from deeper depths

in the sample.
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Figure 5.9: Demonstration of temporally resolving distances between objects
using a short pulse of electrons. Two Al plates that are 20 mm thick are placed
at different distances apart. An electron beam of 250 MeV is sent into the Al

plates and the times at which the backscattered x-rays reach a detector 30 mm
from the first plate are recorded. The temporal separation of the peaks

increases as a function of gap size as expected. This shows that short bunch,
such as from laser-Wakefield interaction, can be used to temporally resolve

distances between objects (sub-cm).

A property of electrons from laser-wakefield acceleration can be utilised to fur-

ther enhance the capabilities of this technique. Typically, lasers that are used in

laser-wakefield interactions, such as the Astra-Gemini laser discussed in Chap-

ter 3, have pulse durations below 100 fs. The electrons accelerated from this

mechanism will therefore have a bunch length of a similar duration. For particles

travelling at the speed of light 100 fs is approximately 30 µm, which means the

temporal information of the backscattered x-rays will have a spatial resolution

of sub millimetre. In reality however, multiple scattering effects will reduce this

temporal resolution.
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Figure 5.10: Spatial profile of an electron beam propagating 10 m in Air for a)
250 MeV, b) 500 MeV and c) 1 GeV electrons. The spatial profile of the 1 GeV

beam is much smaller than the 250 MeV and 500 MeV case.

To demonstrate the temporal resolution technique, two Al plates were set-up in

GEANT4 with a gap between them. 106 mono-energetic particles are incident

onto the objects with zero temporal spread, which is unachievable experimentally

but chosen to demonstrate the technique. The backscatter is recorded using a

200×200 mm detector 30 mm from the first object. The size of the detector is

large to reduce the number of incident electrons required to achieve good signal to

noise. The results from 250 MeV electrons for a number of different gap distances

are shown in Figure 5.9. The temporal separation between the peaks increases

with the distance as expected. There is sharp rising edge before every peak,

this is likely due to the large size of the detector which will allow for small path

differences. These results demonstrate that the technique of temporally resolving

the backscatter x-rays will yield information about the separation of the objects

down to sub-centimetre resolution or the current detector limitations.

The benefits of using electrons as the source of backscatter x-rays has been shown

in this section, however the practical limitations must also be considered. The

deployment of an electron beam in air must be taken into account due to the

transmission and scattering effects. These scattering effects will cause the electron

beam to expand affecting the spatial resolution of the backscatter technique. A

GEANT4 simulation was conducted using 104 electrons travelling through air

where detectors were placed at 1, 10, 50 and 100 m; recording spatial position of

each electron.
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Figure 5.11: The FWHM of the scattered electron beams with energies from 100
MeV to 1 GeV recorded at 1, 10, 50 and 100 m. The smallest beams are

recorded for the largest electron energies.

The resulting spatial profile of a 250 MeV, 500 MeV and 1 GeV electron beam

at 10 m is shown in Figure 5.10. The 1 GeV electron beam has a much smaller

beam width than the 100 MeV beam. The half-width of the electron beam as a

function of distance in air is shown in Figure 5.11 for energies ranging from 100

MeV to 1 GeV. As expected, increasing the energy of the initial electron beam

reduces the beam half-width.

When the electrons propagate through air, as well as scattering, they lose energy

to collisions and bremsstrahlung. The fractional remaining energy of electrons

and x-rays is shown in Figure 5.12. Increasing the energy increases the remaining

fraction of electrons, however it creates more x-rays. The number of x-rays created

could become an issue as they may cause a backscatter spike with the surface of

a sample.

The number of remaining electrons is proportional to initial electron energy, al-

though for an initial electron energy of 100 MeV, at 100 m the number of electrons
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Figure 5.12: The remaining fraction of the a) electrons and b) x-rays for given
incident electron energy as a function of distance.

Figure 5.13: The survival fraction of 50, 100 and 250 keV x-rays as energy as a
function of distance in air.

drops below 10%; with actually more energy contained in the emitted x-rays at

this distance. For greater distances than 40 m ideally the electron energy is kept

above 250 MeV where greater than 80% remain. Figure 5.13 shows the remaining

fraction of x-rays as a function of distance for input x-ray energies of 50, 100 and

250 keV. This shows that x-rays with energies that are readily available commer-

cially from x-ray tubes will stop much quicker than the available electron energies

from laser-wakefield sources.
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To test the techniques discussed previously, an experiment was conducted where

a high energy electron beam was created. The experimental methods and results

are discussed in the following section.

5.2 Experimental Methods

An experiment was conducted using the Astra-Gemini laser system where the

laser of 800 nm wavelength delivered ≈10 J in ≈50 fs pulses onto a high-pressure

gas jet [131]. The gas used was helium with a mix of 5% nitrogen, with an

electron number density of approximately 3.9× 1018 cm−3. A basic schematic of

the setup is shown in Figure 5.14. The laser is focused onto the gas jet using an

F/20 parabola down to a focal spot with a FWHM of 25 µm. The resulting peak

intensity of the laser is ≈ 1 × 1019 W/cm2. After propagating through the gas

jet, the laser is blocked at the rear of the target chamber by a 3 mm steel port,

at which the intensity of the laser is below the damage threshold.

The electrons accelerated from the gas jet were initially dispersed using a 100

mm 0.67 T magnet to diagnose the electron spectrum. The photon emission

from the dispersed electron interacting with a Lanex screen was imaged using a

CCD. A broad spectrum was measured which peaked at (140±10) MeV with a

FWHM of 120 MeV. The beam has a integrated charge of approximately 670 pC.

When the magnet is removed, the electron beam propagates out of the vacuum

chamber as shown in Figure 5.14. The beam is then incident onto test objects

inside the imaging area. Behind the imaging area there is a radiation shield/beam

dump consisting of 200 mm lead. The backscattered x-rays are detected using a

scintillator and a Multi-Channel-Plate Photomultiplier Tube (MCP-PMT) which

was ≈2.2 m from the sample and surrounded by lead to ensure shielding from

background sources of x-rays, such as the 3 mm steel that the electrons pass

through as they exit the vacuum chamber
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Figure 5.14: The schematic of the experiment that took place on the
Astra-Gemini laser system. A 10 J, 55 fs, 800 nm laser irradiates a gas jet that

emits a helium and nitrogen mixed gas with a approximate electron number
density of 3.9× 1018 cm−3. The accelerated electrons are initially dispersed
using a movable magnet of 0.67 T in order to diagnose the energy spectrum.
The electron beam without the magnet is then incident onto objects in the

’imaging area’. Backscattered x-ray created by the objects are recorded using a
MCP-PMT. Any penetrating electron or hard x-rays created are

block/absorbed by a 200 mm lead wall.

As stated earlier, the temporal resolution of the electron bunch should be below

≈100 ps. However, in this situation the detectors become the main limitation.

The scintillator used on the front of the MCP-PMT that achieved the best tempo-

ral resolution was a 10×10×10 mm cube of Barium Fluoride (BaF2). An electron

beam incident onto the scintillator yields a temporal resolution of (710±25) ps,

which is approximately 200 mm spatially. An arrangement of objects was set

up to demonstrate the techniques discussed earlier. The first object was a 140

mm thick foam wall and the second object was a low density organic compound.

These two objects are approximately 250 mm apart. The signal recorded on the

MCP-PMT was summed over 40 shots to average out the shot to shot variation;

the results are shown in Figure 5.15.

The time between the peaks is approximately 1.7 ns. Taking into account the

x-rays from the second object having to travel twice the distance between the ob-
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Figure 5.15: The 40 shot average output from the MCP-PMT showing the
voltage peaks that correspond to backscattered x-rays returning from different

objects.

jects, the calculated distance between the objects is approximately 250 mm. This

demonstrates that the penetration and temporal resolution technique performs

as expected.

To fully demonstrate the technique, the arrangement of objects was scanned

horizontally. The layout of the objects is shown in Figure 5.16 a). The objects

are moved by 0.1 m laterally with respect to the electron beam. At each position

40 shots were taken to obtain signals similar to that shown in Figure 5.15. The

results of this are shown in Figure 5.16 b) [131]. This 2D image clearly shows the

positions of each object, even those hidden behind others.

5.3 Further Work

The method of using electrons to produce backscattered x-rays within the sample

has been investigated and demonstrated experimentally for the first time. The
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Figure 5.16: a) Arrangement of objects which are laterally scanned over using
an electron beam. The detectors, not shown, are positioned below the bottom of
the schematic (see Figure 5.14). b) A 2D x-ray backscatter image produced from
the electron beam incident onto the objects over 40 shots every 0.1 m laterally.

major benefit of this technique is that the x-rays are mainly coming from inside

the sampled object rather than the surface, which allows for deeper penetrative

imaging. This section will discuss additional ideas that can be used to further

the applicability of this backscatter technique.

Current techniques, as shown in Paulus et al [125], are able to identify the atomic

number and density of the material using x-ray backscatter. This technique

uses multiple collimated spectrometers to identify the attenuation of the material

and effective combined atomic number. As the Wakefield electrons are highly

energetic, all materials will emit K-alpha signatures as the threshold is the energy

of the K-edge, which is <150 keV. Curved-crystal spectrometers [108] would easily

be able to identify different materials by monitoring for the K-alpha signature.

122



5. Penetrative Imaging using Backscattered X-rays Produced by Wakefield
Accelerated Electrons

Figure 5.17: Spectral simulation of the backscattered x-rays from an object
between two Al plates. The spectrum could be used to identify the material by
looking for unique features from each material. In this case gold and uranium
have K-alpha/beta between 66-68 keV and 94-98 keV respectively that easily

identify each material.

These take advantage of x-ray diffraction and focal circles from Cauchois geometry

which allow for increased resolving power at high energy (>50 keV) x-rays. A

GEANT4 simulation was conducted using a test object positioned between two

aluminium plates. The spectra from a detector plane 300 mm from the first Al

plate is plotted for two different sample materials, gold and uranium, in Figure

5.17. The two spectra have distinguishable K-alpha/beta emission between 66-

68 keV and 94-98 keV which correspond to gold and uranium respectively. A

combination of the technique described in Paulus et al to identify materials,

temporal resolution measurements using MCP-PMTs and a crystal spectrometer

to detect the K-edges would provide a fully encompassing scan of the object,

the spatial separation and chemical composition. The obvious limitation of the

discussed k-alpha technique is one of depth. The two materials here, gold and

uranium, have relatively high energy k-alpha emission, however, from Figure 5.17

it is clear that the self-absorption of the x-rays by the sample below 50 keV would
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Figure 5.18: a) Cross sections of carbon, copper and tantalum for
X-ray/Gamma induced nuclear reactions. b) The relationship between the

atomic number and the peak cross section.

restrict the identification of lower atomic number elements using this technique.

