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Abstract

This thesis reports on experimental investigations using high-intensity (> 1018

W/cm2) lasers pulses to ionise and accelerate electrons from thick solid targets

in order to generate a bright bremsstrahlung source. Throughout the work

the focus has been, firstly, to better understand the process behind the gener-

ation of x-rays within solid target interactions and, secondly, to apply this un-

derstanding to radiography of industrial samples. Across three experimental

investigations aspects of the x-ray source are addressed; in the first the spa-

tial evolution of the x-ray source is investigated; in the second a mechanism

to increase converse from laser into electrons is considered; and in the third a

simple method to increase the conversion from electrons to x-rays is explored.

As part of the research presented within this thesis, a novel diagnostic was

developed to overcome limitations in current diagnostics that measure the spa-

tial characteristics of the emitted x-ray source. This diagnostic was a curved

foil, designed to ensure that over a large field of view the x-ray experienced a

uniform transmission length – reducing the inherent uncertainty in knife edge

techniques. The foil was calibrated to ensure accurate measurements at x-ray

energies > 100 keV and applied throughout the research herein to characterise

the emitted profile.

The first experimental chapter explores the spatial characteristics of the x-

ray profile. Using the curved foil, a two source structure was measured con-

sistently in solid target interactions that emerges due to the recirculation of

electrons. A narrow central source, and a broad secondary source. By defocus-
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ing the laser (and reducing the intensity on target) the x-ray flux produced by

the small central source dominates over the secondary source and produces a

sharper radiograph. The flux of this second source was investigated through

an analytical model that treated the sheath as a threshold to drive recircula-

tion of electrons through the target. This model found good agreement with

the measured results, and can be applied to predict the optimum defocus for

different target materials and thicknesses.

The second chapter utilises a capillary target to trap the laser light and in-

crease the conversion into electrons, the initial concept was to invoke numer-

ous low intensity interactions as the laser propagated through the capillary.

This would, in theory, produce a high flux – low temperature electron popula-

tion that in turn would produce a high flux of x-rays. However, it was found

that the flux increased but the temperature remained similar to that of a solid

target. PIC simulations demonstrate that the electrons experience a series of

accelerations within the capillary, undergoing direct-laser-acceleration (DLA)

as lateral fields emerge within the channel.

The final chapter outlines a simple targetry change to confine and enhance

the x-ray emission from solid targets. By using a standing wire geometry, in-

stead of a foil target, the electron expansion is confined to the lateral extent of

the wire. The resultant field that emerges on the surface of the wire is greater

in magnitude than that of a foil and develops sooner into the acceleration win-

dow recirculating more of the electrons within the target. This results in a

significant, 50%, increase in total x-ray flux from the same laser conditions,

and an increase in imaging quality of ×2.6 due to the increase in flux and the

confinement of the lateral x-ray source.
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ages taken with the CW laser. (a) Width of the focal spot, φL, as

a function of defocus, ∆Z, the dashed line is a fit with Eq. 5.2.

(b-d) normalised images of the spot at ∆Z = -50, 0, and 400 µm,

respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
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5.11 Maxwellian distribution for electrons with temperature kBTe at

two different laser intensities, (a) High IL = 1 × 1020 W/cm2

and (b) Low IL = 4 × 1018 W/cm2, this correlates to the laser at

best focus and 150 µm defocus. The red dashed line indicates

electron transmission through the target, black dashed line is
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these two lines contributes to the substrate source (unshaded),

the other two (red - collisional, grey - escaping) can only con-
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5.12 Results from the analytical model. (a) Population of electrons
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(solid) and a Maxwell-Juttner distribution (dashed) with the ex-
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5.14 Sheath field from EPOCH simulations. (a) Peak field strength

as a function of defocus, inset shows a figure of the sheath for

the best focus simulation at 425 fs. (b) Sheath field potential as

a function of mean electron temperature, in agreement with the

model this potential scales linearly with electron temperature.

The temperature was calculated at 425 fs. . . . . . . . . . . . . . 111

5.15 Electron spectra from EPOCH simulations (a) best focus and
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5.16 Electron density at best focus. (a) Electron density at 425 fs, front
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6.6 Detected x-rays in the experimental set-up. (a) Response curve
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6.9 Penumbral profile from a capillary target from the (a) horizontal

penumbral and (b) the vertical penumbral, demonstrating the

source contribution from each wall is resolved in the horizontal

axis. The walls measure as (31 ± 3) and (36 ± 3) µm FWHM -

slightly larger than the actual profile of the walls as discussed in

the text. In each graph, the signal across a transition is shown in
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et al. and Dromey et al. (black), with high intensity values by
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6.15 Schematic of laser light focusing into a capillary for (a) θL < θf ,

(b) θL > θf . The maximum surface area that can be illuminated

is determined by Eq. 6.4. In both panels the first interaction

area is shown in red and the second in blue. The grey arrows

in (a) indicate the angular range of laser that escapes from the

capillary before interacting with the walls. . . . . . . . . . . . . . 137

6.16 Ec as a function of channel length, l, taken from Figure 10 in

Reference [25] at the point where N first drops to 1. Dashed line
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(red solid) at separate times throughout the 5◦ simulation. Com-
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the walls is kBTh = (3.5± 0.3) MeV, compared to the solid target

of kBTh = (0.9± 0.1) MeV at t = 500 fs. . . . . . . . . . . . . . . . 142

6.19 Hot electron density in 3D. (a) View from above demonstrating

two lobes of electrons on either wall corresponding to the P-pol

acceleration. (b) Side view of the target. (c) A cut through of

the capillary showing the electron lobes emerging only in the

horizontal axis for P-Pol and (d) the vertical axis of S-Pol. Each

plot is taken at t = 250 fs. . . . . . . . . . . . . . . . . . . . . . . 144
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6.21 Schematic of direct laser acceleration within a channel, the elec-

tron path is shown as a black dashed line in each panel. (a) The

laser Ey field travelling through the channel at νph the electron

is trapped within the influence of the laser by the quasi-static E ′y
field in (b). At each turning point the electron falls in phase with

the laser field (R < 1) and the electron is accelerated forward. . 147

6.22 Peak intensity from the simulation within the capillary target

during the simulation. No evidence of significant self-focusing

of the laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.23 Variation of scale length simulation results. Ey field averaged

over 10 laser cycles for (a) 5 µm and (b) 2 µm scale lengths, and

(c) 0.05nc pre-filled capillary with 0◦ incident angle. Electron

acceleration with varying scale length. (d) The density profile at

the beginning of the simulation. (e) Accelerated spectra for the

three conditions simulated. . . . . . . . . . . . . . . . . . . . . . 149

6.24 Electron trace throughout the simulation. (a) The longitudinal

electric field (Ex) profile (red-blue colour scale) acts to continu-

ously accelerate the electron (scatter plot) forward; the energy

is shown by a secondary colourbar. (b) Similar trace to (a) but

for the transverse field (Ey) structure, arrows in each indicate

the direction of force for the quasi-static fields reinjecting elec-

trons back into the channel. (c) The macro-particle energy and

R value as it transports through the target. During each cross-

ing of the channel the electron drops further below R = 1 and is

subsequently accelerated. The field in (a) and (b) is normalised

to the laser electric field E0 =

√
2IL
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6.25 Electron energy distribution as a function of capillary length. (a)

Electron spectra for 50 (blue), 100 (black), and 200 (red) µm cap-

illaries. (b) Maximum energy as a function of capillary length,

demonstrating an almost linear scaling. . . . . . . . . . . . . . . 151

7.1 Schematic for x-ray absorption radiography of a sample with

internal structure. X-rays illuminate the target, and as they are

highly penetrative, variations in the density can be probed. Ra-

diography from Brenner et al. [10]. . . . . . . . . . . . . . . . . . 154

7.2 Targets used in the Experimental campaign, (a-b) foil targets, (a)

top view with laser incidence highlighted (b) front view, (c) side

view of wire target. . . . . . . . . . . . . . . . . . . . . . . . . . . 157

7.3 Focal spot measurements for the experimental campaign. (a) Fo-

cal spot image, an average of five 1 ms exposures, (b) horizontal

and vertical lineouts of the spot with associated FWHM, (c) the

encircled energy as a function of spot radius - within the FWHM

∼ 37% of the energy was contained. . . . . . . . . . . . . . . . . 158

7.4 Schematic of the primary imaging diagnostics, setup is the same

as the one in Chapter 6. Main image shows the emission line,

with penumbral foils and X-ray spectrometers included. The in-

set is an expansion of the penumbral foil setup, the grey cone

represents the forward x-ray emission from target. Magnets,
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population from the target. All distances in mm measured from
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spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
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7.5 Critical detected energy as a function of target thickness for gold.

Determined as the peak x-ray energy detected assuming a Boltz-

mann distribution of 200 keV and target attenuation from half

the target thickness, using the NIST data tables [15]. . . . . . . . 160

7.6 Penumbral radiograph and lineout for (a) foil, and (b) wire tar-

get. The dashed line in each radiograph is where the lineout

is determined. In the top panels the lineout is in black and the

gradient in orange. . . . . . . . . . . . . . . . . . . . . . . . . . . 161

7.7 Spatial measurements taken from the penumbral foils. (a) Verti-

cal and horizontal source from target types and materials mea-

sured by the penumbral foils, (b) are normalised lineouts (black)

and gradients (orange) from a thick, thin, and a wire target. . . . 162

7.8 Spectral measurements taken from hard x-ray spectrometers 11o

from target normal, single shot measurements made in parallel

to source size measurements. (a) is the flux on the first crystal

per incident laser Joule, (b) is the temperature of the x-ray emis-

sion inferred via the technique outlined in Rusby et al.[26]. . . . 163

7.9 Results from PIC simulations. (a) Electron density (red scale)

and E-field (blue scale) spatial maps for the foil simulation at 500

fs. (b) same as (a) but for wire simulation, E-field is limited to
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7.10 Pathlength of electrons inside the target. (a) Diagram of addi-

tional R for foil targets, at the boundary the propagation angle

θe is calculated from the electron momentum this gives the addi-

tional pathlength of electrons not simulated. (b-c) The fraction

of total electron population, as a function of energy, that has an

internal pathlength, R, of (b) R > 2l and (c) R > 4l, where l is

the target thickness (or wire diameter). . . . . . . . . . . . . . . . 167

7.11 Plot of percentage of target surface covered with a Esheath > αφ

as a function of time for each target geometry. Where (a) αφ = 1

TV/m, (b) αφ = 2.5 TV/m. The dashed lines are fits to the data. 168
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Wire and (b) Foil geometry. The red lines are electron trajec-
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expansion in the foil is clear. . . . . . . . . . . . . . . . . . . . . . 169

7.13 Spatial output from the GEANT4 simulations (a) source location

of detected x-rays within a 25 µm wire target. (b) Same as (a)

but for a foil target. (c) Horizontal line out of each source with
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7.7(a). In plots (c-d) red is used for the wire targets, and blue the

foil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7.14 Spectral output from the GEANT4 simulations (a) Emitted x-ray

spectra using the simulated temperatures from EPOCH, tem-
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tron spectra. a) The emitted x-ray spectra for 1 MeV Maxwellian
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tra using the simulated temperatures from EPOCH with the foil
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Chapter 1

Introduction

This thesis encompasses experimental and numerical investigations con-

ducted by the author into laser-plasma interactions, examining in detail the

resultant x-ray emission. The escaping x-rays can be utilised as both an indi-

cator of internal electron behaviour [17, 32–34] and as a potential source for

industrial radiography [10, 35–39]. Herein the x-rays are used as a method to

determine the hot electron properties and their application to radiography is

discussed.

1.1 Historical context of the research

The ‘laser’ itself was first conceived by Albert Einstein in 1917 [40], the name

being an acronym that outlines the foundational process: Light Amplification

by Stimulated Emission of Radiation. The principle of the laser can be outlined

as follows:

• The gain medium is initially in a ground state of E1.

• A majority of the atoms are excited to a long lifetime higher state E2.

• Incident photons then perturb the electrons and stimulate decay to E1.

• The excited atoms emit photons with energy Eγ = E2 − E1

Whilst the laser was theoretically outlined in the early 20th century it took an-

other 50 years for experimental demonstrations to be completed; first with a

1
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‘MASER’ (microwave, instead of light) by Shawlow and Towns [41] in 1958

and then Maiman with an optical demonstration in 1960 [42]. Since then, de-

velopment in new laser technologies has been rapid. Techniques such as Q-

switching and mode locking prompted a surge in laser intensities as controlled

short pulses became attainable. However, the development of the chirped-

pulse-amplification (CPA) technique in 1985 [43], for which half of the 2018

Nobel Prize was awarded [44], resulted in a renewed surge of advances in

high-power short-pulse laser intensity. This transition over time is outlined in

Figure 1.1. Throughout this research the author used the Vulcan laser system

for the majority of the experimental campaigns. Vulcan is a petawatt class laser

based at the Central Laser Facility in the Rutherford Appleton Laboratory at

Harwell Campus in Oxfordshire.

Figure 1.1: Plot of achievable short pulse laser intensity since the invention
of CPA, with notable laser facilities marked including three future facilities
designed to reach higher intensities. Trend taken from [1], commissioning date
and peak laser intensity collated from references [2–9].

2
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Plasma, or at least understanding of plasma, dates back to 1928 with the

name and concept of plasma being formalised by Langmuir [45]. The defini-

tion of a plasma Langmuir gave was as follows: ”We shall use the name plasma

to describe this region containing balanced charges of ions and electrons.” when dis-

cussing the region of ionised gas near an electrical cathode. Plasma has since

been named the ”fourth state of matter”, and is assumed to account for a sig-

nificant fraction of matter in the universe since both stars and the interstellar

medium can be described as such. Its high electrical conductivity, and control-

lable recombination characteristics have made plasmas a highly useful state of

matter.

The inevitable overlap of these two scientific fields quickly followed the

creation of the first laser. Dawson [46] published an article reviewing the prac-

ticality of using lasers to create plasmas from solid and liquid targets with laser

powers of 1010 W only a few years after Maiman demonstrated an optical laser

experimentally [42]. Several early publications in laser-plasma studies note

the generation of a variety of radiation from these interactions with energetic

electrons [47, 48], ion emission [49], and x-ray emission [50] all being recorded.

In 1979, the first proposal of using these interactions as an accelerator was put

forward by Tajima and Dawson [51], they outlined the principles behind laser-

wakefield acceleration and stated a need for intensities in excess of 1018 W/cm2

in order to achieve this. At the time intensities of that scale were unattainable.

However, as laser technology advanced and peak intensities grew (see Chap-

ter 4), relativistic electron energies became readily attainable.

Laser-solid interactions are now an established source for a wide range of

different radiation species. Whilst this thesis focuses on x-ray production from

solid targets, there is significant attention from the wider field to use high in-

tensity lasers with solid targets to produce energetic protons [52–55] and heavy

3
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ions [56], thermal and epithermal neutrons [10, 57], and radiation across the

electro-magnetic spectrum with particular focus on XUV [58–61] and, more

recently, THz [62, 63]. In general these sources emit from small (< 100 µm2)

areas, are typically as short as the laser pulse (∼ps), and high flux [10, 64–66].

1.2 Applications of laser plasma interactions

There are three prominent potential application areas for laser-plasma in-

teractions; hadron-therapy, using ions to treat cancer [67], inertial confinement

fusion (ICF), using lasers to compress and ignite a fusion reaction in a DT cap-

sule [68, 69], and non-destructive testing, using laser plasma interactions as

the source for radiography or inspection [10]. The following section outlines

ICF and the principles behind laser driven x-ray radiography, hadron-therapy

is discussed in theses more focussed on ion acceleration [16, 70, 71].

1.2.1 Inertial Confinement Fusion

A significant motivator for initial research into laser-plasma interactions

was using laser drivers to achieve controlled fusion reactions as a means to

generate power. This involves fusing two light nuclei into a heavier, and more

stable, nuclei. The difference in rest mass between the initial and final prod-

ucts is released as energy. This is similar in principle to fission except nuclei

are combined rather than split to extract the difference in rest mass. The chal-

lenge is to provide the initial light nuclei with sufficient energy to overcome

the electrostatic repulsion between them. Early theoretical work by Kidder

[72] and Nuckolls [73] outlined how lasers could be used to do this by heating

and compressing fuel target to ignite a fusion reaction.

The initial proposal envisioned using the laser to heat the outer surface of

4
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Figure 1.2: Laser driven fusion as an energy source. (a) laser heats the outer
shell of the fuel capsule, (b) core compresses and heats until (c) the core ignites
and re-expands. In this schematic; 1. Cold uncompressed fuel, 2. Incident
laser pulses, 3. Outer shell, 4. Ablated plasma, 5. Imploding core, 6. Hot spot
ignition.

the gas cell. The resultant ablation pressure would drive an increase in den-

sity and temperature in the centre of the core. The inertia of the heated outer

layer acts to confine and compress the remaining fuel in the cell, this process is

known as Interial Confinement Fusion (ICF). There are two primary avenues

of research towards ICF, the first is direct drive where the lasers directly irra-

diate the outer layer of the fuel capsule to drive the compression. The second

method requires an exterior hohlraum to be irradiated by the laser. This laser

interaction generates x-ray emission from the hohlraum walls, which in turn

irradiates the fuel capsule. This drives a similar ablation pressure to the direct

laser drive, albeit indirectly hence the name Indirect-Drive. Given the poten-

tial impact of this application it has seen significant research and attention; a

detailed review of indirect drive ICF processes and difficulties has been pub-

lished by Lindl et al. [74], similarly Craxton et al. [75] recently published a

review of direct drive.
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Chapter 1. Introduction

1.2.2 Laser Driven X-ray Radiography

The principle motivation behind this thesis and the body of work it repre-

sents is to develop and better understand laser driven sources of x-rays for the

purpose of radiography. Fundamentally, the idea of non-destructive testing

is to determine information about an object without requiring it to be altered.

This principle can be applied to identify internal structure of manufactured

items, a schematic of the operation is shown in Figure 1.3. Due to the small

emission area, brightness, temporally short pulse, and relatively low footprint,

lasers offer a clear opportunity for industrial partners to house their own in-

spection units.

Figure 1.3: Schematic for x-ray radiography of a sample with internal structure.
Laser accelerates electrons through a target, these electrons generate x-rays as
they interact with the target. These x-rays illuminate the object, and as they
are highly penetrative, variations in the density can be probed. Radiography
from Brenner et al. [10].

Several demonstrations of x-ray radiography have been performed, from

industrial objects [10, 35–39, 65, 76, 77] through to using the x-ray sources as a

backlighter for ICF research [78–80]. Using the multi-modal nature of the in-

teraction has also found use, proton probing of electromagnetic fields during

laser interactions is used to monitor the∼ picosecond evolution of TV/m elec-

6
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Chapter 1. Introduction

tric fields that occur during laser interactions. Fast neutron radiography and

inspection from a pitcher catcher target design, where the laser accelerates ions

from one target into a secondary converter, has been demonstrated by several

groups [10, 57, 81–83].

1.2.3 Manufacture and inspection

Laser systems with high-energy pulses, such as the Vulcan laser system at

the CLF used throughout the research presented in this thesis, are able to de-

liver > 100 J of laser energy onto target. The resulting x-ray emission is suf-

ficiently bright to perform single shot radiography of a wide range of objects

[10]. Currently, lasers of this scale are only able to fire once or twice an hour to

allow for sufficient cooling of the laser medium. However, new laser systems

using diode-pumped amplifiers are able to operate at Hz to kHz repetition

rates [84] enabling industrial applications to be realised.

DiPOLE is a recent high energy demonstration of diode pumped laser tech-

nology [84]. A DiPOLE laser system has recently been developed by the CLF

and delivered to HiLASE to perform laser processing such as laser-peening for

industrial, and research, partners. The high-energy (100 J) and high-repetition

(10-100 Hz) rate of the DiPOLE laser makes it an ideal candidate for laser-

peening. In peening, the aim is to apply surface stress to a material in order to

extend the lifetime of machine components, e.g. fanblades, welding joints, and

others. Conventional ”shock” peening techniques use ballistic ball bearings to

apply the necessary stress to the material. Each impact dents the surface mate-

rial and compresses the interior layers increasing the effective hardness of the

material and extending the lifetime of the component. Laser peening, instead,

ablates a sacrificial layer on the surface of the material, forms a plasma, and

drives a shock into the material with pressures in excess of gigaPascals [85, 86].

7
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This process is able to apply stress at greater depths than regular peening and

in a controlled manner, compared to the inherently random nature of ballistic

ball bearings.

A laser such as this could also be used to drive an x-ray source capable

of performing non-destructive testing to ascertain the level of peening in-situ.

The bandwidth of DiPOLE would facilitate compression to ∼10 ps [? ], the

throughput of compressors is typically between 60-80 %. A final focusing optic

of F3 would make the expected spot size∼ 5 µm. The intensity of the resultant

laser pulse would be on the order of 1019 W/cm2, which is sufficiently intense

to drive relativistic electron beams (see Chapter 2 for scaling and in-depth dis-

cussion of the mechanism at work) that are in turn capable of generating highly

penetrative x-ray beams suitable for probing the density variation in compo-

nents.

This section is included to highlight the flexibility of modern laser drivers,

and how - with continued research and development - there could be novel

and advantageous applications for laser driven x-ray sources.

8
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1.3 Thesis Outline

This thesis reports on experimental investigations exploring the role of laser

and target parameters that can be used to optimise the emission of x-rays from

a solid target. The outline for the remainder of the thesis is as follows:

• Chapter 2: Laser-Plasma Physics

This chapter covers the background physics essential to the thesis, in-

cluding laser driven ionisation processes and electron acceleration mech-

anisms.

• Chapter 3: Fast electron transport and radiation

Building upon Chapter 2, this focuses on exploring the mechanisms of

electron transport and x-ray generation. A review of studies of electron

divergence through solid targets is included.

• Chapter 4: Methodology

With the primary physics detailed, this chapter covers the methods and

practices used in completing this research. An overview of high-power

lasers, x-ray detectors, and simulation tools is given.

• Chapter 5: Investigation of recirculating electrons in solid targets as a function

of laser intensity for x-ray generation

First of three results chapters, reporting on the investigation into the role

of laser defocus on x-ray generation from solid targets through experi-

mental measurements and an analytical model. 2D PIC simulations ac-

company the experimental data to further investigate the electron be-

haviour within the targets.

9
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• Chapter 6: Investigation of electron dynamics with laser-guiding capillary-

targets

The second results chapter, reporting on a study into the application

of laser-guiding capillary-targets for increased laser absorption. Exper-

imental results from a proto-type target are presented with 2D and 3D

PIC modelling.

• Chapter 7: Optimising x-ray source characteristics for large scale radiography

This final results chapter reports on a mechanism to increase the flux of x-

rays generated from laser-plasma interactions. Experimental results are

presented, supported by 2D PIC and GEANT4 simulations. An analytical

model for achieving better quality radiographs is also presented.

• Chapter 8: Conclusions and future work

A summary of the three results chapters and an overview of additional

research avenues that can be explored.

10
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Intense laser interactions with

over-dense plasmas

Laser plasma physics is a multidisciplinary field. It draws heavily on elec-

tromagnetic field theory and plasma physics, atomic and nuclear processes for

radiation generation and nuclear activation, quantum mechanics for ionisa-

tion, and is also used to study laboratory astrophysics. This chapter discusses

the foundational physics used throughout this thesis to describe laser-plasma

interactions. It will then explore laser and electromagnetic fields, as well as the

laws which govern their development, before going on to discuss how these

fields interact with a single charged particle. The remainder of the chapter

examines the underlying physics occurring during relativistic laser-plasma in-

teraction. Ionisation and the formation of plasma is discussed and then the

mechanisms by which laser energy is transferred into a population of hot elec-

trons. The electron transport and subsequent radiation production and atten-

uation is discussed in Chapter 3.

2.1 Electromagnetic (EM) Fields

Electric (E) and magnetic (B) fields have distinct properties and evolve dur-

ing the interaction with charged particles. There are five equations that de-

scribe the interactions between these fields and charged particles. The first

11
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Chapter 2. Laser-Plasma Physics

four are referred to as Maxwell’s equations [87] and describe the way in which

charges and currents drive electromagnetic fields, and how the fields evolve

together.

2.1.1 Maxwell’s Equations

Gauss’s Law (Eq 2.1) states how the electric field, E, is dependent on the

charge density, ρ. Gauss’s Law for magnetism (Eq 2.2) states that unlike for

electric fields there cannot be a single unbalanced magnetic charge or monopole.

Instead, magnetic field lines form as closed loops and so the total divergence

for a magnetic field is zero. The Maxwell-Faraday law (Eq 2.3) states that the

electric field of a loop is dependent on the temporal evolution of a magnetic

field within the loop. The final Maxwell equation, Ampere’s Law (Eq 2.4), links

field evolution to the current density j. It states that the magnetic field is pro-

portional to both the electric current generating it and the temporal variation

of the associated electric field.