The amount of x-ray radiation created by an electron beam of the energies de-

scribed here is very high, where most of this is forward propagating and irre-

trievable. One of the consequences of having x-ray energies in excess of 10 MeV

is photo-nuclear activation. This can lead to contamination of materials with

radioactive isotopes in the imaging process. Whilst this is hazardous to organic

materials, the activation of such targets could provide further information about

the composition. An example of the photo-nuclear cross-sections (for just (γ,n)

reactions) for three materials with varying atomic-number is shown in Figure 5.18

a) [132]; the materials here all peak in the region between 10 and 25 MeV. The

cross section for a gamma-neutron nuclear reaction in tantalum is approximately

15 times greater than that of carbon. The relationship between atomic number

and peak cross section is shown in Figure 5.18 b) which shows a general increasing

trend. The activation of a material also depends on the density; this multiplied

by the cross section is also shown in 5.18 b). The density and atomic number of

a material does not have a simple relationship, however, there is also a general

increasing trend for increasing atomic number.

The most common product of a photo-nuclear reaction is a neutron, as this typ-
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ically has the highest cross section. It is also possible to cause the release of

protons, alpha-particles and multiple neutrons from a excited nucleus; however,

these are all less likely than just a single neutron. The neutron that is released

from the nucleus is emitted randomly in 4π steradians.

The simulation results in Figure 5.8 have shown that the peak depth from which

the backscatter x-rays return from does not increase vastly with energy. However,

there is still a substantial amount of x-ray energy that penetrates into the sample,

as shown in Figure 5.6 b). If the x-rays penetrate deep into a material where

backscatter x-rays are unlikely to return from and interact with a high-Z material,

a neutron could be produced. The previously discussed technique of using the

emitted K-alpha/beta x-rays to aid in identification, as shown in Figure 5.17,

will only work for shallow depths as it is limited by the penetration depth of

sub-100 keV x-rays. The stopping range of neutrons in materials is very different

than x-rays; they pass through high-Z, high-density materials more easily than

materials containing low-Z atoms.

Using neutrons as an inspection method is a well-established technique for a

variety of applications. The technique of Pulsed Fast Neutron Analysis (PFNA)

uses nanosecond pulses of neutrons and many detectors surrounding the sample

to probe the interior [133, 134]. The detectors analyse the arrival time of the

gamma-rays from nuclear de-excitations and transmitted and scattered neutrons

to determine the contents of the sample. The flash of neutrons created from

wakefield accelerated electrons should also be shorter than that used in PFNA as

the internal nuclear delay is (at maximum) on the order of picoseconds.

As discussed earlier in this chapter, the high energy x-rays created inside the

material will lead to electron-position pair production. The production of these

particles, similar to neutron production, is dependent on the atomic number and

density of the material. Higher atomic numbers increase the probably of pair

production as the process requires the presence of an electric field in order to

conserve momentum and larger atomic number elements possess larger electric
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Figure 5.19: Pair production attenuation cross section for 10 MeV x-rays as a
function of atomic number.

fields. The cross-section for pair production in the presence of a nucleus for a

10 MeV photon as a function of atomic number is shown in Figure 5.19. The

resulting pair of 511 keV x-rays from the annihilation of the positron have higher

energy than the majority of the backscatter spectra, allowing them to return from

deeper penetration depths. Single shot detection of 511 keV x-rays is possible

through the use of high atomic number curved crystal spectrometers [135, 136]

or Cadmium-Zinc-Telluride detectors that can spectrally resolve 2D x-ray images

[137, 138].

To test the application of using neutrons and 511 keV x-rays to probe further

into materials, a GEANT4 simulation was conducted using a concrete block 50

mm thick with 10 mm of material at the rear; the composition of this material

was vaired (C,Al,Cu,Fe,Pb,W). The aim of the simulations is to see whether more

511 keV x-rays and neutrons are detectable from deeply buried high Z materials.

The simulations were conducted using 107 incident 140 MeV electrons. Only the

backscattered particles were detected using a detection plane 450 mm from the
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Figure 5.20: The number of 511 keV x-rays and neutrons produced from a 10
mm cube of material behind 50 mm of concrete when irradiated by 107 electrons

with 140 MeV plotted as a function of a) density and b) atomic number.

Figure 5.21: The temporal detection of neutrons from a 10 mm tungsten cube
behind 50 mm of concrete. The shortest distance between the detector and the
tungsten is 450 mm which for 1.5 MeV neutrons would corresponds to the peak

that occurs at approximately 30 ns.

surface of the concrete and size of the detector is 2×2 m wide.

The number of neutrons and 511 keV x-rays produced in each simulation is shown

in Figure 5.20 as a function of a) density and b) atomic number. The two highest

atomic number materials here are lead and tungsten, Z=82 and Z=74 respectively.
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The (γ,n) cross section of photo nuclear reactions is higher for lead, however the

density of tungsten is ≈8 g/cm3 greater, resulting in a larger yield of 511 keV

x-rays and neutrons for tungsten.

As tungsten generated the most neutrons, it is simulated again to show the tem-

poral output of the backscatter neutrons; this is shown in Figure 5.21. In this

example, the flux of neutrons greatly increases at approximately 30 ns. As the

neutrons are non-relativistic, they will travel much slower than the electrons and

also they will a range of velocities, although 30 ns is the time it takes a 1.5 MeV

neutron, which is the average energy of the neutron spectra, to travel the direct

distance between the tungsten and the detector of 450 mm. Using this technique,

the depth at which the tungsten is situated can be estimated. The accuracy of

this technique can be improved by reducing the size of the detector, although,

in the case of this simulation, this had to be kept large to increase the detection

efficiency and the keep the simulation time manageable.

Here, it has been demonstrated that neutrons and 511 keV x-rays can be used to

determine information about materials buried at greater depths than is currently

possible to access using traditional backscatter techniques.

5.4 Conclusions

The method of using electrons to produce backscattered x-rays has been inves-

tigated. The major benefit of this technique are the x-rays are mainly coming

from inside the sampled object rather than the surface, which allows for deeper

penetrative imaging. Additionally, the technique of using a short bunch of elec-

trons from a compact short pulse laser-wakefield source to temporally resolve the

separation of objects has also been demonstrated. These sources also have a low

divergent electron beam which means that they do not need collimating, unlike

the traditional x-rays used in x-ray backscatter techniques.
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Further developments are being made towards improving the temporal resolution

of the scintillators and MCP-PMTs. Increasing the temporal resolution allows

for finer detail of the spatial position of the sampled objects.

Additionally, using emitted K-alpha x-rays from materials has been proposed

to aid in the identification of material buried at shallow depths. For deeper

buried materials, using photo-nuclear produced neutrons and 511 keV created

via annihilation of a positron has been proposed; as the number of each of these

depends on the density and atomic number of the material.
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Chapter 6

Escaping Electron Dynamics as a

Function of Laser Pulse Duration

and Focal Spot Size

During laser-solid interaction, a population of hot electrons is injected into the

target. The internal temperature of these electrons can be investigated as in

Chapter 4. When the electrons reach the rear of the target a large proportion of

the electrons will reflux [69], however, some electrons will be able to escape the

target. These escaping electrons have been investigated in two different condi-

tions; for a varying focal spot size and pulse duration. Each of these were con-

ducted with similar diagnostics; primarily the wraparound diagnostic discussed in

Chapter 3. The results from the two experiments are split into separate sections.

Initially, an experiment with varying focal spot size is discussed and results are

compared with 2D PIC simulations. Secondly an experiment is conducted where

the pulse duration is varied and the escaping electrons and protons are diagnosed.

130



6. Escaping Electron Dynamics as a Function of Laser Pulse Duration and
Focal Spot Size

6.1 Escaping Electrons as a Function of Laser

Focal Spot Size

The size of the laser focal spot has been shown to have interesting effects on the

interaction dynamics in solid target experiments. This has been investigated in

the past in regards to the production of protons/ions. Using a 40 fs pulse with

500 mJ of laser energy and peak intensity of 2×1019 W/cm2 incident onto 6-50

µm Al targets, Green et al [139] shows an increase in the lower energy proton flux

as a function of increasing focal spot size. The beam of protons also appeared to

become less divergent as the spot size was increased.

For much thinner targets (50 nm), Xu et al [140] demonstrated that under sim-

ilar laser conditions the maximum energy slightly increased when the laser was

defocused, although this is likely due to the contrast of the laser pre-expanding

the target at best focus and de-optimising the acceleration conditions. It was also

shown that the overall proton flux increased by a significant amount; growing by

a factor of 5 when defocused from intensities of 5×1019 W/cm2 to 2×1017 W/cm2.

Using a more intense laser system (a focused intensity of≈6×1020 W/cm2), Coury

et al [141] shows the maximum proton energy decreases as the intensity on target

falls. However, the scale at which this decreases is very different depending on how

the intensity is reduced. The maximum proton energy falls much more rapidly

for decreasing incident laser energy than for increasing focal spot size.

Additional results showing the trend of increasing proton flux as a function of

laser focus was shown by Brenner et al [115] for similar laser conditions. These

results were modelled using the isothermal plasma expansion model introduced

by Mora [93], which is often referred to as the ‘Mora Model’. An adjustment was

made to the model to take into account the effects the laser focus would have on

the rear sheath field. This additional term helps the model fit the experimental

data well [94].
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More recently, an experiment was conducted where the beam was not only defo-

cused but also the use of multiple focal spots with different separation was also

investigated [142]. The number of lower energy protons (< 4 MeV) was increased

significantly when the incident laser was defocused and also the divergence of the

beam was reduced. When using multiple focal spots, an optimum for lower energy

protons creation was found for a separation of 9 µ. Additionally, the ellipticity

of the proton beam increases as the beams are separated.

The primary diagnosis method during all these experiments has been the measure-

ment of the proton spatial and spectral distributions. An experimental campaign

was carried by [143], where a cone target was irradiated with a laser where nu-

merous shots were taken with the focus before and after the inner point of the

cone. The hot electron distribution was inferred using k-alpha imaging of a wire

attached to the outer point of the cone. They showed that the number of k-alpha

x-rays would peak for a focal spot at best focus and also as the defocus was

extended far out to +500 µm and -800 µm, dipping between these values. The

distance that the electron travelled into the wire reduced as a function of distance

away from the focus. The data suggests that the coupling of laser energy into

electrons is relatively constant as a function of focus, but the spectrum is lower

energy for greater distance from focus. PIC simulations carried out by [144] using

the geometry of the experiment described above acheived similar results.

Despite this inferred measurments of the internal electrons from a defocused laser,

no direct simultaneous measurements of the escaping electrons have been made

even though they play an important role in the proton acceleration mechanism.

In this chapter, the escaping electrons have been measured as a function of the

defocus/laser spot size using the wraparound diagnostic. 2D PIC simulations

have also been conducted to infer the internal electron dynamics as the electrons

undergo retardation and refluxing due to the rear surface electric fields.
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Figure 6.1: Top down schematic of the experimental setup conducted to
investigate the escaping electrons. The wraparound diagnostic is place such that

the target resides in the middle so that it provides angular information about
the emitted electrons. The reflected laser light is recorded using a screen that is

imaged using two cameras. Each camera has a filter so that it only observes
fundamental or the second harmonic from the laser interaction.

6.1.1 Experimental Method

An experiment was conducted at the PHELIX laser facility at GSI in Darmstadt,

which is capable of delivering up to 140 J of 1 µm radiation with a pulse length

of ≈700 fs. The laser is focused using an F/1.5 parabola to a 4 µm focal spot,

achieving peak intensities of ≈ 4 × 1020 W/cm2. The measured contrast of the

laser a nanosecond before the main pulse is ≈ 10−7. The S-polarized laser pulse

was focused at 20 degrees onto a 100 µm Cu target. A basic schematic of the

experimental setup is shown in Figure 6.1. Reflectivity of the target was measured

using two 12 bit CCDs; one to detect the first order reflected light (1ω) and

another to detect the second harmonic emission (2ω).

To measure the escaping electron distribution, a curved image plate diagnostic

was deployed [90]. The target was placed directly at the centre of the diagnostic

where it could measure the angular distribution of the escaping electrons as well
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Figure 6.2: Originally scanned image plate from an in-focus shot onto 100 µm
thick Cu. The the four layers of the diagnostic are highlighted with the layer

number.

as infer information about the flux and spectral distribution from the multiple

layers of the image plate.

Due to the proximity of the image plate to the target, the image plate is likely

to saturate. The data recovery techniques discussed in Chapter 3 are used to

retrieve the original exposure. As each layer of IP subtends a slightly different

solid angle, the data was remapped to enable pixel to pixel ratio comparison.

6.1.2 Experimental Results

The raw data taken from a tight focus, full power shot, is shown in Figure 6.2.

The edge of the target is represented by the dip in intensity; therefore, the area

in-between represents the rear 180 degrees of the target. The top of the image

represents the first layer of the diagnostic which has a clear beam-like structure

present. After the angular remapping, a Gaussian filter is applied to the image

to remove the scratches/blemishes that are present on the image plate as shown
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Figure 6.3: The remapped image shown in Figure 6.2 with the target normal
and laser axis marked on and with the corresponding polar plot of the data.

The laser axis is marked on the polar plot with a dotted line. The peak of the
escaping electron distribution is close to the laser axis.

in Figure 6.3 a).

A polar plot of the most intense part of the signal is also shown in Figure 6.3.

The laser axis is marked on the polar plot as a dotted line sitting at 20 degrees

relative to the target surface. The peak of the escaping electron distribution is

close to this line. Polar plots for all the full power shots are shown in Figure 6.4.

The escaping electrons from all these shots appear to either primarily propagate

along the laser axis or target normal, as previously measured by Norreys et al

[86] and Santala et al [87].

Typically, the escaping electrons are measured using magnetic spectrometers.

These normally have millimetre apertures and can be positioned up to a few

metres away from the interaction; these spectrometers therefore only subtend very

small solid angles (< 10−6 steradians). Although all the data shown in Figure 6.4

are similar, differences between shots are apparent; the results from an electron

spectrometer would be highly susceptible to these angular fluctuations. This

highlights the importance of recording the entire escaping electron distribution.
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Figure 6.4: Polar plots of the escaping electrons recorded on the wraparound
diagnostic for a number of different laser foci. The dotted line marked on the

plots represents the incident laser angle and 0 to 180 degrees represent the rear
surface of the target.

The integrated and peak PSL of the distribution for the first layer of the wrap-

around diagnostic are plotted as a function of intensity in Figure 6.5. The mea-
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Figure 6.5: Integrated and peaks counts taken from the wraparound diagnostic
as a function of incident laser intensity. The full energy shots (diamonds) have a

peak in flux when the laser in defocused to 100 µ m.

surement inaccuracy in the counts come from the retrieval of scan 1, as discussed

in Chapter 3. The escaping electron flux increases as the laser is defocused and

peaks at approximately 5.5× 1018 W/cm2, which corresponds to a defocus of 100

µm. The flux then decreases as the laser is defocused further.

Although 1.8 mm of iron was placed in front of the first layer of image plate,

there was one shot in which protons appear on the first layer; this is the shot

displayed in Figure 6.4 c), a 100 µm defocus shot. As a result, the integrated

counts are not included on Figure 6.5 for this shot. The increase in maximum

proton energies at intensities of approximately 5.5 × 1018 W/cm2 is contrary to

the literature for thicker targets discussed at the beginning of this chapter.

The results of the specular reflectivity measurements are shown in Figure 6.6. The
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Figure 6.6: The reflectivity measurements at the 1 and 2ω which have been
normalised to account for the quantum efficiency of the CCD to the different

wavelengths. There is no clear trend in the data which suggests the reflectivity
is not varying vastly over the intensities.

1 and 2ω counts have been normalised to take into account the quantum efficiency

of the CCD used. The reflected light is fairly constant across all the intensities

other than one shot at 5.5× 1018 W/cm2 where the 2ω emission decreases. This

suggests that the absorption is not changing significantly as a function of intensity.

Note that this is not an absolute measure of the absorption from the experiment

as no reliable calibration shot was taken.

Experimental and numerical analysis of absorption performed by Ping et al [145]

shows that there is a strong scaling of absorption with intensity when the inci-

dent energy is varied. However, this scaling of absorption is also affected by the

incident angle and the pre-plasma present on the front surface. Using a 2D PIC

simulation with an incident laser intensity of 3 × 1020 W/cm2, Ping et al mea-

sured an absorption of 68% for no pre-plasma and 88% for a large pre-plasma.

Reducing the intensity to 1 × 1019 W/cm2 the absorption drops to 25% for no

pre-plasma and 85% for a large pre-plasma. This shows that the absorption will

reduce very slowly over an order of magnitude change of intensity in the pres-

ence of a large pre-plasma. More recently, using the PHELIX laser, Gray et al

[146] measured the absorption. The findings from the Gray et al study show
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that absorption changes much more quickly as a function of incident laser energy

and is in agreement with Davies [32] and McKenna et al [147]. Although this

is conducted with higher contrast than the experiment presented in this section,

it might be expected that with longer pre-plasma the absorption would change

more slowly as with the results shown by Ping et al. Gray et al [41] also showed

that there is a scale length which increases the absorption/hot electron generation

that aids the production of protons from the rear surface. As will be discussed

later, the ASE on this laser system will create a level of pre-plasma which has

been previously measured by Wagner et al [148].

6.1.3 Numerical Simulations

The escaping electron temperature can be extracted from the wraparound diag-

nostic as each layer has a well-defined response curve to electrons as shown in

Figure 3.31 of Chapter 3. First, the from of the escaping electron distribution

must be understood. The next section describes PIC simulations to study the

escaping electron dynamics.

6.1.3.1 PIC - Method

To simulate the effect of a defocused laser, 2D EPOCH PIC simulations were

conducted. The simulation box was 200 × 120 µm with 8000×4800 cells giving

a spatial resolution of 25 nm. The target thickness, 25 µm, and pulse length

175 fs, have been scaled by the same factor from that used on the experiment,

this is to reduce the computational time required to conduct the simulations. An

additional 200 nm contaminant layer of protons was added to the rear of the

target which represent the protons that are typically accelerated from the rear

surface of the target through Target Normal Sheath Acceleration (TNSA).

Due to the measured contrast on the experiment a pre-plasma was added to the
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simulations. To accurately represent this pre-plasma, which was not measured

on this experiment, multiple sources of published data were referred to. Findings

published by McKenna and Carroll et al [147, 149] show a long, shallow density

gradient using an interferometer to measure the electron density on the front

surface, up to limit of 1×1019 cm−3. They were able to model and confirm the

experimental results using the hydrodynamic code POLLUX. What can also be

concluded is that there are two scale lengths present, a short scale length and a

long scale length. Similar scale lengths are found by La Fontaine et al [120] from

simulations using the hydrodynamic radiative code CHIVAS.

Wagner et al [148] performed measurements of the pre-plasma on the PHELIX

laser system at a number of different measured pedestal intensities. Using a

transverse probe beam to perform shadowgraphy, the size of the pre-plasma was

characterised as a function of time and intensity.

These sources allow for some estimations of the pre-plasma from the experiment

conducted by the author. The three data points from Wagner et al are between

the intensities of 2.5×1010 and 5×1013 W/cm2. Fitting the shadow size S(µm)

measured at these intensities to a log function yields the equation,

S(µm) = −4 ln (ILP ) + 88 (6.1)

where ILP is the intensity of the laser pedestal in W/cm2. The pre-plasma mod-

elled by McKenna and Carroll et al has a steep density scale length of approxi-

mately 2 µm which does not change vastly as the intensity is varied. The longer

scale length starts at a density of approximately 1020 cm−3; this level does not

vary much with intensity. The shorter scale length, the one closest to the target,

has a scale length of 2 µm. This longer scale length for each incident intensity/-

focus is set such that it satisfies the density measured by Wagner and the shadow

size, S(µm), given by equation 6.1. An example of the estimated scale lengths for

a number of different defocuses are shown in Figure 6.7.
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Figure 6.7: Estimated pre-plasma using the measured shadow from Wagner et
al [148] and the modelling conducted by McKenna and Carroll et al [147, 149].

The peak intensity of the laser was chosen to be 5×1020 W/cm2 with a simple

Gaussian temporal profile. To ensure that the energy incident onto the target

was the same, the laser was focused by modifying the phase front, ϕ, which is

given as,

ϕ = −kLx− kLy
2

2Rc

+ atan

(
x

Rr

)
(6.2)

where the kL = 2π/λ, Rr is the Rayleigh range Rr = πw2
0/λL, RC is the radius

of curvature RC = −x
(
1 + (Rr/x)2

)
and w0 is the diffraction limited width of a

Gaussian beam, which for an ideally focused F/1.5 laser with a wavelength of 1

µm is ≈3.7 µm. The beam could then be moved laterally relative to the target

to change the area of irradiation on the front surface to simulate the defocus.

To ensure the output files from the simulation were computationally processable

the outputs were split into smaller, manageable amounts. Table 6.1 shows the

relevant output information from the simulations. Note that the electrons have

been split into two outputs; Electron 1 samples less of the electrons but will

output down to 250 keV and Electron 2 which samples all the electrons above

5 MeV and output every 10 fs. The latter allows for an approximate spatial
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resolution of 3 µm. Using such high spatial and temporal resolution on this

output allows particle tracking to be an effective tool to diagnose information

about the electrons; this will be discussed later in section 6.1.5.

The simulations were conducted for a number of different conditions. Five simula-

tions were undertaken with the longer pre-plasma discussed previously at different

defocuses; 0-300 µm using Equation 6.1 to define the scale length. Three addi-

tional simulations were conducted at different defocuses with only the shorter 2

µm scale length present.

6.1.3.2 PIC - Results

Firstly, the intensity of the laser incident onto the front surface of the target was

examined for different defocuses with the long scale length case. Figure 6.8 shows

the intensity maps of 4 different foci at 0.625 ps, approximately when the peak of

the laser pulse is incident on the critical surface. Figure 6.8 b) which represents

50 µm defocus shows the laser field penetrating to a higher density than the other

intensity plots.

To represent this more clearly, Figure 6.9 a-e) shows the laser intensity envelope

and the density of the target for all the intensities/defocuses, from the middle 1

µm of the simulation. For the in-focus simulation, the laser appears to focus at

Output Name Output Timestep Output Fraction Energy Limit

Electron 1 50 fs 0.5 250 keV

Electron 2 10 fs 1 5 MeV

Protons 25 fs 1 2 MeV

Electric Fields 25 fs N/A N/A

Magnet Fields 50 fs N/A N/A

Density 50 fs N/A N/A

Table 6.1: The outputs from EPOCH that have been split into different categories
to aid analysis.
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Figure 6.8: Images of the intensity of the laser as it interacts with the target.
a-d) represent infocus, 50, 100 and 200 µm defocus relative to the target surface.