∇ · E =
ρ

ε0
(2.1)

∇ · B = 0 (2.2)

∇× E = −dB
dt

(2.3)

∇× B = µ0j +
1

c2
dE
dt

(2.4)

For each equation, ε0 and µ0 are the permittivity and permeability of free

space respectively, and c the speed of light in a vacuum (' 3 × 108 m/s2). A

charged particle within these fields will feel a force dependent on both the elec-

tric and magnetic field strength and the velocity of the charge. The equation

for this is the Lorentz Force law;

F = q(E + v× B) (2.5)

where F is the force on the particle, q the charge, and v the velocity vector.

12
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Chapter 2. Laser-Plasma Physics

2.1.2 Laser Parameters

Lasers can be described by their wavelength λL and intensity IL. The inten-

sity of a laser is determined by the energy of the pulse EL, the pulse duration

τl, and the focused laser spot diameter φL. Eq. 2.6 describes the relationship

between intensity and the electric field;

IL =
cηε0

2
|E|2 (2.6)

where c is the speed of light and η the refractive index of the medium. From

Maxwell’s equations (Eq 2.1-2.4) the wave equation to describe field propaga-

tion can be derived as1:

∇2E =
1

c2
d2E
dt2

(2.7)

The electric field is dependent on the medium that it is travelling in and the

wavelength of light. The relationship between E and B can be shown, via Eq.

2.3, as:

|B0| =
1

c
|E0|. (2.8)

From Eq. 2.8 it is clear that the effect of a magnetic field is significantly re-

duced when compared to the electric field. This relationship drives the emer-

gence of several high intensity effects in which the corresponding magnetic

field is sufficient to significantly alter the electron motion. The direction these

waves oscillate in is known as the polarisation of the field. Relative to a target

surface there are three distinct cases; S- and P- polarisation are two forms of

linear polarisation where the E-field oscillates in a single axis. S-polarisation is

where the field is orientated perpendicular to the plane of propagation and P-

1Assuming a charge and current free system in vacuum, using the vector identity:
∇× (∇×A) = ∇(∇ ·A)−∇2A

13
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Chapter 2. Laser-Plasma Physics

is parallel. The third case is elliptical polarisation wherein the two waves os-

cillate perpendicular to one another with some phase or amplitude difference

(in the case where amplitude and phase are matched it is known as circular

polarisation).

2.2 Single particle motion

2.2.1 Quiver Velocity

The force acting on an electron in a laser field is described by the Lorentz

equation (Eq. 2.5). For cases where the magnetic field is negligible this reduces

to:

dp
dt

= eE (2.9)

where p is the momentum of the electron. From this, it can be shown that the

electron quiver velocity vq is;

vq =
eE0

meωL

sin(ω
L
t) (2.10)

where E0 is the magnitude of the laser field, me is the rest mass of an electron,

and e is the elementary charge constant (' 1.6 × 10−19 C). As the E-field in-

creases in amplitude so to does the classical quiver velocity. The dimensionless

parameter, a0, defines the intensity at which the quiver velocity of an electron

becomes relativistic, this is known as the normalised laser potential and can be

expressed as:

a0 =
eE0

mecωL
≈ 0.85

√
I18λ2µ (2.11)

where λµ is the wavelength of the laser in µm, and I18 is the intensity of the

laser in units of 1018 W/cm2. In a 1 µm laser system a0 ≈ 1 at intensities of

14
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∼ 1018 W/cm2. If the magnetic field is no longer negligible then the second

term of Eq. 2.5 must be considered:

dpb
dt

= e(v× B) (2.12)

dvd
dt

=
e

mec
vqE0 cos(ωLt) (2.13)

vd =
e2E2

0

4m2
ecω

2
L

cos(2ωLt) (2.14)

This results in a secondary force term which, since vq follows the direction

of the electric field and the magnetic field is perpendicular, acts in the direction

of the laser travel. The drift velocity, vd , peaks at twice the laser frequency 2ω
L

when the electron quiver velocity, vq is at its maximum. The quiver and drift

velocity, shown in Eq. 2.10 and Eq. 2.14 respectively, can be expressed with

respect to the normalised laser potential to provide two simple equations for

the peak transverse and longitudinal electron velocity:

v⊥ → vq =
a0c

γ
(2.15)

v‖ → vd =
a20c

4γ
(2.16)

where γ is the Lorentz factor of the electron. It is clear from these two equations

that for a0 < 1 the transverse velocity (Eq. 2.15) will dominate but as the laser

intensity is increased further beyond a0 = 1 the magnetic component and the

longitudinal velocity will dominate. Since the electron is not travelling at c it

experiences peaks and troughs of a0, resulting in continuous acceleration up to

the maxima and back to rest as the laser passes. This can be thought of as the

electron dephasing with the laser. The maximum energy of an electron moving
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within a laser field in vacuum is:

Emax = E0
a20
2

(2.17)

where E0 ≈ 0.511 MeV - the rest mass of an electron 1. A derivation of the

energy limit and electron dephasing is shown in the review paper by Arefiev

et al. [11]. Figure 2.1 shows the expected maximum energy of electrons from

the laser field scaling exponentially with the laser intensity.

Figure 2.1: The peak energy as a function of laser intensity for a single electron.
Emax at 1019 and 1020 W/cm2 are shown in red and blue respectively [11].

Despite this being the maximum energy of an electron within a given laser

field, energies above this limit are routinely measured in laser-plasma physics.

The first reason for that is that electrons are not necessarily at rest when in-

teracting with the laser, and a series of re-accelerations can occur during the

interaction. One mechanism, a core focus of the wider field, is laser-wakefield

interactions. Whilst outside the direct scope of this thesis, it is worth noting

1Often expressed in terms of the γ-factor: γe ≈ 1 +
a20
2

[11]
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that the field structure established in a laser-wakefield can accelerate electrons

beyond this limit, and is a prominent area of research within the field. A review

article of the topic was published by Albert et al [65] that covers the process in

detail, and a comparison to conventional accelerators is discussed in the ap-

pendices. The other primary mechanism relevant to this thesis is known as

direct laser acceleration (DLA). If the electron is no-longer at rest and instead

moving in the laser direction with some velocity it is able to be accelerated

beyond this limit. This was succinctly expressed by Robinson et al. [88] as

R = γe−px/mec
2, when R < 1 the electron is travelling with the laser potential

and as a result can be accelerated beyond Emax.

2.2.2 Ponderomotive Force

In homogeneous fields the quiver velocity is oscillatory and the acceler-

ated electron will return to its original momenta after a single field oscilla-

tion - also known as the Lawson-Woodward theorem. In reality, lasers have

a non-uniform spatial intensity profile and are temporally finite, and as such

are non-homogeneous fields. If the E and B now have a gradient the restoring

force acting on a displaced electron is no longer the same as the initial force.

The difference between these forces is known as the ponderomotive force and

can be derived as:

FP = −∇φpond = − e2

4meωL

∇(E2) (2.18)

This force acts to drive electrons away from regions of high intensity, leading

to a self-focussing effect as discussed in Section 2.4.2.4.
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2.3 Ionisation

A plasma (discussed in more detail in Section 2.4) is ionised matter in quasi-

neutrality. This state is achieved by the electrons gaining energy in excess of

their binding potential and being freed from their orbitals. A myriad of ion-

isation processes occur as the intensity of the laser increases. In the simplest

case of a hydrogen atom; an electron is in stable orbit with centripetal force,

Fce, counteracting the Coulomb force, Fco.

Fco = Fce ⇒
mev

2

ro
=

e2

4πε0r2o
⇒ Eb = − e

8πε0ro
eV (2.19)

where ro is the orbital radius of the electron, and Eb is the binding energy in

eV. ro can be substituted for the Bohr radius αB = 5.291 × 10−11 m for hydro-

gen, which gives the binding energy ≈ 13.6 eV. To ionise a hydrogen atom via

the photo-electric effect it would require a single photon with a wavelength

' 90 nm, and whilst a laser with this wavelength is technically achievable

it makes laser operation significantly more challenging since traditional op-

tics can no longer be utilised. Instead, most high-intensity lasers operate at

∼ 0.2− 10 µm wavelengths and rely on additional processes to ionise media.

2.3.1 Multi-photon ionisation (MPI)

Electrons can be excited by photons of energy below the ionisation energy.

For a short duration of time (relaxation time) they maintain that energy level

before decaying and re-emitting a photon. If enough photons interact with

the electron within the relaxation time it can gain sufficient energy to become

free, a process known as multi-photon ionisation (MPI) [89]. For hydrogen,

the electron requires 13.6 eV to be ionised from the ground state. A single

1 µm photon has 1.17 eV, therefore ∼ 12 photons are needed to ionise a single

electron. The intensity required to begin ionising matter via this process has
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been shown experimentally to be∼ 1010 W/cm2 [90–92]. It is possible to couple

more energy than the ionisation threshold via this process, which is known as

Above-Threshold Ionisation (ATI) [93, 94]. In this case, the final energy of the

electron is simply the sum of the absorbed photon energies minus the required

ionisation energy:

Ef = n~ω − Eb, (2.20)

where n is the number of photons absorbed by the electron. Evidence of

the resulting quantised energies has been measured experimentally by several

groups [95, 96].

2.3.2 Tunnelling Ionisation and Barrier Suppression Ionisa-

tion

The assumption for MPI is that the electric potential binding the electron

to the ion is static, however, with increasing laser intensity this assumption

is no longer valid since the laser electric field begins to suppress the binding

potential. As the laser field suppresses the binding field, the chance for ioni-

sation increases. The intensity threshold for this process can be determined by

the intensity at which the electron potential is reduced to that of the binding

energy [97]. The threshold intensity for barrier suppression ionisation (BSI) in

hydrogen can be shown to be:

IBSI = cnε0
E4
b

16Z2e6

' 1.4× 1014W/cm2.

(2.21)

This is two orders of magnitude above the threshold of MPI. In BSI the

barrier is entirely suppressed and the electrons are able to freely leave. The

distinction for tunnelling ionisation is that the electrons are able to quantum
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mechanically tunnel through the partially suppressed potential with some fi-

nite probability, resulting in a portion of the electron population escaping from

the potential [1]. A schematic of MSI, BSI, and Tunnelling Ionisation is shown

in Figure 2.2.

Figure 2.2: Schematic of ionisation mechanisms. (a) multi-photon ionisa-
tion, (b) tunnelling ionisation, and (c) barrier suppression ionisation. Figure
adapted from Reference [12].

2.3.3 Collisional Ionisation

An electron freed by an excitation process is then able to potentially cause

further ionisation by interacting with the surrounding atoms. The freed elec-

tron has kinetic energy, either through the laser field directly or from ATI pro-

cesses, and can collide with other bound electrons. This process can cause a

cascade of ionisation with each free electron having the potential to ionise oth-

ers in the vicinity. The ionisation rate, νC , of these free electrons is dependent

on their kinetic energy and the background electron density (ne) and tempera-

ture (Te) [56]:

νC = 4πne

√
2Ef
me

αb
E2
hy

EbkBTe
ln

(
kBTe
Eb

)
, (2.22)

where Ehy is the binding energy of hydrogen. Since this process is dependent
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on already freed electrons, it can occur outside of the laser field and it domi-

nates within the target, causing ionisation beyond the skin depth of the laser

(discussed again in Section 2.4).

2.3.4 Field Ionisation

The final process to consider is field ionisation in which the field intensity

exceeds the binding potential and the electron is freed from its orbital. From

the Bohr radius, the atomic electric field strength is:

EF =
e

4πε0α2
B

= 5.1× 109Vm−1.
(2.23)

and therefore the intensity required is IF ' 3.51 × 1016 W/cm2 (via Eq. 2.6).

Whilst these intensities are now routinely available, the intensity threshold for

other processes are significantly lower. As such field ionisation (unlike the

other processes mentioned) dominates at the rear of a solid target due to the

large electro-static field produced as the electrons leave the target. This field is

discussed again in Chapter 3 as it also drives a recirculating population of elec-

trons within the target and is one mechanism by which ions are accelerated.

2.4 Plasma

In contrast to the three traditional states of matter, plasma consists of a

population of ions and unbound electrons. This state has been referred to as

the fourth state of matter [98] due to the further increase in energy required to

achieve the state compared to that of a gas.

Collisions and interactions between neutral particles in gases occur as dis-

crete events between two particles under the Van der Waals force (r−6). In
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Figure 2.3: Schematic of the four principle states of matter, each transition re-
quires additional energy to break bonds between the molecules or, for plasma,
free the electrons via ionisation. (a) Solid, (b) liquid, (c) gas, and (d) plasma.
Grey circles represent neutral atoms, the red and blue circles in (d) represent
electrons and ions respectively.

a plasma, since the particles are charged, the Coulomb force (r−2) dominates

resulting in interactions involving a large number of other particles [99], and

thus collective effects play an important role in plasma behaviour. An ideal

plasma consists of a quasi-neutral population of electrons and ions. From a

macroscopic perspective, a plasma has no overall charge yet substantial field

growth and charge separation is possible as the populations of electrons and

ions have collective electromagnetic effects. The presence of both electron and

ion populations distinguishes plasma from an ionised gas due to the collective

effects that emerge as a result.

2.4.1 Plasma Parameters

In order to describe and quantify different plasmas, there are several pa-

rameters routinely used. Two such parameters are the energy of the plasma

(or temperature) and the density of the plasma. Combined, these can quantify

additional relationships and parameters that describe plasma states in more

detail.
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2.4.1.1 Definitions

The degree of ionisation, Z∗, quantifies the average ion charge within the

plasma. The density refers to the number density of the ions and electrons

within the plasma (referred to as ni and ne respectively), and is typically ex-

pressed in units of cm−3. It can be calculated from the mass density of a mate-

rial by assuming an ionisation state of all atoms per unit volume:

ne =
Z∗ρNA

A
(2.24)

where ρ the mass density of the material, A is the atomic mass number of the

material, and NA is Avagadros number. The temperature is an expression of

the kinetic energy the electron/ion distribution has and is typically expressed

in Boltzmann form (i.e. kBT ) in units of eV.

2.4.1.2 Debye Length

The Debye length is the characteristic length over which the electric poten-

tial from a charged particle drops by 1/e. Unlike free charges in a vacuum,

charges within a plasma experience screening from other charges as a function

of their number density. For a plasma with a Boltzmann temperature distribu-

tion, kBT , the Debye Length is;

λD =

√
ε0kBe

−2

neT−1e +
∑

i Z
∗2
i niT

−1
i

(2.25)

where Z∗i is the effective ionisation for each ion species (for fully ionised plas-

mas Z∗ = Z), and Te, Ti are the temperatures of the electron and ion distribu-

tion, respectively. Typically, the ion presence in this equation can be neglected

since over the time scale of the interaction (<< nanoseconds) the bulk ion pop-
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ulation does not move. This reduces Eq 2.25 to:

λD =

√
ε0kBT

nee2
(2.26)

A plasma is also defined by the degree to which collective effects dominate.

This is expressed by the plasma parameter (Λ) and the coupling parameter (Γ).

Λ defines the number density of electrons in a given Debye sphere (volume of

space in the plasma with a radius of λD). A higher plasma parameter means

that there are more electrons able to interact with each other. Γ is the relation-

ship between the potential energy in the plasma (Coulomb attraction between

the species) and the kinetic energy of the particles. Γ < 1 indicates that elec-

trons are sufficiently energetic to escape the plasma, leading to dispersion and

a short plasma lifetime. Combined, the two dimensionless parameters and

Debye length can be used to define and characterise different plasmas.

Λ = 4πneλ
3
D (2.27) Γ =

Eco
Ekin

=
e2

4πε0kBTe

3

√
4πne

3
(2.28)

2.4.1.3 Wave Equation

The freely moving charges within a plasma act upon one another despite the

overall quasi-neutrality. When an electron is displaced there is a net restoring

force established to return it to equilibrium. When this effect is considered

over a large population of charges, the displacement and return becomes the

oscillating frequency of the plasma. For a simple 1D case, the frequency of the

plasma can be derived as follows. If a population of electrons are offset by a

distance, x, the field established between the now separated charges is defined

by Eq. 2.1 to be:

E =
enex

ε0
(2.29)

This in turn sets a restoring force (F = −eE) and therefore the equation of
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Chapter 2. Laser-Plasma Physics

motion for these two populations is described by:

d2x

dt2
+
e2nex

meε0
= 0. (2.30)

This equation is that of a simple harmonic oscillator1 and the fundamental

frequency of that oscillator can be shown as:

ωp =

√
nee

2

ε0me

(2.31)

by substituting in x(t) = A cos(ωpt), where ωp is the frequency of the plasma

oscillation. It is important to note that whilst this fundamental frequency is

independent of the plasma temperature, however as the temperature increases

and the relativistic mass of the electrons becomes a factor, the frequency does

reduce.

2.4.2 Laser propagation in Plasma

2.4.2.1 Dispersion relation

The interaction between the laser wave equation and the plasma wave equa-

tion is key to the propagation of the EM fields in the plasma medium. The

dispersion relationship for a EM field and plasma can be expressed as:

ω2
L
− ω2

p = k2c2 (2.32)

The derivation of this is shown in the appendices. In the case where the plasma

frequency exceeds that of the incident light frequency, the wave-vector must

become imaginary to satisfy the dispersion relationship, which leads to an ef-

fervescently decaying EM field. The extent of this decay is known as the col-

1Equation for a simple harmonic oscillator: ẍ+ ω2x = 0
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lionless skin depth, δ;

δ = |k−1| = c√
ω2
p − ω2

L

(2.33)

2.4.2.2 Critical Density

From the dispersion relationship (Eq. 2.32), in the case where the plasma

frequency matches the laser frequency (ωp and ω
L

respectively), the wavevec-

tor must reduce to zero and as such the laser can no longer propagate. The

density at which this occurs is known as the critical density, and by substitut-

ing ω
L

into Eq. 2.31 can be shown as:

ncrit =
ε0me

e2
ω2

L
(2.34)

As the electron relativistic mass increases so does the critical density of

electrons, allowing for increased propagation of the laser to higher density.

This process, in which the entire target can become transparent to the laser,

is known as relativistically induced transparency. The non-relativistic criti-

cal density for a laser with a 1 µm wavelength (such as the Vulcan laser used

throughout this work) is ncrit ≈ 1.1 × 1027m−3. As an example, the density

of a fully ionised aluminium target, Eq. 2.24 with Z∗ = 13, has a density of

nAl ≈ 770× 1027m−3 or nAl ≈ 770ncrit.

2.4.2.3 Scale Length

Laser pulses used experimentally are not delta-functions or perfect Gaus-

sians, instead they typically have a long (ns) pedestal preceding the main

pulse. In modern high intensity laser systems where the main pulse is I > 1019

W/cm2 this pedestal can be in excess of 1012 W/cm2 and, therefore, sufficiently

intense enough to ionise the front surface prior to the main pulse arriving. This

ionisation causes an expansion of the front surface which leads to a decaying
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density profile, known as the pre-plasma, with the form:

ne(z) = n0 exp(−zL−1s ) (2.35)

where L−1s ∼ 1
n
dn
dz

is the characteristic scale length1 and n0 is the target density.

The extent of this pre-plasma is a key concern during interactions since it ef-

fects the coupling efficiency between the laser and the hot electrons [52, 100],

the divergence of the accelerated electron beam [101, 102], and the accelerated

spectra [77, 103]. The scale length can be measured experimentally by sending

a short-pulse probe beam across the target surface [104, 105].

2.4.2.4 Refractive Index

The refractive index of a medium alters the phase velocity of light propa-

gating through it η = c/vp. In the case of a plasma, it is first useful to define the

relative permittivity as:

ε =
εp
ε0

= 1− nee
2

ε0meω2
L

= 1−
(
ωp
ω

L

)2

(2.36)

This unit-less parameter is used to quantify the refractive index, η =
√
ε,

which leads us to consider what happens as the incident laser frequency ex-

ceeds the plasma frequency. The phase and group velocity can be derived

from the dispersion equation (Eq. 2.32) to show that:

vp =
c√

1−
(
ωp
ω

L

)2
(2.37)

vg = c

√
1−

(
ωp
ω

L

)2

(2.38)

The equations above imply that for ω
L
> ωp the speed of light in the plasma

will exceed the speed of light in a vacuum. Although the phase velocity, i.e.

1the length over which the density drops to 1/e
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the peaks and troughs of the EM wave in the plasma, travels at v > c, the

group velocity, and therefore information, travels at v < c. Since the refractive

index is dependent on the electron density (ωp ∝
√
ne, from Eq. 2.36), the

laser will experience a change of refractive index as it propagates through the

pre-plasma. From Snell’s law:

νp,in
νp,out

=
sin(θin)

sin(θout)
(2.39)

where θin,out is the angle of propagation with respect to the target normal for

two different plasma densities. It is clear, from Eq. 2.39 that a laser will expe-

rience deviation from the original trajectory unless it is incident normal to the

surface, this effect is demonstrate in Figure 2.4.

The ponderomotive force (Section 2.2.2) demonstrates that electrons in high

intensity regions will be expelled at a higher rate than low intensity regions.

As a result of this effect, the lower intensity regions will see a higher refractive

index than the centre and consequently the plasma can alter the propagation of

the electric field to focus the light. The power of the beam at which this effect

is significant, is known as the critical power;

Pcrit ≈ 17.5

(
ω

L

ωp

)2

GW (2.40)

derived in References [106–108], this effect is known as ‘self-focusing’ in the

plasma. This can also occur as the γ-factor of the electron increases due to the

laser intensity, which results in a change of refractive index η =

√
1−

ω2
p 〈γe〉

−1

ω2
L

[109].
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2.5 Absorption

During a laser interaction, energy is transferred from the high-intensity

pulse into the plasma via several absorption mechanisms. Each dominate in

specific conditions, typically with increasing intensity there is a shift from one

mechanism to another. The mechanisms here can be separated into two dis-

tinct categories; collisional and collisionless. The former describes where elec-

trons interat with the surrounding ions during oscillation and thus lose energy

and coherence with the laser. The latter however rely on a density gradient

in the plasma profile that extends beyond ncrit of the laser, electrons that are

driven beyond the critical surface cannot be restored by the laser field.

2.5.1 Inverse Bremsstrahlung

A free electron (as discussed in Section 2.2) oscillates with the electric field,

gaining and releasing kinetic energy as it experiences the laser field. Inverse

Bremsstrahlung, in which an electron collides with a nearby ion and deposits

some energy into the ion, is one process to transfer laser energy to the hot

electron population. It is more effective with high-density low-temperature

conditions since the chance of collisions between the two species is higher.

Numerically the rate of electron-ion collisions (νei) can be shown as [110, 111]:

νei ∝
neZ

∗

T
3
2
e

. (2.41)

Inverse bremsstrahlung dominates at intensities between 1012 and 1015 W/cm2

before the efficiency reduces.

2.5.2 Vacuum Heating

Consider a 1D capacitor model similar to the one described in Section 2.4,

which has an electron and ion population with some predefined density (ne
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and ni) at x > 0 and vacuum at x < 0, with a laser incident on the system at

some angle, θL > 0, to ensure that a component of the laser oscillates in the

X-direction. As the laser field in the vacuum oscillates it will draw electrons

from the x > 0 into the vacuum, thus establishing a field charge4E;

∆E = 4πene∆x, (2.42)

where ne is the number density of displaced electrons drawn into the vacuum

and4x is the distance they are displaced. This displacement results in a restor-

ing force from the ion population, and when returned to their original position

the electron population will have gained a velocity vd ' 2vq sin(θL).

2.5.3 Resonance Absorption

Instead of a step-like density profile consider a scale length, Ls > λL, from

the target surface of increasing plasma density. As the laser propagates further

through this under-dense region, the background electron density is increasing

and changing the laser wave vector as it does so. The dispersion relationship

(Eq. 2.32) between the laser and plasma is modified to include the angle of

incidence and the varying laser wave vector:

ω2
L
(1− sin2θL) = ω2

p + k2xc
2. (2.43)

Rearranging this and considering the critical density (Eq. 2.34), kx reduces

to zero (and therefore the beam is reflected) at ne ' ncrit cos2 θL. Electrons that

are driven by the electric field at this surface are able to propagate further into

the plasma, oscillating at the same frequency as the laser and driving a reso-

nant wave at the critical surface, where ωp = ω
L

. As the laser decays efferves-

cently beyond this point, there is a weaker restoring field to draw the electrons

back out of the plasma. The efficiency of this process is dependent on both the

scale length Ls and the angle of incidence θL. This has been tested theoretically
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and experimentally by several groups over the years [13, 112–115].