The target surface begins at 0, in front of this surface is the pre-plasma as
described in the previous section and Figure 6.7. For the defocus of 50 µm the
laser forms the smallest spot due to the relativistic self-focusing in the plasma.

25 µm before the solid density of the target and approximately 18 µm from the

critical surface. This is due to the relativistic self-focusing effect. This makes a

channel in the plasma that reduces the electron number density which is shown

on the modified density in Figure 6.9 a).

For the 50 µm defocus, the beam does focus 50 µm before the target; however the

increase in density keeps the beam from diverging. Once the beam reaches the

critical surface it focuses again to a tight spot; this high intensity will increase the

critical density by the gamma factor from equation 2.26 from Chapter 2. Figure

6.10 shows the ratio between the modified density as the pulse is incident onto the

target and the initial density at time zero. The density near the critical surface
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Figure 6.9: Plot of the intensity and density from the simulations conducted for
different foci. The non-relativistic critical density of each of the simulations is
marked by the vertical dotted line. From Figure 6.8 it is clear that the 50 µm
has the highest effective intensity near the critical surface, allowing it to bore
further into the expanding plasma compared to the other foci which are also

shown here.

is modified the most for the 50 µm defocus condition. As a result, the 50 µm

defocused laser beam penetrates further into the critical density region than the

144



6. Escaping Electron Dynamics as a Function of Laser Pulse Duration and
Focal Spot Size

Figure 6.10: The ratio of the modified density to the original density. The
densities are modulated and altered by the incident laser. The 50 µm defocus

has the largest displacement from the original density.

Figure 6.11: Temporal evolution of the forward propagating hot electron
population inside the target a) and outside the target b).

other simulations.

The temporal evolution of the accelerated electrons is shown in Figure 6.11; this
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is split into electrons that are traveling forward through the target and electrons

that have left the target and are traveling forward. As the intensity onto the front

of the target increases, so does the number and energy of the hot electron distri-

bution, as shown in Figure 6.11 a). The internal hot electron spectrum reaches

a maximum in number and energy at approximately 0.75 ps. The thickness of

the target is 25 µm; for relativistic electrons it will take approximately 80 fs to

transverse the target. After the peak of the laser pulse, the electrons have already

reached the rear of the target and started to escape, as shown in Figure 6.11 b).

The external electron spectrum peaks at approximately 0.9 ps.

As discussed in Chapter 3, EPOCH describes the particles in the simulation as

macro-particles where each macro-particle represents a number of real particles.

To plot a spectra of the electrons, the so-called weight of each particle must

be added to each energy bin that represents that electron. The spectra of the

electrons for the 5 foci at the peak times mentioned previously are shown in Figure

6.12. The highest energy internal and external electrons are produced from the

50 µm defocus interaction, as shown in Figure 6.12 a) and b). The active range of

sensitivity for the wraparound diagnostic is mainly below 25 MeV for electrons,

as shown in Chapter 3 (Figure 3.31), to highlight this region, Figure 6.12 c) and

d) only represents energies 0-25 MeV for the internal and external electrons. The

electron distributions from the 0-100 µm defocus all appear to have very similar

spectra in this reduced energy region. This temperature is approximately 10

MeV.

The total energy measured by the wraparound diagnostic can be calculated by

multiplying the spectra shown in Figure 6.12 d) by the response function in

Chapter 3 Figure 3.31. The output is shown in Figure 6.13 where a) shows the

normalised output as a function of layer and b) has the normalised output as a

function of focal position relative to the target. The in-focus, 50 and 100 µm

defocus conditions have similar gradients through the layers. The 50 µm defocus

has the highest output on the first and second layers. This is not as high as the
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Figure 6.12: The electron spectra from all the simulations at a single time; 0.75
ps for the internal and 0.9 ps for the external electrons. a) and b) represent all
the electrons above 5 MeV whereas c) and d) represent half the electrons above
250 keV as dictates by output Electron 1, shown in Table 6.1. Looking at the
escaping electrons on d) shows that between the infocus and 100 µm defocus

there is not a significant difference between the temperatures, which is
approximately 10 MeV.

increase measured in the experiment which was approximately a factor of 2. For

the simulations, only an increase of ∼5% is measured.

Three additional simulations were conducted without the longer pre-plasma and
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Figure 6.13: a) The simulated output of the wraparound diagnostic calculated
using the escaping electron distribution from the EPOCH simulations as a

function of layer normalised to the first layer of each. b) The output of the first
two layers as a function of defocus distance which shows an increase in flux

when the laser is defocused by 50 µm.

just the shorter scale length present. These three simulations were conducted at

three different focuses: infocus, 50 µm and 100 µm defocus. As with the previous

simulations, an intensity map of the laser incident onto the critical surface is

shown in Figure 6.14. What is clear is that the interaction is very different to

the one presented in Figure 6.8 when the longer pre-plasma is present and the

self-focusing effect causes the 50 µm defocus simulation to have the highest peak

intensity. For the short pre-plasma, the highest intensity for these simulations

occurs when the beam is focused on the surface of the target.

The resulting internal and external electron spectra is shown in Figure 6.15 for

these simulations. The hottest electrons are achieved by the infocus laser, both

for the internal and escaping electrons, although the difference between the tem-

peratures predicted in all the simulations is small.

The output from the wraparound diagnostic as a function of layer and focus is

calculated again for the escaping electron spectra as shown in Figure 6.15. The

highest flux occurs for the tight focus simulations.

A flux increase on the wraparound is only observed for a defocus simulation when

there is a large pre-plasma is present, otherwise, when the pre-plasma is shorter,
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Figure 6.14: Intensity of the laser from 3 simulation with different focus
positions incident onto a target without a long pre-plasma. As with Figure 6.8,

the target surface is at 0 µm. There is little self-focusing observed in these
simulations, unlike the previous simulations where self-focusing was very

prominent.

Figure 6.15: The a) internal and b) escaping electron distributions for the
shorter pre-plasma simulation. The escaping electrons all appear to have similar

temperature distributions.

the flux falls as the laser is defocused. The peak for the experimental data occurs

at 100 µm from best focus; this difference is likely to occur due to the estimated

pre-plasma conditions and possibly also due to the reduction of the pulse-duration

of the laser to save on the computational time.
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Figure 6.16: The output of the wraparound diagnostic with the input of the
spectra shown in Figure 6.15 b). a) The normalised output as a function of

layer shows that the temperature remains constant. b) The flux on the first two
layers as a function of defocus, this shows the flux peaks at tight focus.

6.1.4 Temperature Extraction

To extract the temperature from the experimental results recorded on the wraparound

diagnostic, an estimate of the electron spectra must be compared to the results.

There are three distributions described in Chapter 2: Boltzmann, Maxwellian,

and Maxwell-Jüttner. The data from the simulations for the electron distributions

for infocus and for defocus conditions of 200 µm are shown in Figure 6.17 along-

side the three distributions with the relative temperatures listed in the legends.

The simulated electron spectrum has been smoothed using a moving average to

make the comparison clearer.

It is clear that the best fit to the electron spectra is provided by the Boltzmann

distribution as both the Maxwellian and the Maxwell-Jüttner distributions do

not fit to the lower energy region (1-10MeV). Multiple temperature distributions

could be used to fit to the spectra, however, for simplicity and as the layers of the

wraparound diagnostic are sensitive in this region the Boltzmann distribution is

the best option to use for simplicity. Using different temperature distributions

and multiplying by the response function of the diagnostic yields the normalised

outputs shown in Figure 6.18.
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Figure 6.17: The escaping electron distribution from an infocus and 200 µm
defocus shot in a) and b) respectively. Also plotted are 3 different forms of
electron distribution: Boltzmann, Maxwellian, and Maxwell-Jüttner. The

Boltzmann distribution appears to have the best fit to the lower energy electrons
(1-10MeV) which is where the layers of the diagnostic begin to become sensitive.

Figure 6.18: a) The normalised output of the wraparound when the response
function is multiplied by different Boltzmann electron temperature distribution.

b) The normalised output of each layer (relative to layer 1) as a function of
temperature. There is an initial peak below 1 MeV which is caused by the
x-rays produced in the first filtering layer penetrating to the sensitive layer

before the initial electron are able to penetrate to them.

An image plate is sensitive to all ionising radiation, not just electrons. This

is not a problem for ions/protons as they should be stopped by the filtering,

requiring greater than 30 MeV to reach the first layer, but is particularly an issue

when regarding x-rays as they can easily be created with high enough energies to

penetrate to all of the image plate layers. To estimate the amount of energy an
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Figure 6.19: The PSL extracted from the peak of the angular distribution for all
foci.The uncertainities arise from the standard deviation of measurement of the

average.

escaping electron beam has in comparison to the bremsstrahlung x-rays produced

by the copper target, GEANT4 was used.

An electron beam was sent into a 100 µm copper target and the number and

energy of the electrons and x-rays that reach the rear of the target were recorded.

Assuming that the escaping electrons make up 1-10% of the total electron dis-

tribution [106] as the majority will reflux, the estimated x-ray flux incident onto

the wraparound diagnostic can be calculated. This takes into account the addi-

tional bremsstrahlung x-rays which will be produced during the electron-refluxing

process, as discussed by Quinn et al [69].

The x-rays that are emitted from the target have a typical bremsstrahlung shape

spectrum that peaks at 30 keV. Although 30 keV x-rays have similar absorption

in the image plate to multi-MeV electrons, see Figure 3.26 from Chapter 3, the

first filtering layer cuts out most x-rays below 50 keV.
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The experimental data from the wraparound for which temperature is calculated

is the average PSL taken at the peak of the signal. Figure 6.19 shows the average

counts taken at the peak for all the different shots at all the defocuses. As there

was no direct isolated measurement of the x-rays or electrons the percentage of

escaping electrons is difficult to obtain. However, the estimated input spectra and

experimental results can be compared for a number of different escaping electron

percentages (2.5-15%) to see what effect this has on the observable temperature

and also the quality of the fit. A comparison between the expected output of

the diagnostic for different temperatures and for a number of different escaping

electron percentages is done by using the least squares method; the r-squared

values for the infocus data is shown in Figure 6.20. From an escaping percentage

of 5 to 15%, the best fit temperature lies between 2.4 to 2.8 MeV; this is shown

in table 6.2. From this, the temperature is taken as 2.6 ± 0.2 MeV. Changing the

escaping electron fraction would have an obvious effect on the flux, however the

temperature changes slowly over the different percentages which gives confidence

in the method of temperature extraction. This method is repeated for all the

data measured across the different foci.

Escaping Electron Best Fit
Percentage Temperature (MeV)

5 2.4

7.5 2.6

10 2.7

12.5 2.75

15 2.8

Table 6.2: A table of the temperatures extracted from the best fits for electron
escaping fractions from 5-15% for the infocus data.

The temperatures extracted from the experimental data is shown in Figure 6.21

as a function of laser intensity. This shows that over almost three orders of

magnitude in intensity, the escaping electron temperature has not changed by a

significant amount. Also on Figure 6.21 are the Beg, Haines and Wilks scaling

laws, as discussed in Chapter 4, for internal hot electron temperature scaling as
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Figure 6.20: The r-squared values calculated from comparison between the
experimental data and the different estimations for the percentage of escaping

electrons between 2.5 and 10%.

a function of laser intensity. The predicted temperature from these scaling laws,

although different, vary from approximately 200 keV to 2 MeV over the intensity

range studied during the experimental campaign.

The lack of change in the temperature is only partly observed in the simulations

conducted earlier in this chapter. For the long pre-plasma simulations, the output

of the diagnostic for the tight focus to 100 µm defocus (≈ 7 × 1018 < I< 5 ×

1020W/cm2) shows that the temperature does not change by very much. However,

for further defocus (≈ I< 7 × 1018W/cm2), the temperature begin to drop, as

shown by the reduced gradient in Figure 6.13. For the case of a short pre-plasma

the temperature remains very consistent for the 3 defocuses shown in Figure6.15

b) and 6.16 a). What is clear from the experimental and simulation results is
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Figure 6.21: The experimentally measured temperatures from the wraparound
diagnostic. This is extracted by comparing the experimental results to the

expected output of the diagnostic from a Boltzmann electron distribution. The
temperatures stay very flat over the intensity range. Also plotted are 3 scaling
laws (Wilks [24], Beg[33] and Haines[34]). The experimental data shows much

less variation in the temperature than that predicted by the scaling laws.

the importance of measuring the electron density at the front surface prior to the

arrival of the main pulse. The formation of the pre-plasma due to ASE and/or

pre-pulses is complex as both of these effects are intensity dependent and likely

scale differently as a function of focal distance from best focus.

The temperature from both the longer and shorter pre-plasma simulations is

higher than that measured from experimental data. There could be a number of

reason for this. Firstly, as the simulations are only conducted in 2-dimensions,

the electrons may spend longer in the laser field than if they had a third de-

gree of freedom. This could lead to the electrons gaining more energy from the

ponderomotive force than they would in reality.
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Although the temperature is higher, the relative differences between the outputs

is more important. For this we have observed that for certain conditions, a

defocused laser will increase the number of escaping electrons and will yield a

similar output temperature across a number of foci.

With the peak temperature of the escaping electron distribution diagnosed, an

estimate of the total electron energy can be made. To do this we also need the

absorption curves shown in Figure 3.31 of Chapter 3, and the calibrations of the

image plate for incident high energy electrons, as performed by Nakkanii et al

[150] and Bonnet et al [77]. The total energy escaping as electrons is estimated

to be between 10-20% of the total laser across the different foci. Improvements

of this measurement can be made if the wraparound diagnostic is accompanied

with electron spectrometers (ideally multiple) to aid in angularly resolving the

spectra of the escaping electrons.

A number of additional investigations can be conducted from the simulations in

this chapter. The next section aims to infer more information about the rear

surface fields and the escaping electron dynamics.

6.1.5 Escaping Electron Dynamics

Initially the electrostatic potential is zero; it only increases as the electrons begin

to escape/build up on the rear of the target. The temporal evolution of the fields

on the rear of the target is shown in Figure 6.22 for the infocus simulation with

large pre-plasma. The maximum of this field occurs as the peak of electrons begin

to leave the target; this was found to be at ∼ 0.9 ps from Figure 6.22. Figure

6.23 shows a line out of the average electric field value taken across the middle

of the simulation box at the peak time. The 50 µm defocus has the highest peak

electric field of approximately 5×1012 V/m, which is associated with the highest

flux of escaping electrons.
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Figure 6.22: The temporal evolution of the electric fields on the rear surface of
the target. The target rear surface is at 25 µm which is at the top of the graph.

The peak of the field moves away from the target at later times.

As mentioned previously, particle tracking was conducted during the simulation.

This involves assigning each particle a unique integer, or ID, that can be used to

identify it. The outputs of the simulations are sorted by finding all the unique

particle IDs of interest. Information such as the position and momentum can be

then extracted at any time step through the simulation. This is very computa-

tionally expensive and, as such, a random sample of the output macro-particles

has to be taken to reduce the memory requirements. This varies for each fo-

cus/simulation as the macroparticle number dictates the memory limit, not the

real particle number. As a result, the exact particle numbers from the particle

tracking are not directly comparable between simulations.

Using the particle tracking, the energy of the electrons was found at two different
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Figure 6.23: A lineout of the electric field in X (the spatial dimension
perpendicular to the target surface) on the rear surface of the target at the

peak. The dotted line represents the initial position of the target surface. This
shows that 50 µm defocus has the highest field strength.

boundaries. These boundaries were 5 µm inside the target from the rear side to

monitor the internal electrons and 10 µm from the rear-edge of the simulation

box to monitor the escaping electrons. As the simulation was conducted up to

1.5 ps, the escaping electrons measured are those that escape on the first pass

of the target. As output Electron 2, as described in Table 6.1, has the smallest

time-step between outputs, it provides the highest spatial resolution. Assuming

all the electrons are relativistic (v ≈ c) this output yields a spatial resolution

of approximately 3 µm. As the IDs of each particle are known, the escaping

electrons can be tracked back to when they cross the boundary inside the target.

This allows the energy of the escaping electrons to be found prior to their escape.

The pre-escape energy spectrum is shown in Figure 6.24 for the in-focus simula-

tions of the long and short scale length pre-plasmas, a) and b) respectively. The
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Figure 6.24: Particle tracking spectral results from the infocus simulation of the
electrons passing boundaries 5 µm from the rear of the target and 10 µm from

the rear of the simulation box for the long and short pre-plasma cases, a) and b)
respectively. The spectrum of the escaping electrons inside the target shows
that the majority of escaping electrons were previously the highest energy

electrons; this is because they have to overcome the electrostatic fields that
build up on the rear of the target.

Figure 6.25: Fitted temperatures to the internal and escaping electron
distributions for a) tight focus and b) 200 µm defocus simulations. The

escaping electron temperature is colder than the internal electron temperature.
The percentage of cooling is between 20-25% for each simulation, except for the

50 µm defocus simulations which is approximately 5%. These values are
comparable to the 9-31% percentages simulated by Link et al.

energy of escaping electrons shown in Figure 6.24 is much lower than the energy

of the internal electrons, however these electron previously made up the highest

energy electrons inside the target. As was highlighted earlier, there is an electric

field that will restrict the energy of electrons able to escape. To overcome this

electric field, the electrons require significant amounts of energy.
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Figure 6.26: Fitted temperature for the internal forward and refluxed electrons.
The electrons that are refluxed also experience a cooling which is much greater
than the escaping electrons, between 60-80% across all foci. A lot of this cooling

is due the highest energy electrons leaving the target.

As mentioned previously, analytical and numerical analysis conducted by Link

et al [106] found that the escaping electron temperature is slightly lower than

the internal electron temperature. This effect is also present in the simulations

conducted here. Single temperature Boltzmann fits have been applied to the

internal and external electron spectra in Figure 6.25 for the tight focus and 200

µm defocus simulations. The amount of cooling measured is between 20-25% for

each simulation, except for the 50 µm defocus which sees a much smaller cooling,

approximately 5%. This degree of cooling is comparable to that simulated by

Link et al which varied from 9-31% depending on target and laser conditions.

As well as the escaping electrons, the dynamics of the refluxing electrons is of

interest. The internal forward and backwards electrons are shown in Figure 6.26

for the tight focus and 200 µm defocus simulations. The refluxed electrons appear

to have lost a lot of the energy in the process of refluxing. Some of this energy

has left the target in the form of the escaping electrons as these are made up of

the highest energy electrons. However, the majority of the energy will have been

exchanged to the protons and the sheath on the rear surface. The reductions in

energy of the refluxing electrons corresponds to a cooling in the region of 60-80%

across all foci.
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6.2 Escaping Electrons as a Function of Pulse

Duration

The use of pulse length to control aspects of laser solid interactions has been

investigated in the past. A significant area of interest for these previous inves-

tigations was the dynamics and optimisation of proton acceleration. Fuchs et al

[151] was able to show how the proton conversion efficiency and maximum en-

ergy scales with different laser parameters, including pulse length, for intensity

between 2 × 1018 and 6 × 1019 W/cm2 . During the pulse length scan, the in-

tensity was kept constant by varying the laser energy; this resulted in a increase

in the proton conversion efficiency and maximum energy as the pulse duration

increased. A similar study was conducted by Robson et al [114] for a number of

different laser parameters with a laser intensity of up to 6×1020 W/cm2. A pulse

length scan from 1 to 8 ps was conducted with a constant intensity of approx-

imately 6 × 1019 W/cm2 which showed the proton energy decreases initially for

pulse lengths between 1 and 6 ps before increasing again at 8 ps. In both of these

studies the analytical model used for these scaling laws comes from Mora [93], in

which a fluid model of the charge separation on the rear surface is studied and

a model of the ion dynamics is created. This leads to equations describing the

ion spectrum and maximum energy. Robson et al describe alterations that they

make to the model referred to as the two-phase with 3D effects. They describe

this as a more accurate way of incorporating the temporal variation of the hot

electrons that drive the plasma expansion and includes a term to take account

of the fact that the expansion is 3D. This method agrees more closely with their

results although there is still a significant difference. The results shown in Fuchs

et al match much more closely with the Mora model. Finally, Schreiber et al

[152] conducted an experiment with 0.7 J incident onto target which remained

constant whilst the pulse length was changed from 50 fs to 5 ps. An optimum for

the maximum proton energy is found at a pulse length of 250 fs. An analytical
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model was developed in this paper. It is based solely on a radially confined surface

charge set up by the electron reaching the rear surface. This model accurately

agrees with the maximum proton energies observed on their experiment as well

as the optimum at 250 fs. From the experiment results presented no one has

measured the escaping electron distributions as a function of pulse length, which

leads to the questions; how are the angular, temperature distribution or flux of

electrons affected by such changes to the laser conditions?

To further investigate the escaping electrons, a number of shots were taken on

the Vulcan laser in Target Area Petawatt on 100 µm thick Au foil targets where

the pulse length was stretched. The energy and focal spot size were fixed so the

intensity of interaction was reduced.

6.2.1 Experimental Method

The wraparound diagnostic is employed again to measure the escaping electron

distributions. The filtering design used was design B which was 2 pieces of iron

before the first layer of TR-image plate. An RCF stack is used to measure the

profile and energy of the protons emitted at the rear of the target. The stack is

made up of 13 layers of HDV2 and sits 65 mm from the target. The RCF stack is

able to sample protons of energies up to 28.8 MeV as calculated using SRIM. The

full RCF stack filter design is shown in Figure 6.27 with the Bragg peak energies

listed in each RCF layer. The wraparound stack is positioned slightly below the

horizontal axis and the RCF sits slightly above; this allows each diagnostic to

measure half of the beam for their respective particles.