Figure 2.4: Schematic of a P-polarised laser pulse travelling through a pre-
plasma with the scale length Ls. Red line indicates the path the laser takes,
refracting away from the critical surface as the density increases. The dashed
lines represent different densities within the pre-plasma; the turning point
nc cos2(θL) (Section 2.4.2.4), the critical density nc, the relativistic critical den-
sity γnc, and solid density nc at the target surface [13].

The laser refracts as it travels through the underdense scale length as a func-

tion of the angle of incidence, shown in Figure 2.4 as a red line. The laser pen-

etrates up until the point of reflection nc cos2(θL) (Section 2.4.2.4), the distance

∆x between this and the solid target vary as a function of Ls and the angle of

incidence.
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2.5.4 jxB Heating

As discussed in Section 2.2, for high intensity laser pulses the magnetic com-

ponent of the Lorentz equation (2.5) becomes dominant. The quiver velocity of

electrons increases under the effect of the electric field, therefore increasing the

v× B component of the force. The increase in this term leads to an absorption

mechanism known as j × B heating. Kruer and Estabrook [116] showed that

the total force, for linear polarisation1, from this mechanism can be derived as:

F = −me

4

dv2q (x)

dx
(1− cos(2ω

L
t)) (2.44)

This force demonstrates the two important effects of the j × B mechanism.

The first term of the equation is dependent on the spatial variation in the

electron quiver velocity and so, like the ponderomotive force, acts to push

electrons away from high intensity regions. Since the force is dependent on

the electron quiver velocity, it peaks at twice the laser frequency which is ex-

pressed by the second term (1 − cos(2ω
L
t)). Resonance absorption and Brunel

heating both drive electrons predominantly along the target normal axis as the

laser field acts perpendicularly to the critical surface. With electrons oscillating

in the electric field and the magnetic field acting perpendicular to the electric

field, electrons are forced forwards in the direction of the beam. This distinc-

tion allows for j × B and the other mechanisms to be isolated experimentally

by angling the target to the incident beam.

2.6 Electron Spectra

The laser and target parameters dictate which absorption process will dom-

inate and experimental measurements of scale length and emission direction

1In circularly polarized cases, the force equation reduces to the ponderomotive force as there
is no longer a significant oscillatory component of the electron velocity
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(target normal for resonant and vacuum heating, laser axis for j × B) can be

used to verify this. Experimentally, measured values of absorption are a con-

volution of all processes. Davies [19] presents an overview of absorption mea-

surements inferred from several experimental methods and finds an intensity

dependence of:

fabs =

(
Iλ2L

3.37× 1020 Wcm−2µm−2

)0.1958

(2.45)

for Iλ2L values between 1018 and 1020 W/cm2. The measurements in Reference

[19] were obtained using a laser with a peak intensity of 1020 W/cm2 and var-

ied the energy from 0.02 J to 20 J to complete the scan. Whilst this is simply a

fit for measured experimental values, it has proven useful throughout the field

as an initial estimate of absorption values.

2.6.1 Distribution

Energy from the laser pulse is distributed to a population of electrons via the

absorption processes detailed before. Overall these processes form a Maxwellian

distribution of electron energies [117] (or Maxwell-Juttner for high intensity

beams [118]), where the temperature of the distribution increases with inten-

sity and the total flux increases with energy absorbed. The distribution func-

tions for each are displayed below (Eq. 2.46 and Eq. 2.47), and how this looks

spectrally is plotted in Figure 2.5. For a Maxwell distribution of particle en-

ergies in a idealised system, the temperature of the system, kBTh, defines the

slope of the spectra and the modal particle energy at Emean = 0.5kBTh:

f(Eh) = Ne

√
4Eh

π(kBTh)3
exp

(
− Eh
kBTh

)
(2.46)

where Eh is the hot electron energy in the distribution and Ne is the total num-

ber of accelerated electrons. For highly relativistic cases this expression is no
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longer valid since the relative particle mass has increased as its velocity ap-

proaches c. The following expression can be used instead, with respect to the

Lorentz factor of the electron, γ:

f(γ) = Ne
γ2β

ξTK2(ξ
−1
T )

exp

(
− γ

ξT

)
, (2.47)

where ξT is the normalised temperature kBTh/mec
2, β is the normalised elec-

tron speed v/c, andK2 is a modified Bessel function of the second kind. Whilst

the modal energy is not as trivial to express, it can be shown to satisfy

kBTh = 0.511

(
γ3β2

2γ2 − 1

)
for temperatures exceeding 1 MeV.

Figure 2.5: Electron distributions of the form Eq. 2.46 - 2.47 and a Boltzmann
distribution for a 1 MeV electron temperature. The inset shows the relationship
between spectral peak and temperature for each distribution.

2.6.2 Electron Temperature

Understanding how the laser intensity determines the properties of the in-

ternal electron population is crucial to the field due its effect on the secondary
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sources (discussed again in Section 3.2). Since the majority of these electrons

do not escape the target (see Section 3.1.4), it is difficult to accurately measure

the hot electron population directly. Instead secondary processes, such as x-

ray generation (Section ??) and ion acceleration (Section 3.1.4), or simulation

results must be relied upon to determine the properties of the internal electron

distribution. Several scaling laws have been developed through experimental

measurements and analytical modelling to provide an estimate of the inter-

nal electron temperature. Whilst many exist [18, 114, 119–127] the two scaling

laws that have been found to be the most applicable to the interaction condi-

tions studied in this thesis are outlined here. Each takes a different approach

to determine the relationship between intensity and electron temperature. The

first is the scaling introduced by Beg et al. [18]:

Thot = 0.215
(
I18λ

2
µ

)1/3 MeV (2.48)

which was determined from a series of experimental results measuring the

x-ray emission from a target. In the data collated by Beg et al., the majority of

experiments were conducted with a fixed laser energy (< 30 J) and the intensity

varied between 1 × 1018 and 1 × 1019 W/cm2 by changing the pulse duration

of the laser. Therefore, caution should be applied when using this scaling to

compare with data where the laser energy or spot size is varied. In contrast

to the experimental findings, Wilks et al derived a scaling law based on the

ponderomotive potential of the laser [121];

Thot ≈ mec
2

(√
1 + a20/2

)
MeV. (2.49)

where a0 is the normalised laser potential described above1. Both of these scal-

ing laws are used in models and analysis presented throughout this thesis,

1This equation is valid for linear polarisation, in the case of circular polarisation the term
reduces to be ∝

√
(1 + a0).
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henceforth Eq. 2.48 will be referred to as Beg scaling law and Eq. 2.49 as Wilks

scaling law.

Figure 2.6: Electron temperature (in MeV) for different laser intensities as cal-
culated by Beg (Eq. 2.48) and Wilks (Eq. 2.49) scaling laws.

2.7 Summary

The physical processes described in this chapter will be referred back to in

later chapters, with particular emphasis on the electron spectrum and temper-

ature. The scaling laws discussed in section 2.6.2 are used to develop a model

of electron recirculation in Chapter 5. The propagation (and subsequent pro-

cesses) that occur to this energetic electron current are discussed in the follow-

ing chapter along with a review of electron transport studies.
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Chapter 3

Electron transport through solid

targets and radiative mechanisms

Chapter 2 provides an overview of energy exchange and absorption mech-

anisms between a high-intensity laser pulse and the plasma electrons on the

front surface of solid targets. The accelerated ”hot” electron population then

travels through the solid target emitting radiation as it travels. This chapter

explores the processes involved in hot electron transport through the target

and the field growth and subsequent radiation emission (both EM and par-

ticle) that occurs. A review of relevant literature is also conducted looking

at the role of K-alpha and bremsstrahlung in experimentally determining the

electron transport.

3.1 Electron Transport

Ampere’s Law Eq. 2.4 states that a current density, j, has a magnetic field

associated with it. Alfven [128] and Lawson [129] explored this relationship

to determine the limit at which the magnitude of the induced B field becomes

inhibitive to the transport of the current. As the azimuthal B field increases,

the Lorentz force pinches the beam and can turn the electrons around halting

the propagation. The Alfven-Lawson current limit (the current at which this
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force stops the propagation) is defined by:

IA ' βγmc3/e (3.1)

where β is the electron velocity divided by the speed of light for an infinitely

wide current. In high intensity laser interactions the expected accelerated elec-

tron current can be calculated in excess of megaAmperes [130], however the

limit expressed in Eq. 3.1 is IA ≈ 50 kA for 1 MeV electrons.

3.1.1 Return Current

Therefore, there must be a mechanism that reduces the local current to be-

low the Alfven limit to enable transport of the electron population into the

target [131, 132]. Bell et al [130] suggested that there is a counter-propagating

(return) current which is able to partially negate the otherwise inhibitive field

growth, and maintain a current below the Alfven limit. The return current

is sourced from the colder, higher density, background electrons of the target

[133]. This condition can be expressed as:

jhot + jreturn <
IA
πr2e

(3.2)

where jhot and jreturn are the current densities for each electron population,

and re is a radius of the electron beam at any given point. Typically, this is

expressed as a neutrality where jhot + jreturn ' 0. However, there are addi-

tional effects of this current to be considered which make it more intuitive to

consider it as an inequality rather than a neutrality, these are discussed in the

following sections. As an overview the schematics in Figure 3.1 outline the

various mechanisms that are discussed in the following sections, (a) shows the

factors affecting the electron divergence through the target, (b) highlights the

different current densities that result from electron transport, and (c) shows

the resulting fields that emerge.
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Figure 3.1: Schematic of the mechanisms discussed in the following sections
acting throughout a solid target. (a) Factors affecting the effective divergence
of the electron beam. From left to right, ponderomotive ejection, hole-boring,
collisional scattering, and field effects. (b) Electron current motion, depicting
the major components of electron travel; hot, return, and recirculating/reflux-
ing. (c) Field components inside the target and the sheath formation on the
rear surface accelerating ions. During transport, magnetic field growth hap-
pens azimuthally to the beam resulting in hollowing (Bh) and pinching (Bp)
magnetic fields.

3.1.2 Electron Divergence

The divergence of electrons through solid targets has been studied by many

groups [20, 101, 134, 135] as it affects many areas of the research field; including

proton acceleration [136–138] and fast electron transport [139–141]. It requires

further study to fully understand all parameters influencing the effective hot

electron divergence, however, there are some core aspects that are discussed

here. The initial conditions are vital to the final transport properties of the

beam and the collective electron divergence is the result of many expansive

and restrictive factors. The ponderomotive force acts on the electrons to drive

them away from the more intense regions of the beam. For a centrally peaked

intensity distribution this results in a divergence in the hot electron population.

It can be shown, by assuming the electron is at rest before the laser arrives, that

39



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 3. Fast electron transport and radiation

the ejection angle relative to the propagation of the laser is [1]:

cos θdiv =

√
γ − 1

γ + 1
(3.3)

where γ is the Lorentz factor for the accelerated electron - for a 1 MeV electron

this equates to ∼ 40o - due to the variation in the longitudinal and transverse

velocities (Eq. 2.16 and Eq. 2.15 respectively). Several studies have used this

calculation (or variants of), to calculate electron divergence [142, 143], includ-

ing a study by Meyerhofer in 1997 [144] that demonstrated its effectiveness

at predicting the peak divergence angle of electrons with varying energy. Laser

interactions can also deform the target surface, altering the effective target nor-

mal and driving electrons into the target at a more divergent angle [145, 146].

Electron collisions with the target material then act to widen the beam through

scattering. Lawson presented the following scattering relationship:

F (l, θs) =
E2
h

440πl
exp

(
−E2

hθ
2
s/440l

)
(3.4)

where θs is the scattering angle for the electron of energy, Eh, through a target

of thickness l. Expressed in units of the radiation length:

l = A/
(

4αNAZ
2r20 ln 183Z−0.33̇

)
(3.5)

where A is the atomic mass number, Z the atomic number, α ≈ 1/137 the

fine structure constant, NA is Avogadro’s number, and r0 the classical electron

radius [147].

3.1.3 Internal Field Growth

This internal field growth significantly affects the propagation and diver-

gence of electrons, and is dependent on the initial conditions of the interac-

tion. The magnetic field growth is due to local variations in the current den-
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sity within the target. From Maxwell’s equations the temporal evolution of the

magnetic field can be shown to be:

∂B

∂t
= ηe (∇× jh) +∇ηe × jh (3.6)

where ηe is the resistivity of the plasma, and the higher order terms of the

equation, such as magnetic diffusion, are negligible. Plasmas intrinsically have

very low resistivity. However, since this typically scales as a function of tem-

perature (ηe ∝ kBT
−3/2
h ), cooler regions within the target will have a higher

resistivity and therefore affect the field growth more.

Two components of field growth can be explored from this equation. Fila-

mentation acts to modulate the beam as it transports through the target and

scales with the electron density that has been accelerated. The spatial gradi-

ent of the current density (LHS of Eq. 3.6) causes a pinching (or hollowing

depending on the sign of the gradient) magnetic field to occur. Since this is

dependent on the current density this scales with changes in nh. This acts

to pinch the beam, which becomes a self-sustaining effect and filaments in the

beam confine themselves further as they propagate. Silva et al. [148] conducted

a thorough study on the rise of field driven instabilities during electron trans-

port. They presented a threshold hot electron density at which filamentation

would occur during transport with respect to the background return current

density as:

nh/nr > γhθ
2
div, (3.7)

where γh is the Lorentz factor of the electrons and nr the return current density.

Modelling the internal field growth analytically relies on a well understood di-

vergence angle to determine the current density deep within a target [134, 149].
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Chapter 3. Fast electron transport and radiation

The exploitation of resistivity changes has been explored by many groups as

a way to narrow the divergence of the beam or structure filamentation within

the electron channel [143, 150–153]. A magnetic field is generated from the

temperature gradient in the target (or resistivity gradient ηe ∝ kBT
−3/2
h ) and

acts to both restrict and expand the beam depending on the sign of the gradi-

ent, RHS of Eq. 3.6. Scott et al. [154] used this experimentally to generate an az-

imuthal magnetic field and restrict the electron beam expansion. They demon-

strated that by using an initial pre-pulse to seed magnetic field growth in the

target it is possible to optimise this magnetic channel and narrow the electron

beam expansion injected from the main pulse. Kar et al. [155] used layered

targets to ensure resistivity changes surrounding the beam limited the lateral

expansion of relativistic electrons. Measurements and simulations conducted

by Kar et al. show a clear restriction in the lateral expansion of the electron

beam. In standard foil targets McKenna et al. [156] demonstrated that the vari-

ation in resistivity laterally through the target impedes the expansion of the

electron beam during recirculation. Experimental investigations by Maclellan

et al. [152] demonstrate an annulus structure emerging in the transport of elec-

trons through a silicon target. This structure is explained by a non-linearity in

the resistivity curve. At∼3 eV there is a reduction in the resistivity of the target

as electrons have enough energy to enter the conduction band of the target but

not enough to cause electron-ion collisions. This non-linearity, despite the low

temperatures at which it is important, dominate the overall transport as the re-

sultant dip in the resistivity gradient (RHS of Eq. 3.6) causes a hollowing effect

within the beam that drives electrons into the collimating field surrounding

the main channel. Maclellan et al. [157] followed this work with a thorough

simulation study investigating the effects of different laser parameters on the

annulus characteristics showing that, via incident laser conditions, the resis-

tivity gradients through the target could be controlled to elicit changes in the

annulus structure.
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Experimental measurements and simulations of the field effects on fast elec-

tron transport have been demonstrated by numerous groups [20, 101, 158, 159].

Measurements by Green et al. are of particular relevance given the similar laser

conditions to those studied in this thesis. They found that with reduced on-

target intensity the divergence of the electron beam narrows. A simple analysis

of Eq. 3.3 would imply the reverse, with lower laser intensity driving a lower

temperature fast electron beam having a large divergence from the pondero-

motive force (as the electrons forward momenta is reduced). Green et al. [20]

concluded that in the ideal case, as γ and nh both scale with the laser intensity,

the divergence should be independent (Eq. 3.7→ θ2div ∝ nh/γ). However, the

inclusion of many lower energy electrons (i.e return current, or accelerated by

the laser pre-pulse) accelerated by the laser results in the average γ remaining

effectively constant for the entire population of electrons over the range of in-

tensities. Since the total number of electrons still increases with intensity (Eq.

2.45) the divergence of the electron population is observed to increase. This

indicates that the field growth within the target (dependent on nh) is dominat-

ing compared to the ponderomotive ejection at acceleration when determining

effective electron divergence.

3.1.4 Sheath Development

The hot electrons generated in high-intensity laser plasma interactions typ-

ically have a mean free path much longer than the target thickness in most

studies. At the rear target surface there is no longer a return current to be

drawn and the electron propagation is inhibited. A small fraction of the hot

electron beam escapes the target and propagates into the vacuum, known as

escaping electrons. This loss of charge from the target results in strong electro-

static field growth on the rear surface of the target, which acts to return later

electrons back into the target. This process is repeated on the front surface of
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the target, resulting in recirculation through the bulk of the target material,

as electrons reflect due to these fields [160]. The strength, and the lateral and

transverse extent of this sheath field is an important factor in both electron

recirculation and subsequent ion acceleration. The longitudinal extent of the

field, assuming negligible ion expansion over the duration (<ps), can be ap-

proximated as the Debye length, λD [161, 162]. The lateral expansion can be

described as a function of the initial laser spot size (and therefore hot electron

generation area) and average electron divergence through the target. At the in-

terface between target and vacuum the peak electric field can be approximated

to scale [161]:

Emax(z = 0) =

√
2kBTe
eλD

(3.8)

however, since λD is a function of electron density, this can instead be ex-

pressed by the radial divergence of the electrons, θe, the incident laser spot

size φL, and the peak intensity on a target of thickness d [138, 163]:

Emax ≈
φL

φL + d tan(θe/2)
I
7/8
18 5.2× 1011V/m (3.9)

This is a simplified expression; over the course of the interaction the size

of the sheath will expand as electrons spread laterally through the target and

reduce the peak strength. Dubois developed a model [164] that estimates

the temporal evolution of the sheath by taking into account electron diffu-

sion in the target and the reduction in rear surface density as electrons diffuse

through collisions. Solving Eq. 3.8 for typical parameters (kBTe ≈ 1 MeV and

λD ≈ 1 µm [162]) leads to a peak field strength of Emax ≈ 1.5 TV/m. Electrons

arriving after this sheath has formed would have to have enough energy to

overcome this potential in order to escape, if not, the electrons would recircu-

late within the target.
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The escaping population is typically a small fraction (< 5%) of those ini-

tially accelerated [8, 21, 38, 160, 165]. Electrons in this population come pri-

marily from two mechanisms; as part of the plasma expansion, or highly en-

ergetic and able to overcome the sheath potential. Electrons in each popu-

lation have interacted with the sheath field to some extent, and, as a result,

measurements of escaping electrons must consider this effect when drawing

conclusions about the accelerated population. Link et al. [166] explored the

effect of proton acceleration on the escaping electron population, determining

that as the sheath field increases, and the target charges, part of the escaping

spectrum is cooled significantly. Measurements of escaping electrons should,

therefore, be approached with care since they can be misleading if this effect is

not accounted for. Grismayer et al. [167] developed an analytical model for the

spectral cooling that occurs when electrons interact with an evolving sheath

field. Rusby et al [168] demonstrated, via numerical simulations, that electrons

escaping the target can be significantly de-accelerated as they overcome the

sheath.

In summary, electrons are accelerated into the target and experience a mul-

titude of transport effects. Their initial divergence is the result of intensity

gradients at the front surface. The high current that propagates means a large

return current must be drawn to offset inhibitive field growth. Despite this

return current, local field growth acts to pinch, filament, and expand the beam

as it propagates. Electrons within the target medium scatter as a result of colli-

sions with the background atoms. If they are able reach the rear surface, large

charge separation can occur instilling a TV/m electro-static field at the target

boundary which acts to trap electrons and recirculate them through the tar-

get. A schematic of the transport mechanisms described in the prior sections

(Return Current - Section 3.1.1, Electron Divergence - Section 3.1.2, and Field

Growth - Section 3.1.3) is shown in Figure 3.1.
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3.1.5 Target Normal Sheath Acceleration

The sheath field can be sufficiently strong to fully ionise the rear surface

(Section 2.3) and then accelerate ions. For PW scale laser facilities peak en-

ergies in excess of 50 MeV are now routinely accelerated with a total flux of

∼ 1013 protons across the entire spectrum [169, 170]. These protons, found

in the containment layers of a target, are more favourably accelerated due to

their high charge-to-mass ratio compared to other ions. However, multiple ion

species and charge states (sourced from containment and target ions) can also

be accelerated by the same mechanism, depending on the skin depth of the

sheath field and the ions in the vicinity. This process is known as Target Nor-

mal Sheath Acceleration (TNSA) and has been an area of study for many years;

with the full extent of the process being the subject of many detailed investiga-

tions [121, 138, 161, 165, 171, 172]. TNSA is the culmination of many physical

processes; the population of accelerated electrons, their subsequent divergence

and structure through the target, the distribution on the rear surface, and the

temporal evolution all influence the beam parameters of the accelerated ion

beam. Several models have been developed and used throughout the com-

munity in order to account for different aspects of the interaction and provide

some prediction as to the maximum acceleration. One of the most commonly

used models is the plasma expansion model by Mora [161]. This model is a

1D analytical approach to the sheath field formation at a plasma boundary in

terms of the initial electron temperature. It is used by the author in Chapter 5

to develop a model for the recirculation of electrons. Fuchs et al. [173] applied

this model, and an approximation of the acceleration time, τacc, to estimate the

maximum proton energy as:

Eproton ≈ 2ZkBTe

[
ln
(
τacc +

√
τ 2acc + 1

)]2
(3.10)

ωpi here is the ion plasma frequency. In reality, the acceleration time is finite
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and τacc needs to be given in order to determine the maximum proton energy.

The acceleration time has been shown to be bounded to the order of the laser

pulse, τacc ≈ 1.3τlaser [173] for picosecond laser durations and significant pre-

plasma formation. Brenner et al. [170, 171] presented a model for calculat-

ing the acceleration time which incorporates the ion expansion rate and the

transverse electron transport time for ultra-thin targets and femtosecond laser

durations.

3.2 X-ray Generation

The accelerated electrons are able to emit radiation across the EM spectrum.

This section encompasses the primary mechanisms involved in x-ray genera-

tion - focusing on bremsstrahlung and line emission from targets. Whilst this

is an incomplete picture of the photon generation processes that occur in laser

plasma interactions - in particular THz [62, 63, 174] and (X)UV [58, 59, 175, 176]

- it encompasses the key aspects of physics which are relevant to the work

present herein.

A key mechanism for the generation of x-rays is derived from the acceler-

ation of electrons; when changes in energy occur the difference is emitted as

radiation. This is described mathematically by Larmor’s formula. The power

emitted by an accelerating particle can be expressed as:

P =
e2a2

6πε0c3
(3.11)

where a is the acceleration of the particle [177, 178]. The schematic in Fig-

ure 3.2 demonstrates the origin of this radiation. As the particle accelerates, a

”break” in the field lines emerges at distance r = ct. Since field lines must be
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continuous, a perpendicular component of the field emerges as a result:

E⊥ =
qa sin θ

rc2
(3.12)

Unlike the typical radial charge, which is proportional to 1/r2, this field has

a 1/r dependence resulting in only this field contributing at large distances -

i.e. it is radiated.

(a) (b)

Figure 3.2: Field lines of a charge in a travelling frame at ν, (a) Field lines at t0,
(b) Field lines at t1 after charge has accelerated to ν ′, where ν ′ > ν. Radius of
the inner circle is r = ct.

3.2.1 Bremsstrahlung

The German root for bremsstrahlung is ”braking-radiation”; since this emis-

sion is determined by electrons losing energy as they interact with fields within

an atom, the difference between the incident energy and the final energy is

emitted as a photon. The emitted x-ray spectra from laser plasma interac-

tions is typically dominated by a continuum of photon energies generated by

bremsstrahlung up to several MeV in energy. This process is an extension of

Larmor’s Law (Eq. 3.11). In the case of bremsstrahlung the acceleration, a, for
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an electron is described by Coulombs law:

F = ma = − Ze2

4πε0r2
(3.13)

where r is the distance between the electron and the ion. The important dis-

tance, and therefore force, is the closest approach - or impact factor - b. The

time of the interaction is ∆t ≈ 2b/v where v is the speed of the incident electron

and the ion is considered stationary for the duration. The energy is therefore a

combination of Eq. 3.11 and Eq. 3.13:

P∆t = ∆E =
4

3

Z2e6

m2
ec

3

1

b3v
(3.14)

For the total internal spectra of electrons there are a range of energies (and

therefore velocities v), and a range of impact parameters. In a plasma, the max-

imum interaction range of concern is the Debye length, with the the minima set

as the De Broglie wavelength [179], bmax = λD, bmin = λB = h/p. Integrating

over the possible interactions distance and the number density of ions gives

the energy radiated per electron as:

∆E

∆t
=

4niπ

3

Z2e6

m2
ec

3

1

v

[
1

λD
− 1

λB

]
(3.15)

To include the energies: the spectra of hot electrons inside the target, f(Eh)

(Eq. 2.46) is used, leaving the total power emitted per volume for the acceler-

ated spectra, WB as:

WB =

vmax∫
0

4niπ

3

Z2e6

m2
ec

3

1

v

[
1

λD
− 1

λB

]
︸ ︷︷ ︸

Per Collision

Spectra︷ ︸︸ ︷
Ne

√
4Eh

π(kBTh)3
exp

(
− Eh
kBTh

)
4πv2dv

(3.16)
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WB ≈ 1× 10−21Zn2
e

√
Te

[
exp

(
− hv

kbTe

)]MeV
cm3s

(3.17)

This derivation is taken from the discussion by Giulietti and Gizzi [179] but

converted into appropriate units and with certain steps reduced in order to

provide clarity. Whilst the convolved energy equation results in a complicated

expression, the single interaction model is simple to understand. When the

electron is deflected by a nearby nucleus it emits radiation equal to the energy

it is losing as a result of Larmor’s formula, Eq. 3.11. A schematic of this process

is shown in Figure 3.3.

Figure 3.3: Bremsstrahlung is generated as the electron deaccelerates in a field.
The energy of this photon is dependent on the approach distance b and the
energy of the incident particle.

3.2.1.1 Line Emission

Energetic electrons travelling within a material have the chance to ionise

atoms by colliding with the surrounding bound electrons. Lower-shell elec-
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trons can be excited and ionised by these collisions resulting in higher-shell

electrons decaying to the lower energy shell and, as a result, the atom emits a

photon with characteristic energy to compensate. The most common of these

(for typical interactions where kBTe ≈ 1 MeV) is a K-alpha emission where

the inner most electron (and therefore lowest orbital energy) is ejected, and

an electron from the orbital shell above (L-shell) then decays. The emission

is typically very narrow-band with significant variation being an indication of

strong external fields [180], or hollow-ions where both electrons in the K-shell

are ionised changing the transition energy from the L-shell [181–183].

Figure 3.4: Line emission is typically a by-product of collisional ionisation; as
the lower electron is ionised through collisions and higher orbital electrons
then decay to the lower levels emitting characteristic energies. The most com-
mon of these transitions is from the L (E2) shell to the K (E1) shell resulting in
a K-alpha x-ray being emitted.

This process is dependent on the number of travelling electrons present and

the cross-section of collision between the accelerated electrons and orbital elec-

trons:

Nk = ηrNeωknCu

∫ ∞
0

f (E0) dE0︸ ︷︷ ︸
Spectra

∫ s(E0)

0

σk [E (E0, s)] ds︸ ︷︷ ︸
Cross Section

(3.18)

where σk is the interaction cross-section, E0 is the energy of the electron, Ne is
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the number of electrons, and ωk is the branching ratio between K-alpha (L-K

transition) and K-beta (M-K transition). Low energy, and more collisional, elec-

trons are more likely to cause ionise the inner-electron and cause line emission,

as a result the collisional return current that is established by the fast electron

beam can be a source of this radiation.

3.2.1.2 Emitted Spectra

The combination of these processes inside a target results in a broad spec-

tra extending up to the peak energy of the electron spectra (tens of MeV). The

overall spectra is dominated by the broad continuum emitted via bremsstrahlung,

with peaks from pair production and line emission at characteristic energies.

Figure 3.5: Total x-ray spectra from a 1 mm Ta thick target (black) 2.5 MeV
temperature incident electron beam, modelled in GEANT4 assuming a single
pass through the target. Single temperature fit is shown by a dashed white line.
The shaded areas correspond to the two primary spectra regions, low energy
(blue) dominated by target attenuation and the high energy (red) dominated
by the Bremsstrahlung continuum.

Figure 3.5 shows a spectra generated for a single temperature electron beam
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through a 1 mm thick Ta target. The spectra is effectively split into two re-

gions: the lower energy (blue in Figure 3.5) is dominated by self-attenuation

as the x-rays are generated and subsequently attenuated within the target (see

section 3.4), and the high energy region (red in Figure 3.5) is dominated by

the bremsstrahlung continuum and extends up to the peak energy in the elec-

tron spectra. A simplified expression for the emitted x-ray spectra can be

attained by convolving a single Boltzmann distribution with the form I =

I0 exp(−E/kBT ) with the attenuation function of the target material.

3.3 K-alpha and bremsstrahlung emission

K-alpha emission has been used in many studies to date [20, 143, 184–189] to

monitor the electron distribution. Its comparatively high yield and relatively

low energy mean that it can be spatially and spectrally isolated via Bragg crys-

tals or Ross-Pair filters [190, 191]. However, this technique is not without its

shortcomings. The two primary stopping processes for electrons can be con-

sidered as collisional; interacting with atomic electrons in the material causing

ionisation as a result of the collisions, or radiative; where the electron interacts

with the atomic field and decelerates resulting in bremsstrahlung emission.

The first case causes line emission in targets and is dominant at low electron

energies, as shown in Figure 3.6, while at high energies the radiative stopping

begins to dominate. These attenuation processes are dependent on the target

material, and give rise to an attenuation length (λatt) where the initial popula-

tion of electrons has fallen to 1/e.

Therefore, measurements made at higher energies - with bremsstrahlung

emission rather than K-alpha - ensure that the bulk of the production is com-

ing from the energetic tail of accelerated electrons, rather than colder electrons

that could be from secondary processes such as collisional ionisation.
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Figure 3.6: Electron stopping power in copper. The solid line is the collective
stopping, dashed is collisional, and dotted is radiative. K-alpha emission is
caused by the first process and bremsstrahlung by the second. Cross-sections
from the NIST ESTAR database [14].

Another population of electrons to consider here is the return current. Typi-

cally this is a cold (10−100 eV) population of electrons, though there are condi-

tions under which this cold background can increase in temperature. Recently,

Compant La Fontaine published a study into the time evolution of the return

current [192], and its effect on the target resistivity and x-ray generation, con-

cluding that the Ohmic heating induced by the return current could reduce the

x-ray signal by up to 40% for a tantalum target. At short distances into the tar-

get, the return current temperature was shown to rise to ∼keV energies, there-

fore introducing uncertainty in the origin of K-alpha sources. Spatially, the

return current will occupy a similar volume as the accelerated current [130],

however, unless factored in, the flux contribution by this population of elec-

trons could lead to misleading measurements of the accelerated population.

Higher energy x-ray measurements preclude the chance of contribution from

the return current. An effect to consider as a result of this is the angular emis-
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sion of bremsstrahlung radiation; K-alpha emits in all directions but the angle

of emission for bremsstrahlung is dependent on the incident electron energy

(and momenta). The distribution of bremsstrahlung emission angle can be ex-

pressed as a function of the electron energy E by [147]:

F (θλ) =
1[

1 + ( E
E0
θλ)2

]2 (3.19)

where E0 is the rest mass of the electron, and θλ is the x-ray emission angle

from the electron’s direction of travel. For electrons greater than ∼ 250 keV,

the half angle of emission is less than 45o and therefore x-rays emitted from

recirculating electrons will be detected primarily on every other pass of the

target.

3.4 X-ray Attenuation

Attenuation of x-ray signal generated by electrons within the target de-

creases the flux of x-rays detected experimentally. The lowest x-ray energies

are attenuated most strongly, resulting in a quasi-top hat distribution. There are

various mechanisms behind the attenuation of x-rays which are key in under-

standing x-ray detection. The transmission of x-rays can be described through

the Beer-Lambert law:

I = I0 exp(−ρlσ) (3.20)

where I0 and I are the intensity of the x-ray signal before and after transmis-

sion respectively, ρ is the mass density, l is the length of transmission, and σ

is the attenuation cross-section for that energy x-ray and material. There are

three primary attenuation mechanisms to consider; absorption, where the in-

cident photon is absorbed and the energy deposited in the target, scattering,
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where the photon is deflected away from its initial trajectory, and pair produc-

tion, where the incident x-ray seeds the creation of an electron-positron pair

which then annihilates some time later to produce two 511 keV photons.

The photo-electric (PE) effect governs the losses for low energies. The x-ray

deposits its energy into an electron, causing it to become ionised and able to

deposit its energy elsewhere in the target. This is dominant at energies < 100

keV. The extent of the spectra that this dominates over is dependent on the Z

of the material:

σPE ∝ ZnE3
γ (3.21)

where Eγ is the energy of the incident x-ray and n is a scaling factor depen-

dent on the material [193]. The atomic number dependence is a result of the

increased density of high-Z materials and, therefore, a higher number of elec-

trons that can be interacted with in a given volume.

At higher energies, the photon can be re-emitted from the electron with

some fraction of its initial energy at a different angle. This scattering process

can occur in two ways: either the photon energy is maintained (elastic/Thom-

son scattering) or photon energy is reduced (in-elastic/Compton scattering).

In each case the incident photon interacts with bound electrons and is re-

emitted. For Thomson scattering, the electron is excited by the photon electric

field and, from Lamor’s equation for radiated power (Eq. 3.11), an equal fre-

quency photon is emitted at an angle dependent on the polarisation angle of

the incident x-ray. This is an infrequent process with the majority of scatter-

ing being dominated by Compton scattering [194]. The incident photon must

have sufficient energy to excite, and ionise, the electron. The electron carries

away a portion of the incident energy and the rest scatters with the photon.
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The cross-section for each Thomson and Compton are [195, 196]:

σTS =
1

3

(
2e2

ε0mec2

)
(3.22)

σCS =

(
2e2

ε0mec2

)(
1 + 2k + 1.2k2

3(1 + 2k)2

)
(3.23)

where k = E/E0. It is clear to see that for incident photon energies, where

k → 0, σCS → σTS . The energy loss of the photon in Compton scattering is an

important characteristic in x-ray attenuation since it can result in high-energy

photons reducing in energy and becoming easier to detect. The energy of the

scattered electron is dependent on the scattering angle of the photon:

E ′ =
E

1 + (E/E0)(1− cos θ)
(3.24)

The final process is pair-production, in which photons with E > 1.022 MeV

(the rest mass of an electron plus positron) travel within the field of a nucleus

and a positron-electron pair is created. This must happen within an atomic

field to maintain the conservation of momenta, and as such it scales with the

relative size of the field. The cross-section is as follows [196, 197]:

σPP =
e6Z2P (E,Z)

64π3ε30~m2
ec

5
(3.25)

where P (E,Z) is a probability function dependent on the electron energy and

atomic number.

The total cross-sections for materials are tabulated in databases such as

XCOM from NIST [14]. The cross-sections for iron are outlined in Figure 3.7;

the total attenuation cross-section being a summation of those described above

σx = σPE + σCS + σTS + σPP and dependent on the incident x-ray.
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Figure 3.7: Cross-sections for the various processes occurring in x-ray attenua-
tion for iron. Calculated from the NIST XCOM database [15]

3.4.1 Detected X-ray Emission

Detecting x-rays is a convolution of the emitted spectra, any additional

materials the x-rays have to transport through, and the detector itself. Of-

ten, when using x-ray detectors, it is important to know what x-ray energy is

most likely to be detected such that photon numbers can be estimated from

the counts on the detector. This is referred to as the peak detected energy. The

peak detected energy varies as a function of target thickness (`), target material

(ρ, Z), electron temperature (Te) or the generated effective x-ray temperature

(Tx), and the detector. For a fixed detector system, the experimental variables

become the target and the electron/x-ray temperature. To explore the effect

that each of these has a simple model can be constructed. Assuming a rela-

tivistic electron population Te ≈ 1 MeV and a thin target, such that ` < λatt(Te),

x-rays will be generated fairly uniformly throughout the target in a continuum

up to the energy of the incident electron and then attenuated by the remainder
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of the target. In Figure 3.8(a) this process is drawn as a schematic, as electrons

transport through each slice of the target they generate some x-rays. The emit-

ted x-ray spectra is then a summation of each slice attenuated by the remainder

of the target:

γx = γ0

nt∑
n=0

exp(−(`− (n− 1/2)d`)ρσx) (3.26)

where γx, γ0 is the x-rays created by the entire target and each slice respectively,

n is the slice number and nt = `/d`, σx is the attenuation cross-section as dis-

cussed in the prior section. γ0 can be calculated based on the electron radiative

cross-sections, σe, from the NIST ESTAR database [15] similarly:

γ0 = Ne(1− exp(−`ρσe)) (3.27)

where Ne is the number of electrons travelling through each slice. The peak

detected x-ray can be calculated for a given x-ray temperature using these two

equations. Figure 3.8(b) is the peak detected x-ray energy as a function of ef-

fective x-ray temperature for a 100 µm thick copper target detected in image

plate through an 18 mm SiO2 window. This configuration is used in the exper-

imental discussion in Chapter 5.

This was determined using the cross-sectional data in the NIST ESTAR [14]

and XCOM databases [15], and the 1D attenuation determined by Beers law

(Eq. 3.20). However, this can be replicated in 3D using GEANT4 (a Monte-

Carlo simulation toolbox discussed again in Chapter 4) to model the x-ray

transmission. Firstly, a simulation was conducted with a 1 MeV electron spec-

tra (nominal electron temperature for IL = 5× 1019 W/cm2) incident on a cop-

per target with ` = 100 µm, electrons were propagated through and deflected

by a magnetic field, any emitted photons detected on a layer of image plate
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Figure 3.8: (a) Schematic outlining the production of x-rays throughout a tar-
get, each slice of the target is denoted by xn, which has thickness d`. (b) Peak
detected x-ray energy as a function of effective x-ray temperature, the peak sig-
nal approaches 70 keV as the effective x-ray temperature is increased > MeV.
There is an increase in expected energy on the rising edge for increased target
thickness as self-attenuation hardens the emission of x-rays.

and filtered by a 18 mm SiO2 window, as before. The detected yield of x-rays

as a function of their energy is shown in 3.9(a) with the effective temperature

plotted as a black dashed line. The effective temperature from this configura-

tion was ∼37keV and the peak is at ∼50 keV.

Additionally, the simulation can be used to determine the electrons respon-

sible for generating the detected x-ray signal, shown in Figure 3.9(b) showing

that the electrons most likely to generate the emission are from 1-3 MeV. The

plot in Figure 3.10 shows how the responsible electron changes as a function of

the electron temperature, calculated by assuming a Maxwellian distribution of

electrons. This demonstrates that, by sampling these x-rays, the electrons are

relativistic in nature and most likely from the hotter parts of the spectra due to

their increased chance of radiation.
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(a) (b)

Figure 3.9: GEANT4 simulation results. (a) Number of detected x-rays as a
function of their energy, an exponential fit of distribution is shown with an ef-
fective temperature of∼37 keV. (b) The number of detected x-rays as a function
of the incident electron energy.

Figure 3.10: Primary electron energy responsible for x-ray generation in Fig-
ure 3.8 as a function of temperature, determined from the graph shown in
Figure3.9(b). Shaded region shows the area greater than 0.5 in Figure3.9(b)

This is the response for a 100 µm copper target and is used to determine the

peak energy for the detector system in Chapter 5 and the energy of electrons
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most likely to generate those x-rays. A similar technique is used in Chapters

6 and 7 to determine the response for different target configurations. In the

appendix a method to determine the responsible electrons from Kramer’s Law

is outlined.

3.5 Summary

Chapters 2 and 3 have covered the underlying physics relevant to the re-

search presented in the thesis. The key concept to take from this overview is

that the incident laser ionises and accelerates a broad spectra of electrons to

relativistic energies into a target. These electrons collide with atoms within the

target and produce a bright source of x-rays, which provide both a mechanism

to diagnose the internal electron transport and beam characteristics, and the

means to accomplish radiography of dense objects. As the electrons reach the

rear surface, a large electro-static sheath field builds in response to the charge

separation that drives a population of ions to be accelerated - a core focus for

the field. The electrons that remain are recirculated back into the target, contin-

uing to radiate as they propagate. The next chapter will discuss various meth-

ods applied throughout the thesis, including a description of the lasers that

enable this work, and the detectors used to measure and characterise emitted

x-rays.
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Methodology

The essential methods underpinning the experimental research is discussed

herein. High intensity laser systems are introduced, covering the generation of

the main pulse and the pedestal. The application and utility of numerical sim-

ulations is addressed with particular focus on GEANT4 and EPOCH, for their

use in data analysis and designing diagnostics. The mechanisms and specifics

of x-ray detectors are covered and particular attention is paid to the develop-

ment of a high energy penumbral foil detector, to diagnose x-ray source size

and relative flux that was developed by the author and used on numerous

experimental campaigns.

4.1 High intensity lasers

The primary technique that allowed lasers to reach relativistic intensities

(> 1018W/cm2) was CPA [43]. As the laser developed over time, the inten-

sities reached during amplification were sufficient that non-linearities would

build through optical mediums and significantly distort the beam. This leads

to the requirement of either keeping beams under vacuum at all times, or low-

ering the intensity during amplification. One method used was to increase the

diameter of the beam. Whilst effective, this quickly becomes expensive and

untenable. CPA is the practice of stretching the pulse temporally rather than

spatially, reducing the intensity during amplification.
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Figure 4.1: Chirped pulse amplification. From left to right: initial short pulse,
stretched pulse, amplified stretched pulse, re-compressed pulse. Damage
threshold is indicated, compression only occurs under vacuum with minimal
remaining optics in path. Schematics for each stage are shown above the pulse
shape.

The laser pulse is stretched using a pair of gratings, positively dispersed,

to provide a longer path length for short wavelengths and vice versa. The

distribution of wavelengths, or bandwidth, of the pulse is set by the lasing

medium and optical properties of the laser. This now stretched pulse can be

amplified without significant intensity dependent aberrations. The pulse is

then re-compressed, using a second set of gratings, to a higher peak power.

4.1.1 Amplified Spontaneous Emission

The process of amplifying the primary laser pulse introduces a background

signal to the entire chain via spontaneous emission from the gain medium. In

a typical optical amplifier, the medium is excited microseconds before the seed

pulse arrives, and electrons in the medium are excited to meta-stable states
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Chapter 4. Methodology

with relatively long lifetimes. However, these electrons are able to sponta-

neously decay over the entire lifetime introducing a background signal to the

laser chain. This emission is random and emitted in 4π with only a small per-

centage travelling down the remaining laser chain seeding further emission

and thus amplification. The result is a lower-intensity, longer pulse duration

pedestal that precedes the primary pulse - see Figure 4.2. The ratio between

the intensity of this pedestal and the primary pulse is known as the intensity

contrast of the laser system. Optimising this ratio is a key concern as often the

pedestal is sufficiently intense to begin forming a plasma on the target surface

ahead of the main pulse interaction. In thin targets, this can result in the bulk

of the target being ablated before the main pulse arrives. This drives a pre-

plasma on the front surface of the target leading to a change in the absorption

or field growth [52, 100].

Various laser techniques are deployed to improve the temporal contrast of

the system; alternative amplifier schemes1 can be used to deliver amplification

without contribution to the ASE due to the process requiring both the seed and

pump laser to be matched [198]. It is also possible to exploit intensity depen-

dent processes to improve temporal contrast. Frequency doubling crystals are

significantly more efficient at high intensities (η0 + η2(I) ∝ I2) thus increas-

ing the contrast of the peaks at the expense of total energy in the beam. This

technique is used in major laser systems, such as LMJ [199].

4.1.2 Plasma Mirrors

Another mechanism to improve the contrast of lasers systems is to utilise a

plasma mirror. These operate like a fast optical switch capable of isolating the

main pulse from the preceding ASE pedestal. The mirror is typically a mate-

rial that is initially transparent to the laser wavelength. The beam is directed
1Optical Parametric Amplification (OPA), see discussion in reference [16]
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Figure 4.2: Laser temporal contrast. Contrast trace for Vulcan Petawatt, key
features of the pulse are identified [16].

onto the surface such that only during the rising edge of the main pulse does

the surface begin to ionise and create an over-dense plasma that reflects the

remainder of the beam. The unwanted pedestal of the pulse is transmitted

through the plasma mirror and away from the target leaving the main pulse to

be focused onto the target surface.

Plasma mirrors increase the contrast preceding the main pulse (items 2-4 in

Figure 4.2), typically reducing the pedestal level by∼ two orders of magnitude

> 100 picoseconds before the main pulse and ∼ 103 a few picoseconds before

[200, 201]. Significant study has been conducted throughout the field on the

operation of plasma mirrors, increasing the reflection efficiency [22, 23, 202],

developing refocusing plasma mirrors to increase the intensity of the beam
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Figure 4.3: Plasma mirror operation, demonstrating the optical switching al-
lowing transmission of the ASE and reflection of the main pulse. Image from
Wilson [16]

[203], and cleaning the temporal profile enough to irradiate nanometre scale

targets [54].

4.1.3 Laser Facilities

Whilst advancements in cost and scale have been made (ultra-)relativistic

lasers (1020 W/cm2) more available, they are generally still out of reach of

university facilities. Instead, national and international support is required to

fund and develop the institutions. In this research, one facility was primarily

used, the Vulcan Laser System at the Central Laser Facility, Harwell, UK. A re-

view of the parameters and amplification process is contained in the appendix

of this thesis. Throughout the thesis, relevant laser parameters are provided as

part of the experimental discussion.
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4.2 Detectors

Laser plasma interactions are capable of generating high-energy radiation.

It is, therefore, necessary to have detectors able to characterise and compare

the emission. Throughout the field of laser plasma accelerators there are many

types of detectors commonly used. There are four features that can be used to

categorise detectors; their repetition rate, their energy sensitivity, their resolu-

tion, and their dynamic range. Ideally a detector would excel at each of these

features, however in reality one, or more, is traded in exchange for another.

There are numerous individual detectors within each of the categories out-

lined in Figure 4.4. The following two sections discuss a passive detector,

image plate, and scintillators in general. Both have been used extensively

throughout the research presented in this thesis. Although others are not dis-

cussed at length it is worth mentioning them in brief. Photo-nuclear processes,

shown as (γ,X) in the figure, refers to the nuclear activation between a high

energy (> 8 MeV) photon and the nucleus of various materials. This tech-

nique is employed within plasma physics extensively to detect very high en-

ergy photons with a high degree of certainty [77, 204]. X-ray film is another

passive detector has been used for decades in radiography and laser-plasma

interactions. Whilst image plate (IP) is considered the successor to x-ray film,

the significantly higher spatial resolution means that x-ray film is still used.

Phosphor Film is considered a successor to image-plate, at least to the medi-

cal community, owing to the fact that unlike IP (and x-ray film) it is an active

diagnostic meaning it does not have to be manually reset after each exposure.

The slight reduction in spatial resolution and dynamic range diminish the ad-

vantage and the long repetition rate of most high-energy laser systems means

that IP being passive is not inherently an issue. CCDs are cameras that can be

used to either directly detect incoming x-ray photons or, more commonly, are
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Figure 4.4: Summary of detectors with respect to their x-ray energy sensitivity
and resolution. The circles indicate categories of detector and their working
ranges. ‘Passive’ detectors are primarily single shot, or require significant time
between exposures. (γ,X) detectors are limited by the radioisotopes half-life
(seconds-hours), and the spatial resolution comes from imaging the decay sig-
nal using a secondary detector. CCDs and scintillators can operate at many Hz
repetition.

coupled (via a lens) to a scintillator to monitor the optical emission instead. In

certain set-ups the scintillator can also be directly mounted on the CCD using

a fibre-optic plate to provide a significantly higher collection efficiency from

the scintillator [205].

4.2.1 Image Plate

Image plate (IP) was developed as a multiple use equivalent to x-ray film. It

has been characterised extensively [191, 206, 207], has high dynamic range, and
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is able to be used to detect multiple radiation species (protons [137, 156, 171],

electrons [208, 209], x-rays [191, 210, 211] etc.).

TR SR
Compound Thickness Density Thickness Density
Protective Layer (CH) - - 9 1.64
Active Layer (BaFBr:Eu) 60 2.61 112 3.07
Backing (CH + Fe2O3) 307 1.82 307 1.82

Table 4.1: Image plate composition for TR and SR types, schematic diagram
included for clarity.

The exact make-up of IP varies between models, however, the base recipe is

the same. An active layer (typically a BaF compound) is supported by a mag-

netic substrate and protective coating. Energy deposited into the active com-

pound excites electrons into a metastable state. To retrieve the information the

IP is exposed to a blue laser, which de-excites the atom to emit radiation. The

location and intensity of the emission is then detected to form an image from

the absorbed x-ray energy. The variation in active layer and protective coating

changes the sensitivity of the detector. A thicker protective layer will attenuate

low energy signal, of x-ray and charged particle alike, before reaching the ac-

tive layer. TR has no protective coating and is therefore ideally suited for low

energy K-alpha detection. A thicker active layer, however, provides increased

attenuation to incident radiation making it more sensitive. The main advan-

tage of IP, however, is the large dynamic range it has compared to CCDs and

x-ray film [212]. High dynamic range is vital in imaging to discern information

from surrounding noise/background and to set a limit in spatial resolution.