6.2.2 Experimental Results

Plotted in Figure 6.28 are the signals from the first two layers of the image plate

inside the wrap around stack. As discussed in Chapter 3 Section 3.5.3, and similar
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Figure 6.27: Layout of the RCF stack used on the experiment conducted in
TAP. The maximum measurable energy is approximately 28.5 MeV.

to the data presented earlier in Chapter 6, the image plate has been interpolated

to the initial scan due to saturation of the scanner. Gaussian filters have been

applied to remove blemishes, again as shown earlier in Chapter 6.

The polar plots for the shots are plotted next to their corresponding image plate

in Figure 6.28. The incoming laser beam axis is drawn on with a dotted line and

is extended through the target to show the forward beam direction. From the

polar plots it is clear that the escaping electron distribution varies from shot to

shot.

The integrated flux per incident joule of laser energy of both the electrons and

protons is shown in Figure 6.29. The minimum integrated flux is measured at the

longest pulse length/lowest intensity for both the protons and the electrons. The

proton signal peaks for the 6 ps shot, whereas the most electrons are observed at

the shortest 1 ps pulse length. The peak electron signal in PSL per unit incident

laser energy from the wraparound diagnostic is shown in Figure 6.30 which shows

a similar trend to the integrated proton data.

The integrated proton dose as a function of RCF layer threshold energy is shown

in Figure 6.31. The highest flux at the lowest energies appears for the 6 ps

shot. However, the 1 ps shots have higher max energies. The 18 ps shot has

the least dose and lowest maximum energy. A simple Maxwellian exponential is

fitted to the data in Figure 6.31 with the temperatures listed in the legend. The

temperature clearly appears to decrease with increasing pulse length.
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Figure 6.28: The first two layers of the wrap around diagnostic plotted
alongside the corresponding polar plots of PSL for a number of pulse durations.

The extracted temperatures from both the wraparound around diagnostic and

RCF stack are shown in Figure 6.32. The temperature extraction from the

wraparound diagnostic is taken from the peak signal; similar to earlier in this

chapter. As stated before, the proton temperature decreases as a function of

pulse duration, whereas the escaping electron temperature appears to peak at 6

ps.
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Figure 6.29: The integrated dose of the both the protons from the RCF stack
and the PSL due to the electrons from the wraparound diagnostic per unit
incident laser energy as a function of intensity. For the electrons, the trend

shows the signal is decreasing with longer pulses, whereas for the proton data
the signal increases at 6 ps and falls at 18 ps.

Figure 6.30: The peak electron signal recorded on the wraparound diagnostic as
a function of intensity for different pulse durations. The trend is similar to the

that of the integrated protons, the electron signal peaks at shorter (1-6 ps)
pulse durations and then there is a minimum at the longest.
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Figure 6.31: The integrated dose from the RCF layers plotted as a function of
the RCF layer energy threshold. A simple Boltzmann distribution has been

fitted to each data set. The highest temperature occurs for the shortest pulse
duration, however the highest flux, particularly for the energies up to 15 MeV,

occurs at 6 ps.

6.2.3 Modelling

Both the escaping electrons and protons can be separately analytically modelled.

The maximum proton energy as a function pulse duration can be modelled using

methods from previous studies which will be discussed first.

6.2.3.1 TNSA Modelling

A model to analytically describe the proton acceleration developed by Scheiber

et al [152] can be used to calculate the maximum proton energy. This equation
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Figure 6.32: The temperature extracted from the wraparound diagnostic and
RCF stack for the electrons and proton respectively. The temperature of the

protons is falling as a function of pulse duration whereas the electron
temperature peaks at 6ps.

given by Scheiber is,
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(6.3)

where τ0 = B/v (∞), τL is the pulse duration and x = (Em/Ei,∞)12; where B

is the size of the sheath on the rear, v(∞) is the velocity of the fast ions, Em

is the maximum proton energy and E(i,∞) is the energy of a given ion species if

accelerated for an infinite amount of time. E(i,∞) is given as,

Ei,∞ = qi2mc
2

(
fabsPL
PR

)1/2

(6.4)

where PL is the power of the laser, qi is the charge of the ion, PR = mc3/re = 8.7

GW and fabs is the conversion of laser light into hot electrons. There are two main
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advantages for the model presented by Schreiber. Firstly, it does not explicitly

depend on the internal electron temperature. As there are a number of different

scaling laws for the hot electron temperature, each can be argued in the case where

the internal temperature is not measured experimentally, such as this experiment.

As a result this eliminates one parameter of uncertainity. Secondly, as the pulse

length increases the maximum proton energy, Emax, tends towards E(i,∞) which is

a quickly falling function that depends on the power of the laser. This results in

falling maximum proton energies as the intensity is decreased with a rising pulse

length. Finally, as stated previously, short laser pulses have a reduced acceleration

time which will yield an optimum pulse duration to achieve the highest achievable

proton energy for a particular incident energy and focal spot.

The Mora model [93] for the maximum proton energy, based on a self-similar 1D

expansion model, is given by,

Emax = 2Thot

[
ln
(
tp +

(
t2p + 1

)1/2)]2
(6.5)

where tp = ωpiτacc/(2exp(1))1/2 is the normalised acceleration time and ωpi is the

ion plasma frequency. The important factor here is τacc, which Fuchs et al fixed

at 1.3 times the laser pulse length. Brenner et al [94] argues that this quantity

should depend on 3 parameters: the laser pulse duration (τL), the expansion

time (τexpansion) and the average time for electrons to transversely escape the

acceleration volume. They combine in the following form,

τacc ≈

√
τ 2L + τ 2expansion +

(
DL

2ue

)2

(6.6)

where DL is the size of the focal spot, ue is the average velocity of the electrons.

The expansion time is given as τexpansion ∼ 6ω−1pi from Buffechoux et al [153].

The energy of the laser onto target depends on the throughput of the compressor

and the energy contained in the focal spot. The throughput of the compressor

was measured by comparing calorimetry data from before and after; this yields a
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throughput of approximately 62%. The FWHM of the focal spot contains 30±5%

of the beam energy (this is only true for tight focus).

The size of the rear surface sheath depends on the focal spot size, which was

measured to have a diameter of 7 µm. It also depends on the angular divergence

of the beam of accelerated electrons. Green et al [154] collates a number of

angular divergences from various experiments at different intensities. This data

can be fitted using a logarithmic function. The uncertainty in the data is taken

into account by using a fit of the upper and lower bounds of the error-bars. These

equations are,

θupper = 6.3 ln (I18) + 7.5, (6.7)

θlower = 5.2 ln (I18)− 0.3 (6.8)

where I18 is the intensity of the laser as a factor of 1018 W/cm2. This data

ranges from 2× 1019 W/cm2 to 1.2× 1021 W/cm2 which covers the full range of

the experimental data here. The absorption is also a variable that is not fixed.

Schreiber and Fuchs use a scaling of absorption as a function of intensity proposed

by Yu et al [110] and Key et al [5] and an upper limit of 0.5 observed by Hatchett

et al [104]. Since then many studies of absorption have taken place. Davies [32]

collates many of these studies which therefore encompasses many different laser

parameters; see equation 2.52.

Although the temperature of the hot electrons is not required for the Schreiber

model it is for the Mora model. Two models were used, the ponderomotive/Wilks

[24] and the Beg scaling [33], as discussed in Chapter 4.

Using the estimates for the energy, absorption, temperature of the hot electrons

and the electron divergence angle, with the upper and lower bounds of our errors,

the maximum proton energies can be estimated. The models of maximum proton

energies as a function of pulse length are plotted in Figure 6.33 represented by

the shaded region. The errors in the models arise from the uncertainty in the
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Figure 6.33: The maximum proton energy models plotted as a function of pulse
length with the experimental data. The model described in Schreiber et al [152]
and Mora [93] plus Brenner [94, 155] for maximum proton energy as a function

of pulse length for two different temperature models. The shaded regions
represent the errors in the models that arise from the error in the energy in the

focal spot and the electron divergence angle from Green et al [154]. The
experimental data for the maximum proton energy from the RCF stack is also

plotted.

divergence angle and the energy contained in the laser spot. The experimental

data for the maximum proton energy is also plotted in Figure 6.33. The error

quoted in the pulse length is calculated from the standard deviation of the mea-

sured pulses throughout the experimental campaign; for 1 ps this is over 50 shots,

for the other shots this is 5 shots each. The errors determined in the maximum

proton energy come from the resolution of the RCF stack. It is clear that the

data at 1 ps and 18 ps fit the Schreiber (blue) and the Mora and Brenner using

ponderomotive scaling (red) regions well. The Mora and Brenner model using

the Beg scaling (green), underestimates the proton energies significantly across all

pulse lengths. The data at 6 ps appears to fit much more closely to the Mora and
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Brenner model using the ponderomotive/Wilks scaling (red) than the Schreiber

model.

6.2.3.2 Modelling of the Escaping Electrons

Unlike the previous modelling of the escaping electrons conducted with the PIC

code EPOCH, the long pulse lengths used in this experiment make it very difficult

to model numerically. To model the electrons analytically, a simple 1D capacitor

model [106] can be created to investigate the relative number of total escaping

electrons as a function of pulse duration.

To begin, the model needs to have a temporally evolving electron distribution that

is related to the intensity of the laser pulse incident onto the target. Assuming

a Gaussian temporal intensity for the laser pulse, a matching temperature can

be found. The intensity of the laser is calculated using the incident laser energy,

focal spot size and the pulse duration. The temperature of the distribution and

incident laser energy also relate to the total number of electrons, which is also

calculated assuming a constant absorption. Figure 6.34 a) shows the temporal

variation in the intensity and temperature of the laser and electrons respectively,

and Figure 6.34 b) shows the temporal evolution of the electron spectrum for a

pulse duration of 1 ps FWHM. The electrons appear to heat up before the laser,

however, the laser at this point is already at 1 × 1018 W/cm2 which is intense

enough to create temperatures up to hundreds of keV.

The potential on the rear of the target is set as V = qesc e−/C; as the initial

number of escaping electrons, qesc e− , is zero, the initial voltage on the rear surface

is also zero. Each energy at each time-step is tested to see whether the electrons

are sufficiently energetic to overcome the electrostatic barrier. This is calculated

as Efinal = Einitial− eV ; if Efinal is greater than zero the electron escapes with a

new energy, if Efinal is less than zero the electron does not escape and the next

energy/time-step is tested.
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Figure 6.34: Temporal plot of a the laser created in the capacitor model. a)
shows the intensity and temperature temporal profiles for a 1 ps laser using the
same energy incident onto target and the same focal spot size as present in the
experiment. The number of electrons as a function of time and energy is shown

in b).

Figure 6.35: The output electron energies from the capacitor model for a 1ps
pulse. The temporal evolution of the electron energies, as shown in a), shows

that the electrons escaping at later times are reduced in energy. This causes the
temperature of the electrons to cool, as shown in b).

As described in Link et al [106], there are two limits for the capacitance C. If

the capacitance is large, the voltage on the rear will grow very slowly which

enables almost all the electrons to escape. From the simulation conducted earlier

in this chapter, the fields grow quickly and to large values. This suggests that the
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Figure 6.36: The modelled total escaping electron numbers compared to the
integrated PSL per unit incident laser energy from the experiment as a function

of pulse duration.

capacitance is very small; in our case the capcitance is set to 10−18 which is similar

to that suggested by [156] using a disc/sphere with a radius of approximately 1

µm. In this case, as the voltage increases, the final energy of an electron that

does escape will be reduced significantly. This will lead to the temperature cooling

observed in Figure 6.25. The model has temporal resolution of 2.5 fs and energy

resolution of 10 keV.