Due to its versatility IP is used in various diagnostics, from bremsstrahlung

cannons [191, 210, 211], to thomson parabolas [137, 156? ], to electron spec-

trometers [208, 209], and as the detector stack for the penumbral foil detec-

tor described in section 4.3.2. As such the community has extensively charac-

terised IP and its response to each incident species. For calculations in this the-

sis the author used modelling by Meadowcroft et al., Maddox et al., and Bonnet
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et al. to determine the response of the respective image plate [191, 206, 207].

4.2.1.1 IP Resolution

In practice, IP resolution is a function of both the detector lattice structure,

and the scanner used to digitise the data. The scanning laser diffuses through

the detector layer to prompt re-emission the scattering throughout this process

blurs the signal over a larger emission area [213]. By taking a known edge

spread function (ESF) we can reconstruct the image and mitigate the effects.

Whilst this is not important for spectral measurements, this is vital for spatial

diagnostics that require maximum resolution.

Figure 4.5: (a) raw image, (b) de-blurring function, (c) Guassian-filtered image,
(d) lineouts across each image at the transition from light to dark.

Throughout this research a Gaussian filter with the ESF for TR and SR IP, as

measured by Fiksel et al [213], is used. With a known ESF, the source image can
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be retrieved by dividing the Fourier transform of the image and ESF, and com-

puting the inverse transform of the result. Figure 4.5 shows the a radiograph

of the penumbral foils outlined in Section 4.3.2, this figure demonstrates the

steps for deconvolution, with a comparison between the measured image and

the deconvolved source. In Section 4.3.2 this technique is expanded to include

the additional spreading introduced by filtering and the penumbral foil de-

ployed in experimental campaigns, by a simple “sum-of-squares” calculation

to determine the joint contribution from each source of ESF.

4.2.2 Scintillators

Scintillators are able to convert incident x-ray (and other energetic radia-

tion) into readily detectable optical photons. In inorganic scintillators (CsI,

LYSO) the incident photon is absorbed by the material, exciting an electron.

This electron typically has many times the energy required to free it and it trav-

els through the scintillator crystal freeing more electrons through collisions.

With time these electrons will decay, via an intermediary energy level caused

by impurities in the crystal, emitting photons within a spectrum characteris-

tic to the material. These impurities are known as activators and increase the

efficiency of the scintillator. A schematic for this mechanism is shown in Fig-

ure 4.6. Electrons in an organic scintillator (such as hydrocarbons and benzene

compounds), however, use transitions between internal energy states to scin-

tillate. Photons excite electrons in high energy levels, these then decay directly

(fluorescence) or via a triplet state decay significantly later (scintillation). Each

process is inherently reversible, with the excited electrons eventually decay-

ing back to ground in order to emit light, this happens in nano-microseconds

depending on the material without the need for intervention from operators -

this is referred to as an active detector compared to a passive detector (which

requires intervention to be reset).
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Figure 4.6: Inorganic scintillation schematic, the incident photon (1) excites
the electron to the conduction band (2) with many times the binding energy,
it collides with many other atoms in the crystal causing further excitation (3),
these electrons eventually decay through the presence of activator crystals (4)

4.3 Measuring X-ray Source Size

Determining the distribution and area over which x-rays are emitted dur-

ing a laser-plasma interaction is key for characterising the emission as a po-

tential source for industrial radiography applications. There are various tech-

niques applied throughout the field for determining spatial information about

the x-ray emission. Three techniques are addressed here and a discussion of a

high resolution, high energy, penumbral foil that the author designed during

this research. The techniques addressed are; using crystal diffraction, pinhole-

cameras, and the penumbral imaging. Each has its advantages, however using

the latter technique it is possible characterise > 100 keV x-rays.
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4.3.1 Low energy (< 50 keV techniques)

X-ray imaging crystals rely on Bragg diffraction. X-rays interact with the

crystal lattice and are reflected. At discrete intervals, dependent on the inter-

atomic separation ds and the angle of incidence for the x-ray, the reflected x-

rays constructively interfere and produce a bright diffraction peak. At other

angles the phase shift between the reflected x-rays cause destructive interfer-

ence. The path difference between the crystal structure causes peaks in signal

to occur at:

2ds sin(θ) = nλγ (4.1)

where λγ is the wavelength of the incident x-ray, d the inter-crystal spacing,

and θ the incidence angle, outlined in Figure 4.7. This process is inefficient and

limited in energy range by the crystal structure. Typically these are applied to

1 − 40 keV K-alpha x-ray emission where the flux at the specific bandwidth

is typically orders of magnitude higher than the continuum. Crystal diagnos-

tics exist that are designed to work with hard x-ray emission, however, they

intrinsically have a low efficiency due to the cross-sections of interaction to co-

herently scatter x-rays [214, 215]. Using spherical crystals the same technique

can be used to form an image of the x-ray emission area on a detector plane,

this technique has been used extensively in the field, particularly with Cu K-

alpha emission at ∼ 8 keV [20, 184, 216].

Pinhole cameras project an image of the source onto a detector plane, ex-

actly the same as camera-obscura using for optical light - Figure 4.8 is a schematic

outlining the process. The pinhole is made from a thin high-density material

with a hole smaller than the source, this is normally placed close to the tar-

get source allowing ample magnification to the detector. Whilst widely used

throughout the field [217–219], pinhole cameras are prone to low collection ef-
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Figure 4.7: Bragg diffraction in crystals. Grey dots indicate the lattice structure
of the crystal, and the red dashed line indicates the path of x-rays reflecting off
the lattice structure.

ficiency and signal to noise issues. Charged particles emitted from the target

can contribute to the detected signal, even when isolated from the detector via

magnetic fields, through collisions with the pinhole substrate and housing. In

thin targets, this can be a significant factor as the necessary areal density of a

pinhole could result in the pinhole substrate being a more effective x-ray con-

verter than the target. The diameter, d, of the pinhole needs to be smaller than

the lateral extent of the source to provide a measurement.

Penumbral imaging measurements are the simplest of the three techniques,

involving placing a dense object between the source and the detector. This

creates a non-transmitting object from which the source characteristics can be

determined. When illuminated with a non-point source this will create a tran-

sition region in which the x-ray signal changes gradually. The single edge

reduces the contribution from diffraction by several orders of magnitude rel-

ative to pinholes. Measuring higher x-ray energy can be achieved by varying

the areal density of the edge. The issue with this becomes the overall align-

ment. Unless the object is directly perpendicular to the source the transmission

length experienced will be non-uniform leading to a blurring of the penumbra
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Figure 4.8: Pinhole camera schematic, the hole - smaller than the source -
projects an x-ray image onto the detector plane.

on the detection plane [77, 220–222]. Colloquially this technique is often re-

ferred to as ‘knife-edge’ measurements as a sharp metal object neatly meets

the criteria for operation at soft x-ray energies.

4.3.2 High-energy, high resolution, approach

Inherently all of these methods become less effective at higher x-ray ener-

gies as the materials are less efficient at attenuating or diffracting the incident

photon. To address this issue the author designed a curved penumbral foil that

presents a uniform transmission edge, and is effective to energies in excess of

500 keV (before scattering dominates the signal). This diagnostic applies the

penumbral or knife-edge techique to cast a shadow, the transition between

light and dark on the detector plane is correlated to the profile of the x-ray

emission. The drawbacks of the standard penumbral technique at high en-

ergies is demonstrated by Figure 4.9; with increasing energy the thin barrier

becomes transmissive and increases the background on the measurement; in-

creasing the barrier thickness to overcome this introduces non-uniformity in

the transmission.
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Figure 4.9: Schematic of issues with the standard penumbral technique at high
energies. LHS shows increasing energy for a thin foil, RHS shows that increas-
ing the foil thickness to offset the increased transmission introduces a different
error.

The schematic of this design is shown in Figure 4.10. The curved edge en-

sures that at small depths (< 10m) into the foil there is significant attenuation

of >100 keV x-rays. The curved edge also means that there is a large field-of-

view that the detector is sensitive to.

Figure 4.10: Penumbral imaging x-ray measurement. The transition region
between signal and dark is a projection of the source profile.
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4.3.2.1 Penumbral Foil Characterisation

The penumbral foil was designed with the aim of achieving 75% attenuation

for x-rays up to 500 keV at small depth into the foil. The chosen foil was tung-

sten due to its high density and ease of handling (Z=79,

ρ=19.91 g/cm2). To minimise the size, and weight, of the diagnostic we can

create the desired spherical properties by simply bending a foil to the desired

radius. In the final design a 300µm thick foil was selected and curved to a 152

mm radius of curvature.

Figure 4.11: (a) Profile. (b) surface roughness, (c) is a convolution of the x-ray
transmission and segment length through the determined radius of curvature
to determine the depth at which 75% of the x-rays are attenuated.

The foils used for the research presented within this thesis had an unpol-

ished surface on the primary edge, which effects the transmission and point-

spread-function (PSF) of the foil. The surface was characterised to provided an

absolute radius of curvature, Figure 4.11(a), and surface quality, Figure 4.11(b),

such that we can determine the effect on the signal. As Figure 4.11c) demon-
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Chapter 4. Methodology

strates, this translates to 75% attenuation at 20µm into the foil. The large radius

of curvature also increases the field of view of the diagnostic, this simplifies

the alignment procedure and allows emission from the entire target to be mea-

sured.

Determining the achievable accuracy possible with the penumbral foil is

key for high accuracy measurements. Using GEANT4, the PSF can be gener-

ated for the penumbral foil and the detector stack in question. The supports

and magnet, typically used in experimental setups, were excluded from the

model for simplicity. A 18 mm silicon window was included to determine the

PSF relevant to measurements made in Chapters 5, 6, and 7. 106 x-rays where

simulated at 500 energies between 1 keV and 10 MeV to produce the PSF for

the penumbral foil. The layout of the simulation is shown in Figure 4.12(a).

The simulation recorded the positions of x-rays crossing before and after the

laser window in order to determine the scattering that it caused in the detector.

Figure 4.12 shows the results from the simulation, (b) is a histogram from the

400 keV simulation and lineout across penumbral edge. Figure 4.12(c) shows

the PSF as a function of energy. A schematic of the setup in the simulation is

sho

With an ideal detector this diagnostic could operate at 1 MeV with

< 5 µm spreading, shown in black in Figure 4.12(b). Uncertainty in mea-

surements with the penumbral foil are a convolution of both the PSF - domi-

nated by x-rays scattering through filter materials - and the spatial resolution

of the image plate detector (discussed in Section 4.2.1.1). These factors are

independent of one another, and thus can be combined simply using the sum-

of-squares formula:

σsys =
√
σ2
scatter + σ2

detector (4.2)
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Chapter 4. Methodology

Figure 4.12: PSF Simulation. (a) Schematic of GEANT4 simulation, red repre-
sents the x-rays emitted from a point source, (b) Histogram of x-rays recorded
in the detector plane for 400 keV x-rays. (c) PSF as a function of x-ray energy
for detector and just considering the foil (black).

Determining the emission area of x-rays from the penumbral foil requires

measuring the transition between signal and background, as shown in Fig-

ure 4.10. In solid targets the emission area was often more complex than this

schematic suggests. The transition between signal and background indicated

two sources of different brightness, each producing a significant fraction of the

total signal. A schematic of a two source structure is shown in Figure 4.13. This

is discussed at length in Chapter 5, and as such, the deconvolution method for

both sources is outlined here.

Figure 4.13 demonstrates how two regions of a x-ray source with differ-

ent brightness interact to form a penumbral measurement, the brighter - red -

source is smaller but is significant brighter than the grey region expressed by
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Chapter 4. Methodology

Figure 4.13: Schematic outlining the expected response from a two source x-
ray signal, red is the brighter central region surrounded by a larger substrate
source (grey).

the increase gradient in the transition. Isolating these two sources allows the

relative flux and source size from both to be retrieved. To do this; first the peak

gradient and its full-width-half maximum (FWHM) is determined, the next

point of inversion in the gradient is considered the boundary of the central

source. The contribution and size of this source is recorded, and then removed

from the lineout. The process is then repeated - without the bright contribu-

tion from the central source - with the substrate as the primary, its width and

contribution can be determined. The individual steps of this are shown in Fig-

ure 4.14. This technique is used at length in Chapter 5 to determine effects of

refluxing electrons in solid targets.

4.4 Characterising emitted x-ray spectra

X-ray spectrometers, these are typically limited in their spatial resolution

in favour of improved spectral resolution, examples of these vary from single

photon detectors coupled to scintillators [223] to large area arrays [224]. Crys-

tal spectrometers are also used throughout the field and are able to spatially

resolve information [214], although this is typically reduced to one spatial di-

mension. Absorption filters have long been a mechanism to determine emit-

ted spectra, for all manner of particles. In scintillators, the detecting medium
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(a) (b) (c)

Figure 4.14: Isolating the central source from a full penumbral lineout. (a)
Raw lineout (blue) with the gradient (orange) from the lineout, (b), highlighted
gradients of the central (red) source and substrate (black) (c) isolated source
profiles and flux contributions.

is multi-use and effective over a wide range of energies making them ideally

suited for absorption spectrometers, they can act as both the filter and the de-

tector [225]. The design discussed here was developed with Rusby et al [17],

and a deconvolution technique for retrieving x-ray temperatures is outlined.

(a) (b)

Figure 4.15: LYSO scintillator design. (a) Schematic of design, edited from
Rusby et al. [17], (b) spectral response from fielded diagnostic, calculated using
the NIST cross-section database [15]

The design is a series of 2 mm LYSO scintillators, with black plastic spacers

to ensure the bins are kept visually separate on camera, housed inside a Pb

frame that doubles as an aperture and shielding. This is used as a high energy

x-ray spectrometer with the electrons swept away by a strong magnetic field.
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However, due to the sensitivity of scintillators to energetic particles it could

readily be used as a spectrometer for other species. Each layer attenuates the

signal for the next layer resulting in a reduced low energy response the deeper

into the spectrometer - figure 4.15, this alters the incident photons arriving

at each layer and therefore the deposited energy. To reconstruct the incident

spectra (S in Eq. 4.3) from the measured results, Monte-Carlo modelling is

used to establish the response matrix, R in Eq. 4.3, for varying incident x-ray

energy:

R ∗ S = L
RE1,L1 ... RE1,LN

... . . . ...

REN ,L1 ... REN ,LN

 ∗


dN
dE1

...

dN
dEN

 =

[
L1 ... LN

] (4.3)

where L is the output from the scintillators. To deconvolve the spectra a ‘trial’

method is used, outlined by Rusby et al. [17, 21]. A test spectra is assumed to

have a Boltzmann distribution with a set temperature. The temperature is then

varied and the ‘best fit’ is found by minimising the difference between the test

spectra and the measured output. This method is reasonably tolerant to noise

and most effective when the incident spectra is a single temperature. Chen

et al. [226] demonstrated a trial method with a two-temperature distribution

highlighting the non-unicity of solutions when considering the possibility of

numerous spectral shapes. This single temperature fit is used in each of the

data chapters to determine the effective x-ray emission temperature.

4.5 Numerical Modelling

The measurements made with diagnostics is often the convolution of count-

less particle and field interactions that happen on sub-femtosecond time scales.
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Numerical models provide a way to explore these processes as they are oc-

curring rather than the integrated measurements provided by the majority of

diagnostics. Both, EPOCH for PIC modelling [31], and GEANT4 for Monte

Carlo modelling [227–229], were used extensively by the author throughout

this research. There are significant differences between each package and the

following sections detail the benefits of both. However, it should be noted that

in practice GEANT4 is run on a personal desktop linux computer and is able

to complete simulations of 108 particles in a matter of hours, allowing in depth

material and particle studies to be completed in days. For EPOCH the author

often used 100-200 CPUs for days at a time to finish a single simulation, owing

to the particle density and resolution of the simulation parameters.

4.5.1 Monte Carlo Codes

A Monte-Carlo code does not explicitly simulate plasma interactions in-

stead relying on random numbers and a large number of particles to obtain

results to stochastic processes. This is an ideal methodology to determine the

bremsstrahlung production from a hot electron population or x-ray attenua-

tion in detectors given the multitude of variables that determine the creation

or attenuation of x-rays (see Section ?? and Section 3.4). GEANT4 is a Monte-

Carlo package designed for particle and nuclear physics, containing ”physics

lists” for a wide range of particles and energies (ranging from tens of eV to tens

of GeV). From a practical perspective it simulates a particle moving through

a system, plotting trajectories and energy loss based on scattering with the

surrounding particles. Interaction cross-sections are interpolated from exper-

imental data, theoretical simulations, and analytical solutions. GEANT4 is a

mature code package with details of the main libraries are reported in several

papers, see References [227–229] for a more thorough review.
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4.5.2 PIC Codes

Kinetic approaches provide information on the particle dynamics within an

interaction, instead of assuming fluid like behaviours or omitting collective

effects entirely as is the case with hybrid and monte-carlo simulations respec-

tively. Particle-in-Cell codes, like the name implies, rely on particles moving

between cells and calculating the effect that this motion has on the surround-

ing fields.

Figure 4.16: Generalised process for PIC simulations, this cycle is completed
numerous times for each population over the lifetime of the simulation.

The PIC cycle is shown in Figure 4.16, it demonstrates the computational

order in which PIC simulations evolve. First, the field structure in the grid

is determined (either through initial conditions or the particle distributions

from the previous cycle). Second, the local field values for each particle are

then interpolated from the grid to ensure a higher order accuracy between the

discrete field values and the continuous particle position. Third, the particles

are then moved according to the local fields and residual momenta (again ei-

ther from initial conditions or the previous time-step), and finally, these new

particle positions then determine the particle distributions on the grid which
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in-turn determine the field structure in the first step.

4.6 Summary

This chapter covered the methods and diagnostics applied throughout this

work. The following chapters will discuss the application of these methods

and techniques to investigate areas of x-ray generation within laser plasma

interactions. Where applicable, the following chapters will refer back to tech-

niques mentioned here and expand on sections where additional detail is nec-

essary.
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Chapter 5

Investigation of recirculating

electrons in solid targets as a

function of laser intensity for x-ray

generation

At the rear-surface of targets, accelerated electrons fall into two categories;

either they escape the target, or they recirculate until they have lost their en-

ergy. Recirculating electrons can be sufficiently energetic that on the initial and

subsequent passes of the target they are able to generate x-rays (line emission

and bremsstrahlung) as they interact with the target ions. In this chapter, the

spectral properties of recirculating electrons are studied by determining the

spatial profile of the internal electron current via hard x-ray measurements.

The physical processes that govern the spatial evolution are dependent on the

electron divergence and transport through the target, and interactions with the

sheath field. This chapter reports on an investigation into the effect of laser de-

focus on the recirculating electron population. Spatial measurements of the

x-ray source are presented from an experimental campaign using the Vulcan

laser system, and an analytical model is used to describe the extent to which

the recirculating electron population is reduced with increased laser spot size.
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Chapter 5. Recirculating electrons in thick targets

5.1 Introduction

An intense laser field accelerates a multi-megaampere current of relativistic

electrons into the target [1, 18, 64]. Energetic electrons can produce broad-

band bremsstrahlung radiation with energies up to tens of MeV as they prop-

agate [10, 230]. The incident laser pulse drives the electron population with

some initial divergence into the target. As the electrons travel through the tar-

get, internal magnetic field growth causes filamentation, hollowing, and con-

finement of the electron beam [154, 231] and the mechanisms that alter the

propagation are discussed in Chapter 3. As electrons reach the rear target sur-

face they typically establish a (>TV/m) sheath field over the emission area

[56, 121, 138, 161, 165, 171, 172, 232]. This field can cause them to reflect, form-

ing a recirculating (or refluxing) electron population between the surfaces of

the target that continues to expand laterally as it travels [233, 234]. Measuring

this sheath directly is difficult, however, it can be measured from the deflec-

tion of charged particles [235–237], or inferred from the accelerated ion emis-

sion [238]. In lieu of those methods, Mora [161] presents a simplified plasma

expansion model that can be used to estimate the sheath strength based on the

incident laser conditions. The 1D model presented posits a sharp boundary

of ions with a population of electrons expanding with a Boltzmann distribu-

tion into the vacuum, the field established between the escaping electrons and

the static (under the time frame considered) ion population can then be deter-

mined as:

Esheath =

√
2kBTe
eλD

(5.1)

where kBTe is the hot electron temperature, e the electron charge, and λD

the Debye length of the plasma (discussed in Chapter 2) [161]. For example,

kBTe ≈ 1 MeV and λD ≈ 1 µm, this equates to Esheath ≈ 1 TV/m. Electrons
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Chapter 5. Recirculating electrons in thick targets

accelerated later in the pulse must therefore overcome this in order to escape,

or they are reflected back into the target where they can continue to propagate

ballistically and generate bremsstrahlung emission as they do so. While this is

a 1D model, the divergence of the electron beam can be incorporated into the

calculation of Esheath. The divergence through the target determines the rear

surface electron density which in turn determines λD.

5.1.1 X-ray production for recirculating electrons

The population of electrons recirculating due to the sheath can be a large

fraction of the initial beam [8, 160] and, as they still carry significant energy,

these electrons are able to generate x-rays as they interact with the bulk of

the target [38]. Since the electrons are initially accelerated in a forward cone,

it is reasonable to suggest that two spatial regions would emerge as the elec-

trons recirculate through the target. A central region, in which the majority of

electrons travel through, is defined by the electron divergence through the tar-

get. A second, broader region would then emerge as a fraction of the central

electrons recirculate and maintain their lateral momentum and spread away

from the central channel - this will henceforth be referred to as the substrate

source. Since the recirculating population can be a significant fraction of the

initial beam under suitable conditions [8, 160] then it is reasonable to suggest

that the substrate source could be a dominant source of x-rays as the electrons

recirculate.

There are two loss mechanisms to consider that will factor into the develop-

ment of these two sources. Electrons travelling through the target are attenu-

ated, losing energy to heat target atoms and ions or radiated via bremsstrahlung.

If they were sufficiently low energy to begin with, these electrons will not be

able to reach the rear surface and, as such, cannot recirculate. On the other
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Chapter 5. Recirculating electrons in thick targets

Figure 5.1: Two source components for x-ray emission, (a) first pass of electrons
through the target, (b) subsequent electron recirculation. The main channel of
accelerated electrons (1) which travel through the target generating x-ray ra-
diation (3). At the rear surface, electrons with energy lower then the potential
are reflected, those with more energy can escape and cause the formation of
the sheath field (2) through charge separation. Electrons can then recirculate
the target due to this sheath field (4) and spread laterally through the target.
These electrons can still have significant energies, ∼MeV, and thus still gener-
ate bremsstrahlung (5) as they continue to travel through the target.

hand, electrons with sufficient energy to reach the rear surface and overcome

the sheath, by definition are not recirculating. Electrons that are neither fully

attenuated on the initial pass of the target nor overcome the sheath potential,

are therefore able to recirculate the target until they too are attenuated, or es-

cape. This process is shown schematically in Figure 5.1.

Lateral expansion of the electron beam is an area of much study. Quinn et

al. [185] developed a recirculation model to investigate K-alpha emission in

targets with a limited amount of recirculation (controlled via a CH layer on

the rear surface), predicting that electrons recirculating the target could drive
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a 200 µm K-alpha source from a 20 µm thick Cu target. This is mirrored by

results from Compant La Fontaine et al. [221] that demonstrated an increase

in x-ray source size when reducing the target thickness from 100 µm to 20 µm.

Concluding that as the refluxing electrons are trapped in the target, lateral

scattering increases the size of the emission area. Neumayer et al. [189] quanti-

tatively measured the K-alpha generation in thin targets (using an Al substrate

to control the recirculation) showing, via PIC simulations and analytical mod-

elling, that ∼ 95% of K-alpha is generated by the recirculating electron current

for high intensity lasers.

The aim of this chapter is to understand the change in the spatial profile of

the emitted x-ray signal as a result of reduced hot electron temperature due

to decreasing laser intensity. Measurements show that a two source structure

is typically present in bremsstrahlung x-ray sources; each of which responds

differently to changing laser conditions. The discussion of these findings is

supported by an analytical model which considers the role of the sheath field

in the recirculating electron population. PIC simulations are also presented

exploring the development of each source region via the electron density.

5.2 Experimental Investigation

5.2.1 Layout

An experiment was conducted using the Vulcan laser [3], delivering a laser

pulse duration of (2.0 ± 0.6) ps, with an on-target energy of 80 J, and a spot

size (at best focus) of (4.1 ± 0.8) µm, providing a peak intensity of ∼ 8 × 1019

W/cm2 [239]. Copper target foils, 3 × 7 mm in size and 100 µm thick, were

positioned relative to best (smallest spot diameter) focal position referred to as

∆Z. Electron measurements were made using a fibre based Cherenkov detec-
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tor (details of which are in Liu et al. [240]), providing a flux measurement of

the escaping electrons with energies greater than 1 MeV. The x-ray source pro-

file was characterised using a penumbral technique discussed in the Chapter 4.

(a) (b)

Figure 5.2: (a) Top view of the experimental layout, showing the distances to
the penumbral foil and detector stack, and the positioning of the Cherenkov
diagnostic. θ is 15o, denoting the angle of the target from laser axis. Between
the detector and the source is an 18 mm SiO2 filter. (b) Absorption as a function
of energy for the x-ray detector. Dashed line highlights peak response x-ray
energy, ∼ 50 keV.

5.2.2 Focal Spot

The laser spot was increased in size by moving the parabola toward and

away from the target normal. The defocus distance is referred to as ∆Z and

was measured by the micrometer stages of the parabola in the target cham-

ber, for ∆Z < 0 the laser is converging onto the front surface. The target was

moved up to 350 µm from best focus to increase the spot diameter to∼ 150 µm.

The focal spot was characterised via a ×20 magnification focal spot camera at

regular intervals between best focus and 500 µm to determine the scaling of

the spot size. It is worth noting that the beam has a quasi-top hat profile and

is a square beam as it enters the chamber, hence the square profile in Figure

5.3(d).
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Chapter 5. Recirculating electrons in thick targets

Figure 5.3: Focal spot from the experimental campaign measured from images
taken with the CW laser. (a) Width of the focal spot, φL, as a function of defo-
cus, ∆Z, the dashed line is a fit with Eq. 5.2. (b-d) normalised images of the
spot at ∆Z = -50, 0, and 400 µm, respectively.

The width of the beam was determined from the FWHM of the spot pro-

file. For positions outside of the Rayleigh range (> 50 µm) the beam is square,

as such the width of the beam was determined from horizontal and vertical

linouts rather than radially to prevent bright spots of the image artificially re-

ducing the apparent spot size when significant energy is still contributed by a

larger spot. The results of this analysis and examples of the focal spot at three

positions are included in Figure 5.3. Due to the quasi-top hat profile, the beam

does not follow a Gaussian width expansion, instead scaling directly with the
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defocus:

φL =

√
(2.44λLF#)2 +

(
∆Z

F#

)2

(5.2)

where the focal length of the parabola is F# = 3.1, and the wavelength of

the laser λL = 1.054 µm. For the scan, the maximum defocus considered was

350 µm from best focus, delivering an intensity of ∼ 1017 W/cm2.

5.2.3 Penumbral Measurements

Using the technique outlined in Chapter 4, any present two-source struc-

ture can be deconvolved from the penumbral image. The lateral size and flux

of both sources can be determined by first isolating the bright central emis-

sion. In doing so, each region can be studied independently with respect to

the laser defocus. The flux from each region is presented first, compared to the

total escaping electron emission - measured by a Cherenkov fibre array [240]

- as a function of defocus. The spatial measurements of the sources are then

presented, with each source demonstrating an independent scaling with laser

defocus position, ∆Z.

5.2.3.1 Flux measurements

Figure 5.4(a) shows the normalised total x-ray emission flux record on the

penumbral detector, and number of escaping electrons, from the Cherenkov

detector, as a function of laser defocus. The number of incident x-ray pho-

tons (Nγ) is determined via the equation presented by Bonnet et al. [207], and

transmission calculations are determined via the NIST (XCOM) database [15]

and the method discussed in Chapter 4. Figure 5.4(a) indicates to a first order

approximation that as the laser is defocused, and the on-target laser intensity

reduced, the number of accelerated electrons travelling within the target (cre-
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ating bremsstrahlung as they travel) and escaping from the target are remain

relatively constant over the range of intensities - albeit a reduction of (25±5)%

at large defocuses compared to best focus.

(a) (b)

Figure 5.4: X-ray and electron flux for varying focus position. (a) Total X-
ray flux (black) and escaping electron (red) number per laser Joule, each are
divided by the mean of the data to allow direct comparison . (b) X-ray flux at
50 keV contributed by each source, central (red) and substrate (blue) - origin of
which is shown in Figure 5.1. Lines of best fit (dashed) are included as a visual
aid.

This relatively flat response for total x-ray over two orders of magnitude

intensity is consistent with K-alpha measurements made by Reich et al. [241]

for copper targets irradiated at similar laser intensities. Riley et al [242] also

measured a similar response for titanium targets irradiated by ultra-short (∼

45 fs). Measurements made using a low energy (∼ 1 J) laser by Nilson et al.

[243] demonstrate reasonable agreement between 5 × 1017 − 1 × 1019 W/cm2.

These K-alpha measurements suggest a similar scaling with intensity must also

be true for the internal electrons. This result can be explained by considering

the established scaling laws for hot electron temperature [18, 121] and absorp-

tion [19, 244, 245], for an electron distribution f(Eh) where Eh is the electron
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energy. The electron temperature of the distribution scales as I0.33−0.5L [18, 121]

whereas the absorption scales as (ILλ
2
L/A)P where P is dependent on the inter-

action conditions with values in the literature ranging from 0.1 [245]1 to 0.26

[19]. In measurements, the absorption has been shown to scale slower than

the temperature; it is therefore possible for lower intensity beam to acceler-

ate a larger number of electrons than a high intensity beam. This can occur

since the average energy of each electron will be sufficiently reduced in the

former case and, therefore, the total energy absorbed will be lower. Figure 5.5

demonstrates the scaling graphically for P = 0.2 - whilst the total energy in the

electron beam (orange, determined by
∑
f(Eh)∗Eh) is reduced, the number of

electrons (blue, determined by
∑
f(Eh)) is increased as the intensity decreases.

Figure 5.5: Electron number
∑
f(Eh) (left axis) and total energy

∑
f(Eh) ∗ Eh

(right axis) as a function of intensity. Calculated using the Beg scaling law
[18] and the absorption results by Davies [19] for a Maxwellian distribution of
electrons.

However, if each region is considered independently - Figure 5.4(b) - there

is an increase in x-ray flux from the central source for larger defocus. The val-

ues in Figure 5.4(b) are normalised to the incident laser energy to account for

1Scaling from Figure 2 in [245] dataset 3.
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shot to shot variation. More pertinently, the ratio between the central and sub-

strate source shifts significantly in favour of the central source at a defocus of

100-200 µm - Figure 5.6. At the maximum defocus tested there is a ×(10 ± 2)

increase in the ratio between the two source components compared to best fo-

cus. As IL → 1017 due to the increasing spot size, the temperature (Eh = kBTe)

of the fast electron population decreases. This results in the associated atten-

uation length1 (λAtt.(Eh)) of the mean electron energy approaching the target

thickness in copper - i.e. the probability of an electron with E = kBTe reaching

the rear of the target, due to collisional losses, has reduced to ∼ 36%. In the

inset of Figure 5.6 this is expressed with respect to the defocus. To calculate

the λAtt.(Eh), the intensity at each defocus position is determined using a spot

defined by Eq. 5.2, from this the temperature of an electron beam is calculated

using the Beg [18] and Wilks [121] scaling laws (Eq. 2.48-2.49). With this tem-

perature λAtt.(Eh) can be interpolated from the NIST (ESTAR) database [14].

As can be seen in the inset of Figure 5.6, for each scaling law, the attenuation

length of the expected fast electron temperature with copper approaches the

target thickness at ∼ 150 µm defocus.

This is the same defocus that the central source begins to dominate in flux

contribution. This implies that the central source is dominated by electrons on

their first pass of the target, and that by contrast, the substrate source must

be generated by either a subset of highly-divergent fast electrons, or electrons

that are recirculating through the target. The latter is known to be a significant

fraction of the accelerated electron population [38, 233, 234], and therefore will

be considered here. The recirculating fast electron population is dependent on

the sheath field established on the target rear surface, which stops many elec-

trons escaping on the first pass of the target.

1or mean-free-path
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Chapter 5. Recirculating electrons in thick targets

Figure 5.6: Comparison between the x-ray flux in each region of the x-ray
source for varying focus position. Ratio of the central source to the substrate
source, more flux is contributed by the central source for increasing defocus.
Inset shows the attenuation length, λAtt., normalised to the target thickness, d,
for electrons with energy E = kBTe in a copper target for Wilks (orange) and
Beg (blue) scaling law as a function of defocus position.

5.2.3.2 Spatial X-ray Measurements

The results above suggest a mechanism to improve x-ray radiography by

reducing the flux from the larger substrate source. Figure 5.7(a-b) are plots of

the lateral size of both the central and substrate source as a function of defocus

position. The central source increases as the laser is defocused, from an opti-

mum of ∼ 84 µm to > 120 µm at largest defocus. This scales more slowly than

the laser spot size and, therefore, cannot be expressed by a single divergence

through the target - as expected due to the change in laser intensity [20, 101].

This is shown in Figure 5.7(a) by the dashed lines, which are determined by as-

suming the source expands with a fixed divergence from the laser spot (from
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Chapter 5. Recirculating electrons in thick targets

Eq. 5.2). The substrate source, however, decreases with the laser intensity from

∼ 1.8 mm at best focus to' 1 mm at large defocus. A lineout of the penumbral

edge at best focus and largest defocus is presented in Figure 5.10 to demon-

strate the difference at each limit.

(a) (b)

Figure 5.7: Central and substrate x-ray source size as a function of defocus.
(a) Central source size as measured (red), with the expected size from a sim-
ple geometric expansion for different electron divergences also shown (black
dashed lines). (b) Source size for substrate x-ray source as a function of defocus
position.

The divergence of the electrons through the target can be inferred from the

central measurement and laser spot diameter. There is reasonable agreement

with the divergence measurements made by Green et al. [20] over the tested in-

tensity range, Figure 5.8, however the inferred divergence measurements stop

increasing significant beyond θdiv ∼ 20o (red dashed line in Figure 5.7(a)). This

plateau suggests that there is some collimation of the beam occurring as the

fields develop within the target - similar to what Yuan et al. [136] observed in

thicker targets. As Green et al. [20] did not measure a similar effect from the

K-alpha emission it can be assumed that this is only occurring in the higher en-

ergy electron population, and that the higher divergence that they measured is
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Chapter 5. Recirculating electrons in thick targets

a convolution of both central and recirculating electrons. As IL → 1017 W/cm2

the measured electron divergence drops to almost zero, i.e. a collimated beam

through the target. This result is likely due to the laser beam profile at large

defocus accelerating the electrons responsible for generating the x-rays (∼ 1

MeV, see Figure 3.9(b)) from a smaller area than the total spot area.

Figure 5.8: Electron divergence as a function of on target intensity, calculated
from the central source measurements. Measurements from this experiment
(red) extend the trend seen in numerous experiments collated by Green et al.
(black), references of each in [20].

The increase in the central source can be explained by the increasing laser

focal spot and reduced electron divergence [20]. However, the decreasing

size of the substrate source (Figure 5.7(b)), the reduction in substrate x-ray

flux (Figure 5.4(b)) and the change in the ratio (Figure 5.6) is indicative of a

lower total number of recirculating electrons. This suggests that there is addi-

tional physics to consider. For instance, several groups have demonstrated that

the divergence-intensity relationship is not necessarily causal and that a vary-

ing scale length is a significant factor in electron beam divergence [101, 125].
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Chapter 5. Recirculating electrons in thick targets

Changing the on-target intensity for a fixed scale length was shown to have

little effect on the electron divergence between 1019 − 1021 W/cm2 with a re-

duction occurring below 1018 W/cm2. Ovchinnikov et al. did not simulate

intensities lower than this, however, it would be reasonable to suggest that the

reduction seen between 1019 and 1018 would continue as the ponderomotive

ejection angle would reduce considerably as the intensity drops further below

1018. The divergence remains approximately constant for intensities greater

than 5× 1018 W/cm2 and significantly reduces at lower intensities, which sug-

gests that these conditions are similar to the simulations conducted by Ovchin-

nikov et al., where there was a near constant scale length with Ls > λL. The

scale length was not experimentally measured, however, prior hydrodynamic

simulations on similar laser systems [52, 100, 246] demonstrate that the scale

length reduces as the laser pedestal intensity is reduced.

5.2.4 Spatial Contrast Improvement

The spatial resolution of a radiographic system is dependent on the size

of the source emission area and the resolution of the detector. As such, de-

creasing the size and flux contribution of the substrate source is beneficial to

radiography as it removes the larger blurring factor on the image. The increase

in central source size, whilst detrimental to the smallest resolvable feature, is

paired with an increase in the x-ray flux, resulting in a brighter source for in-

creased defocus, shown in Figure 5.9.

The increased contrast between the central and substrate source causes greater

spatial contrast of the x-ray emission and the reduction of the secondary source

removes the majority of the background signal. When the ratio between these

two sources is at its greatest (i.e 300 µm defocus from the experimental scan),

the image quality is at its best. An example of this can be seen in the radio-

graphs in Figure 5.10. Since the central source size increases as a function of
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Chapter 5. Recirculating electrons in thick targets

(a)

Figure 5.9: Brightness of the central and substrate sources as a function of defo-
cus position showing an increase in central brightness as the laser is defocused.

defocus, radiography should aim to use an intensity that delivers a small cen-

tral source yet does not introduce a large blurring substrate source.

(a) (b)

Figure 5.10: Comparison of varying defocus in radiographs, (a) target at best
focus, (b) target at -300 µm defocus. The significant image contrast improve-
ment by reducing, or removing, the secondary source is clear.
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Chapter 5. Recirculating electrons in thick targets

While the radiograph of the penumbral edge can be considered as a sim-

plified - almost ideal - example, the increase in contrast is clear. Objects with

features smaller than the substrate source could be blurred by its contribution.

For more complex radiographs, where the spectra of emission must be con-

sidered, this might not be as simple and a compromise between reducing the

contribution from the substrate source and maintaining a sufficiently energetic

electron beam to produce x-rays of the required energy might have to be made.

5.3 Analytical Modelling

The flux variation between the central and substrate sources, and the resul-

tant image contrast improvement, can be explored analytically by what frac-

tion of fast electrons only travel in the central channel, and what fraction recir-

culate or escape the target. From established scaling laws the intensity and fast

electron relationship scales as, Ia ∝ (kBTe), where kBTe is the hot electron tem-

perature and a varies from 0.33 [18] to 0.5 [121]. As discussed at the beginning

of this chapter, the population of electrons that do not recirculate are either

attenuated on the first pass of the target or are able to overcome the sheath po-

tential. Mora [161] presents a 1D isothermal plasma expansion model that can

be used in calculations of the sheath potential. The peak electric field (Eq. 5.1)

scales as with the electron temperature, kBTe. The extent of the sheath field at

the rear target surface is λD, as such the energy of electrons able to escape the

target can be approximated to:

Uesc ' EsheathλD ' kBTe (5.3)

Electrons with more than this energy typically can escape the target on the

first pass and as such only contribute to the central source of x-rays. The other

sub-population to consider is the low energy electrons, those that would typi-
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Chapter 5. Recirculating electrons in thick targets

cally lose their energy through collisions with the bulk target in a single pass.

This limits low energy electrons from reaching the rear surface based on the

target material and thickness, with the transmission function, ζ , defined as:

ζ(Eh, ρ, l) = exp(−lρσ(Eh)), where σ(Eh) is the attenuation cross section for an

electron of initial energyEh, ρ and l are the target density and thickness respec-

tively. The remaining electrons contribute to the substrate source and blur the

final image. This can be expressed as a ratio between electrons that contribute

only to the central source and those that contribute to the substrate. This ratio

can be expressed as, ηR:

ηR =
Nc +Ne

Nh

=

∫∞
0

(1− ζ)f(Eh)dEh +
∫∞
kBTe

f(Eh)dEh∫∞
0
f(Eh)dEh

(5.4)

where Ne, and Nc, are the populations of escaping electrons, and electrons lost

through collisions in the targets respectively. Nh is the total number of accel-

erated electrons calculated from the laser intensity by assuming a Maxwellian

distribution of the form:

f(Eh) = A

√
4Eh

π(kBTe)3
exp

(
− Eh
kBTe

)
(5.5)

where A is the conversion efficiency calculated from the equation presented in

Davies [19] (Eq. 2.45), and kBTe is the electron temperature for the given laser

intensity. This equation is integrated with respect to energy to determine the

total number of possible accelerated electrons. Ne, and Nc, are calculated with

respect to Nh. The number of collisional electrons, Nc is determined by ap-

plying a transmission function, ζ(Eh, ρ, l), to the initial spectrum to determine

how many are able to reach the rear surface. The number of escaping elec-

trons, Ne assumes electrons with energy greater than Uesc (Eq. 5.3) are able
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Chapter 5. Recirculating electrons in thick targets

to escape which sets the lower limit of the integral. At the higher intensi-

ties considered in the experimental results (IL > 1019 W/cm2) a relativistic

Maxwellian distribution [118] was also considered. The maximum energy in

a Maxwell-Juttner distribution is lower than a Maxwell-Boltzmann distribu-

tion of the same temperature (see Figure 2.5) and, as a result, this distribution

predicts a higher number of recirculating electrons for the same conditions. In

the following results a Maxwell-Boltzmann distribution is used, however, for

IL > 1019 W/cm2, the results from a Maxwell-Juttner distribution are included

to demonstrate this increase.

Figure 5.11: Maxwellian distribution for electrons with temperature kBTe at
two different laser intensities, (a) High IL = 1× 1020 W/cm2 and (b) Low IL =
4 × 1018 W/cm2, this correlates to the laser at best focus and 150 µm defocus.
The red dashed line indicates electron transmission through the target, black
dashed line is the escape energy cut-off. The population of electrons between
these two lines contributes to the substrate source (unshaded), the other two
(red - collisional, grey - escaping) can only contribute to the central source.

Figure 5.11 shows these for a typical spectra for a high intensity laser. The
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Chapter 5. Recirculating electrons in thick targets

difference between the total number accelerated and those that escape or col-

lide through the target are the recirculating electrons. In order to maximise

the central source of x-rays Nc and Ne need to be significantly greater in num-

ber than the recirculating electrons. This model is calculated from peak laser

intensity and so does not include considerations of the temporal effects that

occur during an interaction. For example, electrons accelerated during the ris-

ing edge of the laser pulse are less energetic than those from the peak, and the

sheath field increases as more electrons reach the rear surface. These effects

are known to alter the sheath development [161, 171, 173, 247]. An optimum

intensity would be expected when varying either energy or pulse duration,

occurring when the sheath field and electron attenuation result in the lowest

recirculating population.

This model gives us a method to optimise the electron temperature as a

function of the target thickness, maximising the central source distribution and

therefore the final image quality. The equation presented above, Eq. 5.4, can be

solved for the experimental conditions to explore the role that the recirculating

electron population has. The intensity was calculated for 80 J in a spot defined

by Eq. 5.2 with a 2 ps pulse duration - matching the nominal experimental con-

ditions The results and the expected ratio between the two sources is shown in

Figure 5.12(b), the results from the experimental campaign also plotted. The

ratio of x-ray yields is calculated from the electron populations by the ESTAR

radiative stopping power tables [14], with the recirculating population con-

tributing on every other pass of the target to account for the directionality of

the emission.

The ratio of x-ray yields is calculated from the electron populations using

the ESTAR radiative stopping power tables [14], with the recirculating popula-

tion contributing on every other pass of the target to account for the direction-
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Chapter 5. Recirculating electrons in thick targets

(a) (b)

Figure 5.12: Results from the analytical model. (a) Population of electrons
that contribute only to the central source, Eq. 5.4 (black) as a function of
defocus, the percentage of the electron spectra that are collisionally attenu-
ated on the first pass (red), escape the target (blue), or recirculate the target
(green). The relativistic correction from Maxwell-Juttner distribution is shown
by the filled area for each population. (b) is the ratio of the central to the sub-
strate source calculated as ηR/2(1 − ηR), to account for the directionality of
bremsstrahlung,for a Maxwell distribution (solid) and a Maxwell-Juttner dis-
tribution (dashed) with the experimental data in red, the model uses laser con-
ditions from the experiment and Beg scaling to determine the electron spectra
[18].

ality of the emission. The dashed lines in Figure 5.13 show the curves for tan-

talum (dashed) and aluminium (dot-dash) targets at 100 µm thickness peaking

at different intensity regions compared to the copper target. The model peaks,

marked in blue in Figure 5.13, at∼ 300 µm defocus for copper targets, agreeing

with the experimental data presented in Figure 5.4(a).

The penumbral measurement of the x-ray source from the experiment is un-

able to reveal much information about the spectral nature of the two sources,

however, from this model some conclusions can be drawn. The maximum en-

ergy of the substrate emission should be limited to the temperature of the elec-
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Chapter 5. Recirculating electrons in thick targets

Figure 5.13: Calculations using the analytical model. The central x-ray flux cal-
culated for various targets: copper - solid, tantalum - dashed, and aluminium
- dot-dash, the peak flux shown with a blue asterisk.

tron beam for a Maxwellian distribution. At best focus, ∼ 1× 1020 W/cm2, the

modal generation should be similar as both the recirculating and single pass

spectra peak at Eh ≈ 1 MeV. As the intensity is reduced, the recirculating elec-

trons are on average more energetic than the first pass population as collisional

losses are most effective at lower energies, this would suggest the substrate

source would have a harder x-ray emission spectra. To determine this in de-

tail however, the energy loss of the electron population though collisions and

interactions would have to be considered.

The absorption in the model was assumed to scale with intensity by the

equation presented by Davies [19] to account for the reduced absorption at

lower intensity. However, a recent study by Gray et al. [245] posited a succinct

model for re-acceleration of electrons with larger spot sizes, exploring the role

108



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 5. Recirculating electrons in thick targets

of electrons recirculating back into the laser field and gaining additional energy

from the laser. In thin targets, where this re-acceleration is most effective, this

would act to increase the brightness of the substrate source and effectively blur

the central source further. In thicker targets however (> 50 µm) the increase in

energy through this effect can be considered negligible due to the number of

passes occurring within the pulse duration.

5.4 PIC Simulations

The analytical model presented in the previous section relies upon a sim-

ple assumption about the escaping electron population and cannot explore the

divergence of electrons. In reality, the sheath will evolve over time and the ini-

tial escaping electron population could be below the kBTe threshold used in the

model. To explore this more thoroughly, the interaction conditions were mod-

elled in 2D using EPOCH [31], and the electron population tracked throughout

the simulation.

5.4.1 Simulation Parameters

The PIC simulation parameters, outlined in Table 5.1, were set to provide

similar conditions to the experimental investigation. However, aspects where

reduced to keep the simulations computationally viable. The intensity was

set at a peak of 5 × 1019 W/cm2. The beam energy and pulse duration was

maintained and intensity lowered by introducing curvature to the phase of the

beam and defocusing from the front of the target. The phase of the beam is

given as:

ϕ = −−kLx
2 − kLy2

2Rc(x)
+ arctan

( x

RR

)
(5.6)

where kL is the wavenumber of the laser, the Rayleigh range of the beam
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RR = π
λ
(2.44λF#)2, Rc(x) is the radius of curvature at x, where x is the prop-

agation vector of the beam [17]. The pulse duration, τl, was set to 250 fs and

the target thickness, l, was reduced to 25 µm to compensate for the reduced

pulse duration and ensure that τl > 2l/c. This was set to maintain the experi-

mental conditions (l = 100 µm and τl ∼ 2 ps) as Gray et al. [245] demonstrated

that, under similar conditions, there was additional laser absorption into the

electron population as it recirculated and re-experienced the laser field. The

laser was defocused by up to 300 µm onto the target surface using Eq. 5.6.

To minimise variation between the simulations and directly probe the effect

of the sheath field and recirculation, the scale length was fixed to 2 µm. This

length was selected to match prior measurements made using the Vulcan laser

system. Santala et al.[102] measured a 2.6 µm scale length and McKenna et

al. [156] measured two distinct regions in the pre-plasma including a sharp

primary scale length of 1 µm.

Intensity 5× 1019 W/cm2

Scale Length 2 µm
Density 77 Nc

Particles per cell 30
X(min,max,dx)a -7 µm 43 µm 10 nm
Y(min,max,dy) -25 µm 25 µm 10 nm

Table 5.1: EPOCH simulation parameters. a front surface is at X = 0 µm.

5.4.2 Sheath Field Strength

The model put forward in the previous section is based on the sheath field

strength decreasing as the laser intensity is reduced. The validity of this state-

ment can be verified using the PIC simulations by determining the peak field

strength beyond the rear surface of the target as a function of time. The sepa-

ration between the sheath and target can be determined to provide an estimate
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on the energy required to escape. Figure 5.14(a) shows the peak field strength

as a function of defocus. In Figure 5.14(b) the distance, in X , between the peak

of the sheath field and the target is used to calculated the potential that elec-

trons would have to cross as a function of the electron temperature.