The model was ran for a number of pulse lengths to calculate the escaping electron

number and compare it to the experimental data; the results of these simulations

are shown in Figure 6.36. These show that for the same laser conditions, the total

number of escaping electrons is expected to fall as a function of pulse length.

Surprisingly, this simple 1D capacitor model matches the experimental results

closely. In the model, as the pulse length increases, the temperature decreases

which means that a greater number of electrons are accelerated. Less electrons

are able to escape because of the reduction of the temperature/energy. This

means the escaping electron percentage, shown in Figure 6.37, also decreases as

a function of pulse length.
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Figure 6.37: The fraction of escaping electrons from the capacitor model as a
function of pulse duration. This shows that the fraction of escaping electrons is

decreasing with increasing pulse length.

6.3 Conclusions and Future Work

Measurements of the escaping electrons were made using the wrap-around diag-

nostic for varying laser focal conditions. The results showed a significant increase

in flux as the laser is defocused and the incident laser intensity was reduced from

4 × 1020 to 5.5 × 1018 W/cm2 as shown in Figure 6.5. The escaping electron

temperature was found to remain mostly constant as a function of intensity as

shown in Figure 6.21.

2D PIC simulations were conducted to investigate the escaping electron dynamics

and to understand the experimental results. Two sets of simulations were con-

ducted; one set with a short pre-plasma and another with a longer pre-plasma.

For the shorter pre-plasma, there is no increase in flux across the different foci

and the temperatures from all the simulations (0-100 µm foci) remains very con-

stant. However, for the longer pre-plasma simulations, the high electron number
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density present prior in front of the target caused the laser to self-focused; the 50

µm defocus simulation focused to the highest intensity incident onto the critical

surface. This generates the hottest internal and external electrons as shown in

Figure 6.12. The temperature for the 0-100 µm foci remain constant and there is

a flux increase for the 50 µm defocus. Although these simulations thoroughly in-

vestigate the effect of defocus on a solid target, more extensive simulations could

be conducted in 3D if sufficient computational resources became available.

The scale length of the previously mentioned simulations were not measured

during the experimental campaign but rather estimated using studies conducted

at similar intensities and on the same laser system. The scale length is shown

to play a large role in the accelerated electrons and subsequently in the escaping

electron flux and spectral distribution. The effect of the pre-plasma has been

shown before on the accelerated protons [41, 147], with further investigation, the

accelerated electrons could be optimised using the focal spot and pre-plasma for

proton acceleration or fast-ignition schemes. As the growth of the pre-plasma is

complex and depends on numerous parameters, a study needs to be conducted

into its formation as a function of laser focus for a constant intensity, as per the

experimental condition in this study.

Improvements to the temperature extraction process of the experimental data

could be achieved by measuring the x-rays alongside the escaping electrons as the

x-rays produced from the target cause a unwanted and unpreventable background

signal to the layers of image plate. The extent of this was investigated using

GEANT4 simulations. However, a more accurate method would be to use x-

ray spectrometers positioned at many different angles around the target, such

as the scintillator spectrometer demonstrated in Chapter 4, to measure angular

temperature of the internal electrons. This would help with the deconvolution of

the data measured using the wraparound diagnostic and also provide information

about the difference between the internal and external electron distributions.

PIC simulations were also used to investigate the escaping electrons and their
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dynamics using particle tracking. The majority of escaping electrons appear to

be made up of the highest energy internal electrons; this is inferred by identifying

the electrons that escape and tracking them back to inside the target. These

results are shown in Figure 6.24.

The cooling of the escaping and refluxing electrons are also calculated and shown

in Figures 6.25 and 6.26 respectively. The cooling of the escaping electrons is

comparable to that determined by Link et al also using PIC simulation. A large

cooling is observed in the refluxing electrons, between 60-80% across all focuses.

This is likely due to the fact the escaping electrons are made up of the highest

energy particles and also because of the energy exchange to the protons that are

accelerated on the rear surface. Experimentally, the cooling of the refluxing elec-

trons could be measured by comparing the output of x-ray diagnostics monitoring

the forward and backward propagating directions relative to the incident laser.

Measuring this whilst monitoring the rear surface and accelerated proton simul-

taneously would provide insight into the mechanisms that cause the electrons to

lose energy when they reflux.

A second experimental campaign was conducted measuring the protons using an

RCF stack in conjunction with the wraparound diagnostic as a function of laser

pulse durations. The data of the electrons and protons show similar trends. As

the pulse duration is increased, the peak electron and integrated proton signal

increases. At even longer pulse durations the flux of both electrons and protons

decreases. This simultaneous measurement and correlation between the electrons

and protons is helpful when diagnosing the processes that occur at the rear sur-

face. As mentioned previously, conducting a similar measurement with additional

x-ray diagnostics would allow for more information to be inferred about the in-

ternal electron distribution.

Modelling of the proton maximum energy is done using the Mora model [93],

which is modified using the parameters suggested by Brenner et al [94], and the

model examined by Schreiber et al [152]. The experimental data best fits the
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Mora and Brenner model using the Wilks scaling for the electron temperature.

The escaping electron flux is modelled using a simple capacitor model, as de-

scribed by Link et al [106]. The experimental measurement of the escaping elec-

tron flux, which decreases as a function of pulse duration, fits well with the

simplistic analytical model. More complexity could be added to the model, such

as adding a radial component to take into account the sheath expansion laterally

on the rear surface or a time decay of the effective capacitance.

Further investigations into the escaping electrons and the effects they have on

many other aspects that are present from laser-solid interactions would be ben-

eficial. One such area would be in the investigation of electro-magnetic pulse

(EMP) that is generated during the shot. It is believed that this EMP pulse is

partly created due to the electrons as they leave the target; this has been inves-

tigated by Poyé and Dubois et al [51]. Another area that links with the escaping

electrons is terahertz generation on the rear surface [157, 158].
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Chapter 7

Summary & Conclusions

The work reported in this thesis demonstrates some of the fundamental electron

dynamics from laser-solid interactions and the applicability of exciting novel ap-

plications. This final chapter will briefly summarise the results and conclusions

and discuss future work that could build upon the findings.

7.1 Diagnosing the Internal Electron Tempera-

ture using Bremsstrahlung X-rays

Many measurements of the escaping electron distribution from laser-solid inter-

actions have been conducted before, as shown in Figure 4.13. Most of these

measurements have been conducted using electron spectrometers, which can suf-

fer as the electrons measured have been strongly influenced by the fields present

on the rear surface. Fewer measurements have been conducted using x-ray spec-

trometers, which benefit as x-rays do not experience the potential retardation

as they leave the target. Also, the majority of these are conducted with pas-

sive detectors, such as an image plate. With the technology for higher repetition

rate high-power laser systems becoming available, the use of a scintillator based
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spectrometer is ideal.

The temperature of the spectra was measured between the intensities of 8 and

12×1018 W/cm2 using the scintillator spectrometer. This temperature scales from

400 keV to 750 keV. This matches closely to the Beg and Haines scaling law.

For the application of x-ray radiography, characterisation of the spectra and also

the flux of the x-rays is important. The scaling of the x-ray flux as a function

of incident laser energy was measured and shown to scale as laser energy to the

power of (1.8± 0.1) for the first layer of the scintillator diagnostic (50-200 keV).

X-ray radiography was performed on a host of samples/objects, shown in Figures

4.16 4.17 4.15 and reported in Jones et al [112] and Brenner et al [13]. The results

of the radiography show that the x-rays are highly penetrative and bright which

are suitable for imaging purposes.

7.2 Penetrative Imaging using Backscattered X-

rays Produced by Wakefield Accelerated Elec-

trons

Backscattered x-ray scanning is already used as a security imaging technique

which is used on large containers and vehicles [122]. A novel application of using

a laser-wakefield interaction to accelerate a bunch of highly energetic electrons to

create backscatter x-rays inside a material has been investigated. This technique

has the advantage that it is able to penetrate to much greater depths than tradi-

tional backscatter methods. The main reason for this is that the x-rays are being

created inside the material rather than on the surface. The bunch of electrons

is also very short which also enables the temporal evolution of the backscattered

x-rays to be measured. This allows for an x-ray ‘radar’ image to be reconstructed,

as reported in Deas et al [131]. Both techniques were comprehensively modelled
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using the Monte Carlo code GEANT4 prior to experiment.

Temporal measurements of the penetrative technique were performed at the

Astra-Gemini Laser system using an electron beam with energy of highest bright-

ness at (140±10) MeV with a FWHM of 120 MeV. The resulting temporal mea-

surement is shown in Figure 5.15. A collection of temporal measurements taken

across a series of objects results in a 2D image as shown in Figure 5.16 which

demonstrates the capabilities of the technique.

Further Monte Carlo work was conducted to investigate the future developments

of these methods. The emitted K-alpha x-rays from materials can aid in the

identification of material buried at shallow depths as shown in 5.17. Detecting

the neutrons and 511 keV x-rays also allows for deeper penetrative detection

and possible identification of materials as the number of the neutrons and x-rays

created scales as a function of density and atomic number.

7.3 Escaping Electron Dynamics as a Function

of Laser Pulse Duration and Focal Spot Size

The angular emission, flux and temperature of the escaping electron distribution

has been measured using the wraparound diagnostic described in Chapter 3. The

focus of the laser was varied such that the intensity ranged from approximately

4 × 1017 W/cm2 to 4 × 1020 W/cm2. Experimentally, the flux of the electrons

increases when the laser is defocused to 100 µm giving an incident intensity of

∼ 1019 W/cm2; as the defocus is increased further the flux decreases considerably.

The temperature of the escaping electrons was extracted by assuming a Boltz-

mann distribution. The temperature of the escaping electrons remains relatively

constant as a function of intensity/focus. The estimated escaping electron energy

is 10-20% [91] of the incident laser energy. Improvements to both these measure-
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ments can be achieved if the wraparound diagnostic is deployed simultaneously

with a magnetic electron spectrometer.

In order to numerically investigate this, PIC simulations were conducted that

showed that a flux increase at a particular focus and relatively constant temper-

ature across a range of focuses can occur for particular pre-plasma conditions.

The pre-plasma for the PIC simulations were estimated from a number of sources

[147, 148, 149] as it was not measured on the experiment. The extent of the ef-

fects that the pre-plasma has on the incident laser was shown in these simulations.

Previously, experiments have been conducted that have purposely introduced a

pre-plasma to investigate the consequences. Gray et al [41] observed an optimum

pre-plasma for laser coupling into electrons and sequentially the accelerated ions

from the rear surface. This is similar to the experimental campaign discussed

here.

Additional numerical analysis of the escaping electrons was conducted to deter-

mine some of the important aspects of their production. Using particle tracking,

the hot electrons that escape were shown to be the electrons that possess the

highest energy inside the target. Upon exiting the target, the escaping electrons

lose a vast amount of energy due to the electrostatic fields. The external electron

temperature has also been shown to be up to 25% cooler than the internal elec-

tron temperature. This is comparable to the cooling percentage found by Link

et al [106] using analytical and numerical modelling. Interestingly, the refluxing

electrons have also been shown to cool by up to 80%; this has yet to be measured

experimentally.