(a) (b)

Figure 5.14: Sheath field from EPOCH simulations. (a) Peak field strength
as a function of defocus, inset shows a figure of the sheath for the best focus
simulation at 425 fs. (b) Sheath field potential as a function of mean electron
temperature, in agreement with the model this potential scales linearly with
electron temperature. The temperature was calculated at 425 fs.

The temperature was determined at t = 425 ps for electrons with E > 250

keV and X < 25 µm by using a simple Boltzmann fit of the form

N = N0 exp(−E/kBTe). This time step was the maxima of the sheath for all but

the largest defocus. The electron spectra in the simulations had multiple tem-

perature components, as noted in Figure 5.15, the average of these was used in

Figure 5.14. The scaling between the determined electron temperature and the

field potential is linear, in agreement with Mora et al. [161] and the model in

the previous section [248].
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Chapter 5. Recirculating electrons in thick targets

Figure 5.15: Electron spectra from EPOCH simulations (a) best focus and (b)
150 µm defocus. The multiple temperature distribution are shown as indepen-
dent fits with the corresponding temperature shown.

5.4.3 Divergence

In order to assess the spatial evolution of the electron channel the phase

space of the electron population was analysed as the simulation evolved. Di-

vergence through a target for a fast electron beam is a manifestation of many

individual processes, Green et al. [20] demonstrated experimentally the link

between intensity and effective electron divergence through a target, and later

Ovchinnikov et al. [101] explored the effect that the pre-plasma can have on

the divergence, concluding that it has a strong influence over the effective elec-

tron divergence. Debayle et al. [134] explored the role of field growth via PIC

simulations and determined that there were two competing effects at work.

The first, generated in the pre-plasma as initial electron acceleration sets up

magnetic fields that filament the beam, and the second is from the pondero-

motive force on electrons, where electrons at the highest intensity of the spot

are driven away. In Figure 5.16 the electron density at t = 425 fs is plotted

with front and rear surface forward travelling electron density lineouts. The

lineouts are calculated by determining the average electron density travelling

with +ve x-momentum in the first and last 4 µm of the target.
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Chapter 5. Recirculating electrons in thick targets

Figure 5.16: Electron density at best focus. (a) Electron density at 425 fs, front
target surface is indicated by the dashed line at X = 0 µm. (b-c) Lineout of elec-
tron density at front (b) and rear (c) surface - averaged over the corresponding
shaded region in (a). (d-f) is the same as (a-c) for the -75 µm defocus simula-
tions.

The change in electron density at the front and at the rear surface, shown

in Figure 5.16, demonstrates the divergence through the target. The lateral

expansion of electrons can be probed in two different ways. First, the effective

electron divergence, calculated from the front and rear surface electron density

lineouts in Figure 5.16, is used to determine what the lateral size of the electron

density would be for a 100 µm target.
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(a) (b)

Figure 5.17: X-ray emission area for central and substrate sources inferred by
the hot electron divergence and the total stopping range for the accelerated
electron population. Experimental and simulation results are normalised to
best focus. a) central source, b) the substrate source.

Since the x-ray emission area will follow the same expansion of the electrons

this can be used to determine the central source, the results of this analysis is

shown in Figure 5.17(a). The measured substrate source during the experi-

ment was > 1 mm in size, if the expansion happened at νexp ≈ c this would

take ∼ 3.3 ps to fully establish - making both the size and time required out-

side of the scope of this simulation. The stopping power of the electron pop-

ulation is considered to determine the extent of the electron expansion during

the electron lifetime. The CSDA range of the average electron energy, calcu-

lated from the ESTAR data tables [14], is used as an indicator for the total x-ray

size, plotted in Figure 5.17(b). Despite the absolute values being reduced com-

pared to the measured results, there is some agreement between the trend of

expected substrate source size inferred from the electron temperature and the

measured x-ray size. The effective electron divergence inferred from the x-ray

measurements, scaled slowly with intensity beyond 5 × 1018 W/cm2 reaching

∼ 20o as the intensity was increased further. For the highest intensity simu-
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lations (∆Z = 0, 30, 75 µm) the divergence of hot electrons rapidly rises with

the rising edge of the laser pulse and then plateaus at ∼ 20o the same as the

integrated measurements shown in Figure 5.8.

Figure 5.18: The divergence of hot electrons as a function of time calculated
from the electron momenta during the simulation.

5.5 Conclusion

The x-ray spatial profile from a high intensity laser-solid interaction results

in a two source structure. The central channel dominated by electrons on their

first pass through the target and a larger substrate source from recirculating

electrons spreading laterally through the target. Experimental results demon-

strate a ×(10 ± 2) increase in the flux ratio of these sources is obtained by

simply defocusing, suggesting a way to increase the quality of any radiograph

by optimising this ratio and the flux. By defocusing the laser there would

be an increase in the minimum resolvable feature, however this is offset by

the contrast gain achieved by removing the majority of the substrate source.

Through analytical modelling the relationship between escaping, attenuated,

and recirculating electrons can be probed and optimum laser intensities for

varying target parameters presented. The model is in good agreement with

the experimental data, both the ratio between central and substrate flux and

the total central flux produced. PIC simulations are then used to explore the
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Chapter 5. Recirculating electrons in thick targets

dispersion through the target. There is evidence of two components that effect

the x-ray source profile; the first establishes over the duration of the simula-

tion, whereas the substrate source is a result of the remaining energy in the

recirculating electron population.
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Chapter 6

Investigation into fast electron

dynamics and laser propagation

within laser-guiding

capillary-targets

Planar targets have a single discrete interaction between the laser and target,

typically accelerating electrons along the laser-axis and/or the target normal;

by opting for a more complex target surface, there is the potential for multi-

ple interactions that each accelerate electrons. In this chapter, a novel capillary

target is explored experimentally and a simulation study, comprising both a

geometrical model and PIC modelling. The capillary design captures the re-

flected laser light within the hollow centre of the target, changing the interac-

tion conditions from a single point of acceleration as the laser travels through

the capillary. The conversion efficiency and intensity of each subsequent inter-

action is reduced; however, the numerous interactions with the target prompt

higher overall conversion efficiency from the laser to electrons compared to a

single interaction with a foil. The experimental data examined in this chap-

ter demonstrate an increase in x-ray yield compared to similar solid wire tar-

gets. An analytical model is presented exploring the effect of glancing angle

interactions within a capillary, and numerical simulations in EPOCH 2D and
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Chapter 6. Laser-guiding capillary-targets

3D are used to explore the individual processes that result in a brighter x-ray

source. The simulations in EPOCH suggest that the measured increase is due

to a combination of both the number and energy of electrons accelerated by

the quasi-static fields building in the capillary.

6.1 Complex Target Structure

Chapter 2 outlined several absorption mechanisms by which laser energy

is converted into hot electrons. In each instance, only a single interaction be-

tween the laser and target is considered. The capillary target design explored

in this chapter results in numerous interactions between the laser and target,

driving a near continuous source of electrons along the target inner wall whilst

channelling the remaining laser energy forwards.

Using complex targets for laser-plasma interactions is not a new idea. In

one notable example, cone structures have been used in fast ignition experi-

ments [249]. A gold cone inserted in to the shell which contains tritium and

deuterium is used to enable electrons to be injected directly into the core. The

intent of the cone structure is to guide the laser light, and subsequent fast

electron acceleration, as close to the core as possible, such that they create a

hotspot within the compressed fuel and ignite the fusion reaction. Without

the cone, plasma expansion from the fuel can mitigate the laser propagation

and reduce the overall energy deposited into the centre. This technique has

seen a myriad of developments over the years [141, 153, 249, 250]. Kodama et

al. [249] demonstrated that significant electron energy was ”wasted” through

TNSA acceleration of protons on the outer surfaces of the cone, diminishing

the eventual delivery of the electrons, and concluded that approximately 25%

of 100 kJ of laser energy would need to be coupled to the electrons in order to
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Chapter 6. Laser-guiding capillary-targets

facilitate the necessary conditions for ignition. Cone-wire geometries, where

a large aperture cone is affixed to a thin wire, have been used to explore fast

ignition principles [153, 251–253]. Green et al. [251] measured significant heat-

ing on the surface of wires from the cone-wire geometry, due to the inhibitive

magnetic fields that occur on the surfaces. The connection between the cone

and the wire caused filamentation and beam breakdown as the electrons cross

the interface. They concluded that, with an increased wire diameter and mini-

mal resistivity change at the interface, a significant increase in electron density

could be driven.

Complex target surfaces have also been used to increase absorption be-

tween the laser and the electron population [254–256], or shape the transport-

ing electron beam [257–261]. Kemp et al. [124] demonstrated that structures

on the scale of the laser wavelength can increase the energy of the accelerated

electrons through the generation of magnetic fields along the surface structure,

which trap electrons and re-inject them into the laser field to be re-accelerated.

Recent work by Jarrett et al. [262] demonstrated that the diffraction from sub-

spot structures could be used to infer the interaction conditions. While both of

these targets are significantly different from the design explored in this chap-

ter, the mechanisms at work here are critical in enabling us to interpret the

results observed for capillary targets.

6.2 Capillary target design

The target design explored in this chapter is a hollow micro-fibre, posi-

tioned along the laser propagation axis. A schematic is shown in Figure 6.1,

which outlines the basic concept of the capillary target combined with a col-

limated laser beam in (a) and the propagation of modes within the capillary

in (b). The laser is initially incident with a glancing angle onto the internal
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Chapter 6. Laser-guiding capillary-targets

walls of the fibre, this then ionises and reflects a portion of the remaining laser

energy towards the other side of the capillary. Each interaction accelerates

electrons into the capillary walls. The inner wall is a pulled glass fibre, coated

on the outside with gold to increase x-ray conversion.

Figure 6.1: Schematic showing laser interaction with a capillary target. (a)
Demonstrates the single ray approximation that will be explored again in Sec-
tion 6.3.1, (b) Demonstrates the various modes that will develop as the beam
defocusses into the capillary.

However, the focussing laser beam will produce a series of modes within

the capillary as the wings of the beam propagate at a different angle to the

central axis. These modes will alter the amount of energy able to propagate

through the capillary - this is discussed again in section 6.3.2. For the follow-

ing experimental section, the capillary length `c was 2 mm long with a 20-80

µm aperture, 2rw. Each target had a slight ellipticity due to the manufacturing

process. Figure 6.2 shows a schematic of the design and a picture of one of the

targets shot during the experimental campaign. The target inner wall was 5

µm glass coated in 5-20 µm of gold. As shown in Figure 6.2(b), the surface of
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Chapter 6. Laser-guiding capillary-targets

the gold was irregular as a result of the manufacturing process. The laser is

focused to the inside edge of one wall. The inner edge ionises under the rising

edge of the pulse to form a plasma which, ideally, reflects the remainder of the

laser, allowing it to interact again on the other wall. The subsequent interac-

tions boost the overall absorption of laser energy into the target and enhance

fast electron generation along the length of the capillary.

(a)

(b)

Figure 6.2: Prototype capillary targets. (a) Schematic outlining the key target
measurements; (b) image and measurements of one of the targets shot during
the experimental campaign.

6.2.1 Experimental Investigation

This capillary target design was trialled during an experiment using the

Vulcan laser system. Although a prototype, the results demonstrated the effec-

tiveness and potential of targets like this. The capillary targets were compared

to wire targets in both a horizontal and vertical orientation. The primary mate-

rial of the wire was gold for each target type, with the appropriate dimensions

(radius and length) maintained between targets. A schematic of each target

geometry is shown in Figure 6.3.
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Chapter 6. Laser-guiding capillary-targets

Figure 6.3: Schematic of the targets with key dimensions labelled. Solid wire
targets (a) Vertical and (b) Horizontal orientation. (c) Capillary target. In each
case the primary material is gold, capillary targets have a inner layer of glass.

The experiment was conducted with the nominal laser parameters of ∼200

J on-target energy and a pulselength of ∼ 14 ps FWHM. The peak intensity

of the laser at best focus was ≈ 1019 W/cm2. The expected intensity due to a

5◦ glancing angle of the capillary is ≈ 1017 W/cm2 - Figure 6.4(b) shows the

intensity as a function of glancing angle for the first interaction.

Figure 6.4: Initial laser conditions with target geometry. (a) Schematic of the
spot size due to glancing angle, (b) calculation of peak intensity as a function
of angle (dashed line is 5◦ glancing angle).

Figure 6.5 shows the experimental layout of the final laser optic and the

main imaging line. The source profile was characterised via a set of on-axis
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Chapter 6. Laser-guiding capillary-targets

penumbral foils, with the design as discussed in Chapter 4. One foil is posi-

tioned to measure the vertical source (V-Foil) and one the horizontal source

(H-Foil). The set-up shown in Figure 6.5 ensures a magnification of ×17.5 for

the horizontal axis and ×13.4 for the vertical axis. The x-rays were detected

using layers of Fujifilm SR image plate, filtered by 2 mm of aluminium and

any escaping electrons are deflected by a 0.6 T magnet.

Figure 6.5: Schematic of the primary imaging diagnostics. The set-up is the
same as in Chapter 7. The main image shows the penumbral foils and X-ray
spectrometers. The inset is an expansion of the penumbral foil set-up, with the
grey cones representing the forward x-ray emission from the capillary walls.
Magnets are required to remove the escaping electron population from the tar-
get. (All distances in mm measured from target position).

The response function of the detector is shown in Figure 6.6(a) for a uniform

x-ray signal. However, as highlighted in Figure 6.1, electrons can be acceler-

ated along the target and generate x-rays continuously. In order to determine

the effective spectra that is emitted from the target, the variable attenuation

length of the capillary targets must be considered. A Boltzmann distribution

of x-rays is attenuated by some fraction of the total target length to provide a

spectrum similar in shape to those measured in GEANT4 (Figure 3.5). Both the
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Chapter 6. Laser-guiding capillary-targets

effective temperature and the attenuation length are unknown, and so the en-

tire parameter space must be tested to explore the effective x-ray energy. This

was completed by varying an x-ray spectrum of the form:

Nγ(Eγ) = exp

(
− Eγ
Tγ

)
ζ(Eγ, l, ρ) (6.1)

where ζ(E, l, ρ) is the transmission of each photon energy Eγ through a mate-

rial, with density ρ and length l, determined from the NIST XCOM database

[15]. The length is varied between 10 µm and 2 mm, and the temperature Tγ is

varied from 50-500 keV - the approximate scaling for the electron temperature

between intensities of 1015 and 1019 W/cm2. The results from this parameter

scan are shown in Figure 6.6(b). The peak response for the entire parameter

space is (59± 9) keV. For the lower intensities expected at a glancing angle, the

peak response is closer to the barium edge of image plate at (39± 2) keV. This

number is important when calculating the number of photons emitted from

the target, due to the non-uniform response of image plate to higher energy

x-rays. For vertical and horizontal solid wires the response is clear, since the

electron/x-ray source is attenuated by a fixed amount of target.

The spectral emission from each target was characterised by an off-axis hard

x-ray spectrometer shown in Figure 6.5. Using the spectrometer design men-

tioned in Chapter 4, the effective temperature of the x-ray emission is inferred

via the technique discussed in Rusby et al. [26, 263]. In addition to these

x-ray measurements, the front surface interaction was imaged using a high-

magnification backscatter camera. The reflected laser light can be measured

via this diagnostic to compare a capillary interaction to that of a solid target,

either horizontal or vertical wire. The backscattered light during the laser-solid

interactions can be an indicator of the on-target intensity [264–266].
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Chapter 6. Laser-guiding capillary-targets

(a) (b)

Figure 6.6: Detected x-rays in the experimental set-up. (a) Response curve for
the image plate detectors through the chamber port, created from the NIST
transmission tables [15]. (b) The peak x-ray energy as a function of x-ray tem-
perature and attenuation length, at the low temperatures expected from the
interaction with a capillary wall, the peak x-ray energy is at the K-edge of the
barium in the image plate.

6.2.2 Experimental Results

Due to the complexity of these targets and the focal spot jitter of the laser,

there was only a limited set of successful shots to compare with solid wire

targets, one at full energy (∼ 200 J) and two at quarter energy.

6.2.2.1 X-ray Measurements

The effective x-ray temperature in Figure 6.7(a) is determined via the tech-

nique discussed in Rusby et al. [26]. The much higher temperature for the hor-

izontal wire demonstrates the effect of self-attenuation (or ”beam-hardening”)

in the full energy horizontal wire target shots. Self-attenuation refers to the

process in which the x-ray spectrum generated by a target is reduced due to

lower transmission at low x-ray energies. X-ray attenuation scales with energy

and so the emitted spectra appear ”harder” or more energetic than thinner

125



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 6. Laser-guiding capillary-targets

targets for the same laser conditions [38, 267]. The capillary target emits a

significantly cooler effective x-ray temperature compared to a horizontal wire

indicating that, as outlined in Section 6.2.1, the effective attenuation length is

considerably lower. This is likely due to the continuous injection of electrons

along the target as the laser transports through the capillary compared to the

single injection point in a solid wire. The capillary target exhibits a similar

effective temperature to the vertical 25 µm wire, and produces more forward

going x-rays despite the expected reduction in on-target intensity due to glanc-

ing angle irradiation. At lower laser energies there is a significantly reduced

photon number from the horizontal wire target, which could explain the lim-

ited beam hardening seen in Figure 6.7(a) compared to the capillary targets

which emitted significantly more photon flux than the horizontal wire target

under the same laser conditions.

(a) (b)

Figure 6.7: X-ray emission from each target measured by the gamma-
spectrometers. (a) The effective X-ray temperature determined via the method
outlined in Reference [21] and Chapter 4, (b) the first crystal flux converted
into absorbed photons per mm.

Both the flux and the temperature demonstrate a slight increase for capil-
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Chapter 6. Laser-guiding capillary-targets

lary targets compared to the solid alternatives. The discussion in Chapter 7

demonstrates how the field structure on the surface of a vertical wire enhances

the electron recirculation through the target, and therefore increases the x-ray

generation. The further increase in x-ray signal observed for the capillary tar-

gets must therefore be due to more favourable electron conditions; either there

are more electrons accelerated during the interaction, or the spectrum of the

accelerated electrons is more likely to radiate x-rays.

The spatial measurements from the penumbral, for each target configura-

tion, is shown in Figure 6.8. Both the capillary and horizontal wire targets

seem to be slightly misaligned to the penumbral foils, with the source size be-

ing larger than the cross section should permit. This is due to the side of each

target contributing to the source profile. At 2 mm in length, an offset of 1◦ to

the penumbral foils would produce a source of 30 µm. Despite this misalign-

ment, the capillary x-ray source size measures smaller than a vertical wire and

produces a fairly symmetric source. The large errors shown on the horizontal

wire measurements are due to the limited flux

Figure 6.9 shows the lineout from a penumbral measurement during one

of the quarter-energy shots. The peaks of each wall are (31 ± 3) and (36 ± 3)

µm in size for the left- and right-hand side respectively. The asymmetry and

increase from the known 22 µm size (shown in Figure 6.2(b)) implies that the

capillary was angled towards the penumbral. The angle can be estimated as

0.5◦ from the penumbral plane, assuming that the full length of the wire is

contributing to the measurement. The laser was aligned to provide the cen-

tral axis of the beam with a 5◦ glancing angle interaction with the wall and

an uncertainty in alignment of this magnitude is expected. The same feature

is not present in the vertical penumbral, indicating that either the penumbral

foil is significantly vertically offset and the edge feature is not being imaged,
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Chapter 6. Laser-guiding capillary-targets

Figure 6.8: Vertical and horizontal source size for each target configuration.

or that electrons do not readily circulate the capillary azimuthally and instead

are channelled along interior walls near their injection point. In simulations

presented later in this chapter, the latter of these is explored via a 3D EPOCH

simulation.

(a) (b)

Figure 6.9: Penumbral profile from a capillary target from the (a) horizontal
penumbral and (b) the vertical penumbral, demonstrating the source contri-
bution from each wall is resolved in the horizontal axis. The walls measure as
(31 ± 3) and (36 ± 3) µm FWHM - slightly larger than the actual profile of the
walls as discussed in the text. In each graph, the signal across a transition is
shown in blue, and the gradient in orange.
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Chapter 6. Laser-guiding capillary-targets

6.2.2.2 Probing the laser-interaction

Probing the laser-interaction is challenging, since the primary reflections are

used for the secondary interactions. The expectation is that the capillary target

design increases absorption, and this should decrease the amount of detected

laser light measured via the high-magnification backscatter camera. The re-

flection conditions from each target are significantly different, with the solid

wire backscatter only gathering a small percentage of the reflected light and

the capillary primarily reflecting laser light forward away from the diagnos-

tics. This means that the intensity of the backscattered light cannot be used as

an indicator of the relative absorption.

(a)
(b)

(c)

Figure 6.10: Data from the backscatter diagnostics. (a-b) Capillary and hori-
zontal wire backscatter images; (c) backscattered spectrum for capillary (red)
and horizontal wire (blue).

The results in Figure 6.10(a-b) show backscatter images for both the capil-
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Chapter 6. Laser-guiding capillary-targets

lary and horizontal wire targets with lineouts in both directions, and (c) shows

the spectrum of each centred at 1ωL and 2ωL. The geometry of the capillary

target means that a quantitative comparison is unreliable; however, the results

in Figure 6.10 show that the backscattered 2ωL is both broader and shifted for

the solid target in comparison to the capillary. While these changes are slight

results by Kalashnikov et al [268] and Zepf et al. [264] demonstrate similar

changes for solid targets under equivalent laser conditions. This change in

Doppler shift between the two targets demonstrates that the capillary was,

likely, irradiated at a glancing angle because, if the front surface of the capil-

lary had been hit, there should be a similar Doppler shift to that seen for the

horizontal wire.

6.3 Discussion

The results presented in the previous section demonstrate an increase in

measured x-ray flux from the capillary targets compared to similar size solid

targets in vertical and horizontal geometry. The backscatter diagnostics indi-

cate that the target was irradiated at a glancing angle and as such the laser was

significantly less intense compared to the wire targets. The x-ray temperature

showed that, compared to a solid wire, there is considerably less beam hard-

ening for the emission. These results indicate that the target design allows

laser energy to propagate through the capillary to some extent - measuring

any transmitted laser light directly was not possible due to the x-ray diagnos-

tics present in the imaging line - but determining physics occurring during

the transport requires further exploration. This section considers the physical

processes at work analytically, treating the propagation of the laser as a series

of discrete interactions. A geometrical model of the laser reflection within the

capillary is presented along with considerations of the glancing angle interac-
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Chapter 6. Laser-guiding capillary-targets

tion, and the effect that divergence will have.

6.3.1 Laser propagation model

A simple model can be constructed to investigate the role of laser incidence

angle in electron absorption throughout the capillary; for a large angle of inci-

dence the laser could interact many times within the capillary, conversely for

a shallow glancing angle there will be fewer possible interactions. To explore

the variation with different incident angles a collimated laser is considered -

this is equivalent within the capillary to a laser focused with a large F# optic.

With a focussing laser a series of modes will establish as the beam propagates

through the capillary - by limiting the discussion to a collimated beam reflect-

ing through a cavity the idealised electron acceleration can be explored. The

effect that the divergence and physics of a glancing angle interaction is then

considered.

Figure 6.11: Schematic of collimated beam reflections through the capillary, the
separation between the central axis of each interaction is shown.

The laser is incident onto the inner wall of the target and propagates through

the capillary. The propagation of the central axis of the beam can be deter-

mined from the geometry to provide an estimate for the spot area. The propa-

gation distance, dz, between each wall within the capillary can be determined

131



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 6. Laser-guiding capillary-targets

from the incidence angle as:

dz =
2rw

tan(θL)
. (6.2)

Assuming that the beam is incident at the opening aperture of the capillary,

z = 0, the initial offset of the central axis can be calculated as half the spot

diameter on the angled wall as:

z0 =
φL

2 sin(θL)
(6.3)

therefore the propagation of the central ray is zL = φL/2 sin(θL)+2nrw/ tan(θL),

where n is the interaction number and continues until zL exceeds the length of

the target. The wings of the spot are defined as zL ± φL/2 sin(θL) and used to

calculate the intensity of the laser at each interaction. To determine the absorp-

tion, the plasma reflectivity curves published in the literature [22–24] are used,

and the portion of the beam not reflected is assumed to be absorbed into hot

electrons with the temperature determined by Beg’s scaling law (Eq. 2.48). The

peak laser intensity is set to 1 × 1019 W/cm2, with ∼ 200 J and a 14 ps pulse

duration, and φL = 7 µm, to mirror the experimental parameters. The capillary

radius was set to rw = 10 µm and the length set to 2 mm.