Measurements of the escaping electrons, and also the accelerated protons, were

also conducted on the TAP laser for varying pulse length. The maximum proton

energy decreases as a function of pulse duration. Modelling using the Mora model

[93] with additional considerations for the size of the expansion on the rear surface

developed by Brenner et al [94] and the hot electron scaling from Wilks et al [24]

provides the best fit to the experimental data.
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A simple 1D capacitor model was created to analytically model the total number

of escaping electrons as simulating long pulse durations (>10 ps) is infeasible

It is shown that the total number of escaping electron reduces as a function

of pulse duration. This closely matches the integrated electron signal from the

wraparound as a function of pulse duration measured experimentally.

7.4 Further Work

The work conducted in Chapters 4 and 6 provide insight into the physics occurring

inside the target. Combining the x-ray measurements of the internal electron

temperature and the escaping electron angular and temperature distributions

would provide many important insights into the physics of the hot electrons.

One area of interest would be the prediction that the electrons, as they escape the

target, experience a time evolving electric field which reduces the temperature

of those that are able to escape. Both of the electron populations could be

measured using the diagnostics mentioned above. A method to probe the rear

surface fields was demonstrated by Borghesi et al [159] and Romagnani et al

[160], using protons accelerated from a separate laser interaction. This would

give insights into the evolution of this field and how it effects escaping electrons.

The two applications of x-rays from laser-plasma interactions shown in this thesis,

radiography in Chapter 4 and the temporal penetrative backscattered technique

in Chapter 5, have lots of potential. The limitations of the x-ray radar in terms

of depth and material identification, as discussed in Chapter 5 section 5.3, has

yet to be investigated. Regarding radiography, the spectrum and flux has been

measured as a function of incident laser energy, but as is clear from Chapter

6, the pulse duration and focal spot size can enhance the electron flux. Also,

investigating the function as well as optimising the pre-plasma, as conducted

by [101], and also defocusing may further enhance hot electron flux. Further

investigation into the x-ray characteristics with these laser and target parameters
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could yield brighter and more energetic x-rays that would be ideal for probing

even denser materials.

The ability to measure the full angular escaping electron distribution could also

provide useful insight to the transport of the electrons through the target. An

electron beam with high current passing through a material can cause a ‘pinching’

effect due to its own magnetic field and the resistivity of the material, as shown

by equation ??. Studies of the effect of the change of resistivity due to heating

of the target on the electron transport and the resulting ion beams has been

investigated in the past [118, 119, 161]; more recently, the effect of a forced

resistivity change has been investigated. This works by introducing a material of

much higher conductivity into a material with high resistivity, such as a copper

wire through plastic [162, 163]. The electrons injected into the copper will be

guided through the wire if the radius of the wire, divergence and temperature

of the the electron are properly matched. The measurement of the escaping

electrons using the wraparound diagnostic on an experiment to investigate these

effects would provide evidence of guiding. Secondly, as the electrons are guided

through the higher density material, they will produce x-rays. These x-rays

have the potential to have a much smaller source size than those produced from

simple planar targets as used in Chapter 4. The proposed size of these wires is

approximately 5 µm. Current measurements of the resolution from simple solid

targets [10, 11] indicate a source size of ≈ 100 µm. Therefore, the wires have the

potential of improving the resolution of the x-rays considerably.
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Appendix A

Appendix

A.1 Gaussian Filter

A Gaussian filter is used to remove any blemishes or scratches that are present

that can occur during the scanning process or handling the image plate. This is

an important step that ensures that when making comparisons between the layers

that the blemishes do not significantly change the desired result. The removal of

these blemishes is achieved by taking a fast Fourier transform of the image then

multiplying it by a 2D Gaussian profile, removing any of the higher frequency

features on the image. A ratio of the image before and after the filter to ensure

that no significant alternations to the original underlying signal were made. An

example of this filter is shown in Figure A.1.
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A. Appendix

Figure A.1: Example of the Gaussian filter applied to each layer of IP to
removed blemishes and scratches. A fast Fourier transform of the original image
has been taken and been multiplied by a 2D Gaussian profile. As the low and

high frequency components of the images are in the centre and edge of the
image respectively, multiplying by the Gaussian filter will remove the high

frequency. The new image shows the effectiveness of this method, with the line
out ensuring that no major alterations to the image have occurred.
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X. X. Lin, C. Li, Y. T. Li, M. Roth, D. Neely, and P. McKenna. Surface

transport of energetic electrons in intense picosecond laser-foil interactions.

Applied Physics Letters, 99(17):171502, 2011.

[91] D. R. Rusby, L. A. Wilson, R. J. Gray, R. J. Dance, N. M. H. Butler,

D. A. MacLellan, G. G. Scott, V. Bagnoud, B. Zielbauer, P. McKenna, and

D. Neely. Measurement of the angle, temperature and flux of fast electrons

emitted from intense lasersolid interactions. Journal of Plasma Physics,

81(05):475810505, 2015.

[92] D. Neely, P. Foster, A. Robinson, F. Lindau, O. Lundh, A. Persson, C.-

G. Wahlstrom, and P. McKenna. Enhanced proton beams from ultra-

thin targets driven by high contrast laser pulses. Applied Physics Letters,

89(2):021502, 2006.

[93] Patrick Mora. Plasma expansion into a vacuum. Physical Review Letters,

90(18):185002, 2003.

[94] C M Brenner, P McKenna, and D Neely. Modelling the effect of laser focal

spot size on sheath- accelerated protons in intense laserfoil interactions.

Plasma Physics and Controlled Fusion, 56(8):084003, 2014.

[95] C. D. Chen, J. A. King, M. H. Key, K. U. Akli, F. N. Beg, H. Chen,

R. R. Freeman, A. Link, A. J. MacKinnon, A. G. MacPhee, P. K. Patel,

M. Porkolab, R. B. Stephens, and L. D. Van Woerkom. A Bremsstrahlung

199



References

spectrometer using k-edge and differential filters with image plate dosime-

ters. Review of Scientific Instruments, 79(10):2006–2009, 2008.

[96] C Zulick, B Hou, F Dollar, A Maksimchuk, J Nees, A G R Thomas, Z Zhao,

and K Krushelnick. High resolution bremsstrahlung and fast electron char-

acterization in ultrafast intense lasersolid interactions. New Journal of

Physics, 15(12):123038, 2013.

[97] G. Malka and J. Miquel. Experimental Confirmation of Ponderomotive-

Force Electrons Produced by an Ultrarelativistic Laser Pulse on a Solid

Target. Physical Review Letters, 77(1):75–78, 1996.

[98] Tsuyoshi Tanimoto, H. Habara, R. Kodama, M. Nakatsutsumi, Kazuo A.

Tanaka, K. L. Lancaster, J. S. Green, R. H H Scott, M. Sherlock, Peter A.

Norreys, R. G. Evans, M. G. Haines, S. Kar, M. Zepf, J. King, T. Ma,

M. S. Wei, T. Yabuuchi, F. N. Beg, M. H. Key, P. Nilson, R. B. Stephens,

H. Azechi, K. Nagai, T. Norimatsu, K. Takeda, J. Valente, and J. R. Davies.

Measurements of fast electron scaling generated by petawatt laser systems.

Physics of Plasmas, 16(6), 2009.

[99] Hui Chen, S. C. Wilks, W. L. Kruer, P. K. Patel, and R. Shepherd. Hot elec-

tron energy distributions from ultraintense laser solid interactions. Physics

of Plasmas, 16(2):8–12, 2009.

[100] A. G. MacPhee, K. U. Akli, F. N. Beg, C. D. Chen, H. Chen, R. Clarke,

D. S. Hey, R. R. Freeman, A. J. Kemp, M. H. Key, J. A. King, S. Le Pape,

A. Link, T. Y. Ma, H. Nakamura, D. T. Offermann, V. M. Ovchinnikov,

P. K. Patel, T. W. Phillips, R. B. Stephens, R. Town, Y. Y. Tsui, M. S. Wei,

L. D. Van Woerkom, and A. J. MacKinnon. Diagnostics for fast ignition

science. Review of Scientific Instruments, 79(10), 2008.

[101] C. Courtois, A. Compant La Fontaine, O. Landoas, G. Lidove, V. Meot,

P. Morel, R. Nuter, E. Lefebvre, A. Boscheron, J. Grenier, M. M. Ale-

onard, M. Gerbaux, F. Gobet, F. Hannachi, G. Malka, J. N. Scheurer, and

200



References

M. Tarisien. Effect of plasma density scale length on the properties of

bremsstrahlung x-ray sources created by picosecond laser pulses. Physics

of Plasmas, 16(1):013105, 2009.

[102] C. Courtois, R. Edwards, A. Compant La Fontaine, C. Aedy, M. Bar-

botin, S. Bazzoli, L. Biddle, D. Brebion, J. L. Bourgade, D. Drew, M. Fox,

M. Gardner, J. Gazave, J. M. Lagrange, O. Landoas, L. Le Dain, E. Lefeb-

vre, D. Mastrosimone, N. Pichoff, G. Pien, M. Ramsay, A. Simons, N. Sir-

combe, C. Stoeckl, and K. Thorp. High-resolution multi-MeV x-ray ra-

diography using relativistic laser-solid interaction. Physics of Plasmas,

18(2):023101, 2011.

[103] R. D. Edwards, M. A. Sinclair, T. J. Goldsack, K. Krushelnick, F. N. Beg,

E. L. Clark, A. E. Dangor, Z. Najmudin, M. Tatarakis, B. Walton, M. Zepf,

K. W. D. Ledingham, I. Spencer, P. A. Norreys, R. J. Clarke, R. Kodama,

Y. Toyama, and M. Tampo. Characterization of a gamma-ray source based

on a laser-plasma accelerator with applications to radiography. Applied

Physics Letters, 80(12):2129, 2002.

[104] Stephen P. Hatchett, Curtis G. Brown, Thomas E. Cowan, Eugene A.

Henry, Joy S. Johnson, Michael H. Key, Jeffrey A. Koch, A. Bruce Langdon,

Barbara F. Lasinski, Richard W. Lee, Andrew J. Mackinnon, Deanna M.

Pennington, Michael D. Perry, Thomas W. Phillips, Markus Roth, T. Craig

Sangster, Mike S. Singh, Richard A. Snavely, Mark A. Stoyer, Scott C.

Wilks, and Kazuhito Yasuike. Electron, photon, and ion beams from the

relativistic interaction of Petawatt laser pulses with solid targets. Physics

of Plasmas, 7(5):2076, 2000.

[105] Cliff D Chen. Spectrum and Conversion Efficiency Measurements of

Suprathermal Electrons from Relativistic Laser Plasma Interactions. PhD

thesis, 2009.

[106] A. Link, R. R. Freeman, D. W. Schumacher, and L. D. Van Woerkom. Ef-

201



References

fects of target charging and ion emission on the energy spectrum of emitted

electrons. Physics of Plasmas, 18(5), 2011.
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