Figure 6.12 shows the published reflectivity results of Dromey et al. [23]

and Zeiner et al. [22] in black for a 500 fs pulse. The intensity was varied be-

tween 1012 to 1016 W/cm2 by changing the on-target spot size, as such this is

a suitable starting point to explore the propagation with the capillary interac-

tion. Subsequent experiments by Wilson et al. [203] demonstrated that these

results are valid at significantly higher pulse energies. Streeter et al. [24], blue

in Figure 6.12, published reflectivity measurements for intensities from 1017 to

1021 W/cm2. As noted by Dromey et al. [23], the spatial quality in the reflected

beam begins to deteriorate for IL > 1016 W/cm2, and as such the subsequent

intensity would be reduced for initial interactions higher than this. From these
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Chapter 6. Laser-guiding capillary-targets

Figure 6.12: Reflectivity of plasma mirror compiled from the results by Ziener
et al. and Dromey et al. (black), with high intensity values by Streeter et al.
(blue) [22–24]. The fit is a polynomial and was used to interpolate the reflec-
tivity in the discussion.

measurements it is clear that the first interaction (and as many subsequent ones

as possible) should have an intensity of ∼ 1016 W/cm2, where the reflectivity

is optimum for transport of the laser down the capillary. This implies that the

target needs to be set at a glancing angle of < 20◦ to ensure the correct spot

diameter on the initial interaction. Zeiner et al. [22] varied the incidence angle

up to 45◦ without significant change to the reflectivity; however, further con-

siderations due to the glancing angle are discussed in the Section 6.3.3.

The plasma scale length affects the reflectivity of the inner wall and the con-

version to hot electrons at each interaction. For simplicity, the scale length, Ls,

is considered as constant throughout the capillary and set to Ls ≥ λL. Since

the duration of the laser pulse during the experiment (∼ 14 ps) was fairly long,

the scale length could also change during the interaction further altering the re-

flectivity. This is comparable to measured scale lengths from high power laser

systems caused by the inherent pre-pulse [102, 156], and mitigates high ab-
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sorption at glancing angles from vacuum heating [112, 115]. At each wall, the

accelerated electron temperature, Th, is calculated according to the Beg scaling

law (Eq. 2.48) and absorption from the reflectivity results in Figure 6.12. The

electrons then propagate through the inner wall, and the attenuation is deter-

mined by the Beer-Lambert law (Eq. 3.20) where the attenuation cross-section,

σ, is the from the ESTAR database [14] for the electron temperature. Figure

6.13 shows the results from the model for incident angles of a,d) 15◦, b,e) 5◦,

c,f) 2◦, demonstrating the difference each geometry has on the propagation of

the laser and the electron acceleration as a result.

Figure 6.13: Laser interactions with the capillary walls for 3 different angles
(a,d) 15◦, (b,e) 5◦, (c,f) 2◦. (a-c) show the path for a collimated laser, red is the
centre axis and blue the edge of the beam. (d-f) show the number of injected
electrons and the temperature from each interaction.

At an incidence angle of 15◦ (75◦ from target normal), the laser interacts

with the capillary many times, but the laser intensity and number of electrons

quickly dissipates. At smaller incident angles, the number of interactions re-

duces, but so does the average temperature of the accelerated electrons. In the

final case, a large number of electrons is still being injected at the final inter-
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action, indicating that not all the energy has been converted into hot electrons

and some laser energy has been wasted. The total electrons injected and their

average temperature is of interest. Figure 6.14 shows that, with increasing θL,

the number of injected electrons falls as the average energy of the electrons

increases. For x-ray generation and electron transport down the capillary, this

indicates some optimum condition where there are sufficient electrons at the

right energy to propagate.

Figure 6.14: Number of electrons and average temperature accelerated at the
capillary wall for varying incident angle. Capillary dimensions are fixed with
a 20 µm aperture and 2 mm in length, each interaction is summed to determine
the electrons injected.

A single interaction at 85◦ incidence (5◦ from normal), determined by the

same model, would accelerated ∼ 4 × 1014 electrons with a temperature of

400 keV. This demonstrates the additional acceleration expected for capillary

targets compared to single interactions with solid targets.

6.3.2 Effect of laser divergence

Since the laser focuses into the capillary, rather than propagates as a colli-

mated beam, the area illuminated by the laser will expand as modes develop

in the laser propagation. The area of illumination is dependent on the length
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of the capillary and, assuming that the incidence angle, θL, is less than the

focusing angle (θf = tan−1(1/2F#)), can be calculated by:

Ac = πrw

(
2`c −

rw
tan(θf − θL)

− rw
tan(θf + θL)

)
(6.4)

This equation is the lateral surface area of a cylinder segment using the prop-

agation of each edge of the spot to determine the length of each side of the cut

cylinder, a schematic of this is shown in Figure 6.15(a). In the initial interac-

tions there will be limited loss from the exit of the aperture and so the intensity

can be calculated using Eq. 6.4. For the experimental conditions Ac ≈ 3 mm2

and therefore the intensity of this interaction would be ∼ 1016 W/cm2. This

intensity should cause significant reflectivity as the plasma is formed on the

inner surface of the capillary from the values shown in Figure 6.12. Subse-

quent interaction conditions are less trivial to determine. Laser light will es-

cape from the exit aperture after each reflection, diminishing the total energy

in the pulse. For θL > θf , the area of illumination becomes a large ellipse, simi-

lar to the collimated model in Section 6.3.1, with the area expanding rapidly as

the preceding edge of the pulse has a longer path length through the capillary,

shown in Figure 6.15(b). The problem is compounded when considering the

pulse duration is significantly longer than the travel time across the centre of

the capillary, and, as such, the reflections will not be distinct. This means that

under certain conditions (θL ≈ θf ), the trailing edge of the pulse is reflected

several times before the leading edge has crossed the capillary once.

6.3.3 Glancing Angle Considerations

The effect of a laser at a glancing angle with the capillary wall is unac-

counted for in this model. Several groups [269–273] have explored the physics

that occurs at the target surface as the laser propagates. Chen et al. [271] sim-

ulated similar conditions to the capillary model above, using a laser with a
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Chapter 6. Laser-guiding capillary-targets

Figure 6.15: Schematic of laser light focusing into a capillary for (a) θL < θf , (b)
θL > θf . The maximum surface area that can be illuminated is determined by
Eq. 6.4. In both panels the first interaction area is shown in red and the second
in blue. The grey arrows in (a) indicate the angular range of laser that escapes
from the capillary before interacting with the walls.

peak intensity of a0 = 2 (I = 5 × 1019 W/cm2) incident onto a target at 20◦

(70◦ from target normal). The results demonstrate that, as the laser reflects off

the target surface, electrons from the wall are accelerated out and establish a

quasi-staticEy field to complement the laser pulse. This E-field draws electrons

back towards the target surface, and a secondary Bz field - that follows the re-

turn current in the target surface - forces them away again. Nakamura et al.

[269] studied this analytically and showed that a critical angle exists at which

this mechanism begins to dominate electron behaviour. This critical angle is

∼ 25◦ from the target surface, considerably larger than the experiment above,

however it shows that under intense laser conditions (a0 > 2) the surface mag-

netic fields can be a significant fraction of the laser magnetic field strength -

highlighting the importance of this mechanism. The combination of E- and B-

fields that emerges on the target surface causes the electrons to oscillate near
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the surface within the laser pulse. This oscillatory motion results in successive

acceleration as the electron crosses the laser pulse, similar to the anti-dephasing

mechanism discussed by Pukhov et al. [274] and Arefiev et al. [11] for direct

laser acceleration.

Kluge et al. [25] demonstrated similar successive periods of acceleration us-

ing a conical target on the front surface of a foil. A glancing laser angle with the

cone promotes significantly higher electron energy than that of a standard foil

interaction. They also noticed that as the cone length was increased, the peak

electron energy was increased. This trend was more pronounced for electrons

being accelerated by the longitudinal fields, as they were able to spend more

time in the accelerating gradient. A scaling can be inferred from Figure 6 in

Kluge et al. [25]. Their paper did not focus on the increased length and instead

discussed the effect on proton acceleration. The results for a laser of a0 = 8.5

is shown in Figure 6.16 from their 2D LSP simulations. Since the peak energy

from the cone, Ec, should correlate to the acceleration length of the electron,

and the acceleration length (provided the electron cannot leave the influence

of the laser) is dependent on the the channel length, l, then it follows that

the peak electron energy should increase as a function of the channel length,

Ec ∝ l. This scaling is shown in the graph by the dashed fit.

Gray et al. [275] demonstrated the surface transport of electrons with foil

targets at glancing angles, showing a peak of electrons travelling laterally across

the target for laser conditions similar to those used experimentally. This is in

line with previous experimental results [156, 272, 273, 276] from different laser

conditions, which demonstrate that a surface current of electrons is a robust

mechanism expected to occur at glancing angles.
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Chapter 6. Laser-guiding capillary-targets

Figure 6.16: Ec as a function of channel length, l, taken from Figure 10 in Ref-
erence [25] at the point where N first drops to 1. Dashed line is a linear scaling
of the form Ec ∝ l.

6.4 Modelling

The simple model, presented in Section 6.3.1, agrees with the experimental

results, showing that a glancing incidence angle causes a low intensity interac-

tion on the inner walls that accelerates a large number of cooler electrons into

the target. The x-ray flux emitted reinforces this idea, with a significant flux im-

provement from the capillary targets compared with other target geometries.

The measured effective temperature of the x-rays, however, is comparable de-

spite the capillary targets having a lower effective laser intensity, indicating

that the electron acceleration is exceeding the standard Beg and Wilkes scal-

ing law. This increase could be occurring due to either an increase of intensity

within the capillary or the re-acceleration mechanisms, demonstrated in Refer-

ences [25, 271], are driving a more energetic spectra than the simple geometry

model of Section 6.3.1 would predict.

To investigate this, 2D and 3D PIC simulations were conducted using EPOCH

[31]. In each simulation, information about the E- and B- fields, the particle

momenta, and particle position were output every half laser cycle (1.6 fs). The

pulse duration was set to 250 fs FWHM with a Gaussian profile, and the spatial
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profile of the beam was a super-Gaussian with a nominal width of 3 µm and

angled onto the inner edge of the capillary. While this is not a complete com-

parison to experimental conditions it captures several significant aspects; the

pulse duration is long enough that interactions on each wall can happen at the

same time, and the central radius of the spot is smaller than the capillary width

and so regions exist outside of the direct influence of the laser. When compar-

ing these results to the experimental measurements, the significant increase

in pulse duration will be considered. The spatial resolution of the simulation

was 10 nm in x and 100 nm in y, for a box size of 100 µm by 12 µm. The den-

sity of the inner capillary wall was set to 10nc and had 30 macro-particles per

cell. The peak laser intensity is was set to 1 × 1019 W/cm2. Electrons above

1 MeV are tracked throughout the simulations since results shown in Chapter

3 highlight how the electrons primarily responsible for 50-100 keV x-rays are

typically more energetic than 1 MeV.

6.4.1 Effect of glancing angle interactions with the capillary

walls

The interaction with the inner wall should result in a similar effect to that

discussed in Section 6.3.3, with electrons trapped in surface fields and directed

more readily along the capillary. The magnetic fields generated as a result of

the electron acceleration should be equal to a significant fraction of the laser

field [269]. To explore the effect of glancing angle within the capillary, simula-

tions with an incidence angle of 30◦, 15◦, and 5◦ were conducted. A scale length

is included on the inner surface of the capillary, to ensure similar conditions to

the experiment it is set such that Ls ≥ λL. Scale lengths of this magnitude

have been consistently measured using similar laser systems [52, 102]. It is

reasonable to suggest a similar scale length would form within the capillary,
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an investigation into the effect of the scale length is shown in Section 6.5. The

variable parameters for this simulation set are shown in Table 6.1.

Outer diameter 12 µm
Inner diameter 8 µm
Length 96 µm
Scale length 2 µm
Angle of incidence 0-30◦

Table 6.1: EPOCH simulation parameters. Capillary starts at 4 µm to prevent
the laser clipping as it enters the simulation.

Simulations above and below the critical angle, outlined by Nakamura et

al. to be θc ≈ 20◦ [269], were conducted to investigate any enhancement in the

accelerated electron spectra. The geometric model predicts more electrons as

θL → 0 and studies into the glancing angle interaction predict a more energetic

spectra. Figure 6.17 demonstrates both of these features. The time step, for

each simulation, was chosen as the one with the highest number of accelerated

electrons, this occurred at later times for the glancing angle simulations owing

to the increased path length required to approach the critical surface of the tar-

get.

Figure 6.17: Electron spectra for each angle of incidence within the capillary.
Spectrum was taken at the time step with the most accelerated electrons for
each simulation.
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As with the results by Nakamura et al. [269], the onset of the enhancement is

between the 30◦ and 15◦ simulation where a clear change in the peak spectra is

shown. The 30◦ simulation resembles a single acceleration point with a sharp

increase in electron number initially that decays over time, by contrast the near

0◦ simulations demonstrate continuous increase in both number and tempera-

ture until the laser begins to leave the box, t ≈ 750 fs. The temporal evolution

of the spectra demonstrates that the laser-solid interaction initially accelerates

more electrons than the capillary, as shown in Figure 6.18(a). However, as the

pulse continues to propagate, the electrons within the capillary become more

energetic and more populous than those in the solid target as the direct laser

acceleration, discussed in Section 6.3.3, begins to take effect. Towards the end

of the simulation, shown in Figure 6.18(c), the capillary still has a hotter elec-

tron spectra and a significantly higher population of electrons within the solid

layers. The mechanism behind these electrons is explored more in Section 6.5.

Figure 6.18: Spectra of electrons in the wall (red dashed) and in the capillary
(red solid) at separate times throughout the 5◦ simulation. Compared to a solid
wire (black) under the same laser conditions, the capillary quickly exceeds the
total number and temperature. The temperature of the electrons within the
capillary and within the walls is kBTh = (3.5± 0.3) MeV, compared to the solid
target of kBTh = (0.9± 0.1) MeV at t = 500 fs.
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Solid wire targets with similar dimensions promote the same directional-

ity in the electron beam, with fields established at the outer diameter of the

wire acting to limit the expansion of the electron beam [231]. However, in

comparison to the capillary targets, they have a single high intensity interac-

tion with the laser, promoting a single period of absorption from laser energy

into hot electrons. The intensity from a single interaction at 5◦ from target

normal with a solid target is two orders of magnitude higher than the glanc-

ing angle wall interaction in the capillary, and so one would expect a hotter

temperature. Since there is no subsequent injections of electrons, the popu-

lation should quickly diminish through the target. These simulations were

conducted without collisions and so there would be an additional decay of hot

electron population that scales as e−(ρlσ) (density, ρ, length, l, and cross section

for electron energy σ). This is also true for the capillary structure; however,

as with the model in Section 6.3.1, due to the number of subsequent injections

along the length of the capillary, ns, the electron attenuation should scale as

e−(ρ(l−nsδl)σ) for each accelerated population.

6.4.2 Effect of laser polarisation on spatial electron profile

Figure 6.9 demonstrates a two source structure in the penumbral measure-

ments only in the horizontal axis. This is evidence that the electron population

predominantly travels along the length of the capillary, and that there must

be additional interactions with the laser to accelerate electrons on either edge.

If the latter was untrue, or the electrons readily circulate the channel, there

would be a near continuous source at the end of the capillary. The lack of a

two-walled structure in the vertical direction, therefore, implies that the elec-

trons do not readily circulate the capillary walls azimuthally and evenly cre-

ate x-rays - otherwise the vertical penumbral should also display a secondary

feature. Therefore the evidence of a second wall must be the result of subse-
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quent interactions within the capillary. While this cannot be directly confirmed

from the time-integrated experimental data, simulations in 3D can explore the

transport of electrons in and around the capillary. The 3D simulations were

conducted with similar parameters as the 2D simulations but with the spatial

resolution limited to 200 nm (x = 0, 100 µm, y, z = −10, 10 µm) to accommo-

date the extra dimension. The laser was set to focus at 5 µm into the capillary

as an F3 beam, to match with the experimental parameters and see if there was

significant electron circulation around the capillary.

(a) (b)

(c) (d)

Figure 6.19: Hot electron density in 3D. (a) View from above demonstrating
two lobes of electrons on either wall corresponding to the P-pol acceleration.
(b) Side view of the target. (c) A cut through of the capillary showing the
electron lobes emerging only in the horizontal axis for P-Pol and (d) the vertical
axis of S-Pol. Each plot is taken at t = 250 fs.

The beam primarily deposits electrons within the horizontal axis of the cap-
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Chapter 6. Laser-guiding capillary-targets

illary. The electron density appears washed out from the side view, which

agrees with the measurements made by the penumbral in Figure 6.9. The elec-

tron density shown in Figure 6.19(c) is integrated and shown in Figure 6.20

for a horizontal and vertical measurement; there is an increase in the width

of each wall measurement due to the slight spreading of the electrons. The

vertical measurement by comparison looks like a single source.

Figure 6.20: Integrated electron density in the horizontal (blue) and vertical
(orange) direction from the 3D simulation in Figure 6.19(c).

6.4.3 Summary of simulations

The series of simulations reported here demonstrate critical aspects mea-

sured during the experiment. In the 3D simulations there is a clear increase

in electron density along the angle of polarisation for the laser, the integrated

electron density in Figure 6.20 demonstrates a similar spatial profile of elec-

trons as measured by x-rays emission in Figure 6.9. The comparison between

the capillary and solid targets show a significant increase in both number and

temperature of the electron distribution, similar again to the measured flux and

temperature increases seen from the x-ray diagnostics in Figure 6.7. Exploring

the mechanism responsible for this increase requires additional detail, the fol-

lowing section reports on analysis that tracks macro-particles throughout the

simulation.
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6.5 Successive Acceleration

At the intensities within this study (∼ 1019 W/cm2, a0 ≈ 2.7), where j × B

and the ponderomotive force dominate the acceleration mechanism, the maxi-

mum gain of a previously at rest electron from the laser field can be calculated.

As outlined in Chapter 2, the maximum energy, Ep, of an electron moving

within a laser field is:

Ep = E0
a20
2

(6.5)

where E0 ≈ 0.511 MeV is the rest mass of an electron. In the case of these

simulations, Ep ≈ 1.7 MeV which is significantly lower than the peak energies

seen in both the solid target and the capillary (Figure 6.18).

This phenomena was explored by Sorokovikova et al. [277] for solid targets,

demonstrating that, during the laser pulse, an electro-static field emerges in

the pre-plasma as electrons are ejected by the ponderomotive force. Electrons

accelerated later in the pulse then cross this potential well, gain energy, and

therefore can exceed E = Ep. This effect, however, is dwarfed in comparison

to the highly energetic tail seen in the capillary simulations (Figure 6.18). Elec-

trons in these simulations were accelerated to energies significantly above this

limit via super-ponderomotive, or direct laser, acceleration [11, 88, 278, 279]. By

maintaining phase between the electron and the laser, the electron is pushed

forward by the laser potential to energies greater than the typical oscillatory

motion. This was succinctly expressed by Robinson et al. as R = γe − px/mec
2:

when R < 1 the electron is travelling with the laser potential and as a result is

accelerated beyond Ep. The walls of the capillary targets act to instil the quasi-

static fields necessary to drive the super-ponderomotive acceleration. Particles

well above Ep emerge following a series of successive interactions, instead of
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a solitary moment of acceleration shown by Robinson et al. [88]. As the elec-

trons fall into phase with the laser at the capillary edge where the quasi-static

Ey field has emerged, they are reflected back across the path of the laser and

thus accelerated. A schematic of this mechanism is shown in Figure 6.21.

Figure 6.21: Schematic of direct laser acceleration within a channel, the elec-
tron path is shown as a black dashed line in each panel. (a) The laser Ey field
travelling through the channel at νph the electron is trapped within the influ-
ence of the laser by the quasi-static E ′y field in (b). At each turning point the
electron falls in phase with the laser field (R < 1) and the electron is accelerated
forward.

The plasma density within the channel is important to consider, since it

could induce self-focusing in the beam, and therefore be an explanation for the

more energetic electrons. However, the maximum intensity of the laser, shown

in Figure 6.22, peaks at ∼ 1× 1019 W/cm2 as it travels through the plasma and

is therefore not the cause of these energetic electrons.
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Figure 6.22: Peak intensity from the simulation within the capillary target dur-
ing the simulation. No evidence of significant self-focusing of the laser.

The scale length within will effect the degree of self-focusing that the laser

pulse experiences, and alter the formation of the quasi-static fields within the

capillary. Higher plasma density within the capillary impedes the laser prop-

agation and disrupts the growth of the quasistatic fields along the capillary

as a result. A comparison of the Ey field is demonstrated in Figure 6.23 for

simulations with a scale length of 5 µm (i.e. larger than the capillary radius),

and 2 µm (used for the majority of the simulations) compared to an ideal case

of an under-dense uniform plasma set at 0.05nc. The higher density electron

background in the channel promotes significant non-linearity to emerge in the

quasi-static fields, Figure 6.23(a-b). The uniformity of the fields in Figure 6.23(c)

causes many more electrons to oscillate through the laser channel resulting in

a significantly more energetic electron spectra.

Tracking individual macro-particles reveals that a population of electrons

oscillate laterally throughout the capillary, causing them to re-interact with

the laser and be accelerated to energies significantly above the ponderomotive

limit (Eq. 6.5). Figure 6.24 is a trace of one of these particles from the under-

dense uniform plasma simulation showing the successive acceleration points

as the electron propagates through the capillary. The Ex and Ey fields are aver-

aged over 10 laser cycles to highlight the quasi-static fields that emerge during
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Figure 6.23: Variation of scale length simulation results. Ey field averaged
over 10 laser cycles for (a) 5 µm and (b) 2 µm scale lengths, and (c) 0.05nc
pre-filled capillary with 0◦ incident angle. Electron acceleration with varying
scale length. (d) The density profile at the beginning of the simulation. (e)
Accelerated spectra for the three conditions simulated.

the pulse. Each time it reaches the edge of the capillary, the Ey fields drive it

back towards the centre of the channel. Crossing the channel causes the elec-

tron to dephase and loses some energy. Tracking these particles throughout

the simulation demonstrates this oscillatory motion; the trace of one particle

is shown in Figure 6.24. As the particle crosses the channel, its relative phase

R drops below 1 and the electron experiences a greater acceleration from the

laser. The electron then falls out of this mode at each wall as it is turned around

by the fields.
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(a)

(b)

(c)

Figure 6.24: Electron trace throughout the simulation. (a) The longitudinal
electric field (Ex) profile (red-blue colour scale) acts to continuously accelerate
the electron (scatter plot) forward; the energy is shown by a secondary colour-
bar. (b) Similar trace to (a) but for the transverse field (Ey) structure, arrows
in each indicate the direction of force for the quasi-static fields reinjecting elec-
trons back into the channel. (c) The macro-particle energy and R value as it
transports through the target. During each crossing of the channel the electron
drops further below R = 1 and is subsequently accelerated. The field in (a)

and (b) is normalised to the laser electric field E0 =

√
2IL
cnε0

.

150



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 6. Laser-guiding capillary-targets

The traces in Figure 6.24(c) show that the electron does not experience con-

tinuous acceleration, but rather periodic - similar to results by Chen et al. [271].

These periodic points of acceleration occur throughout the capillary and there-

fore, by extending the capillary, there should be continued acceleration. Un-

like Kluge et al. [25], the laser in this simulation was smaller than the capillary

diameter, meaning the electron leaves the spot profile. The transverse fields

return the electrons back to the influence of the laser field and promote suc-

cessive acceleration. In principle, this should scale with capillary length (as

shown by Kluge et al. [25] and Figure 6.16) and, as a simple demonstration,

simulations of 50 and 200 µm capillaries were conducted with the same laser

parameters. The spectra from each capillary length are shown in Figure 6.25:

as expected, there is a continued increase in peak electron energy. The spec-

tra is also significantly hotter than one might expect for the effective on-target

laser intensities. The maximum energy increases slower than demonstrated

by Kluge et al. however the trend is still approximately linearly with capillary

length.

(a) (b)

Figure 6.25: Electron energy distribution as a function of capillary length. (a)
Electron spectra for 50 (blue), 100 (black), and 200 (red) µm capillaries. (b)
Maximum energy as a function of capillary length, demonstrating an almost
linear scaling.
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6.6 Conclusion

In this chapter, a novel target design is proposed and initial measurements

made using a prototype design have been presented and discussed. The capil-

lary shape establishes field structures that re-inject electrons back into the path

of the laser, prompting successive re-acceleration of the electrons. This ener-

getic source of electrons diffuses into a gold cladding layer and generates a

bright source of x-rays. Additional study is required to optimise the electron

transport through the surface layers and to explore the super-ponderomotive

acceleration experienced in the sub-critical plasma channel that forms in the

centre of the target. Experimental evidence and 3D PIC simulations demon-

strate that the electrons do not readily circulate the capillary and are instead

deposited primarily at the capillary walls.
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Chapter 7

Optimising x-ray source

characteristics for large scale

radiography

Due to the range of size, density, and resolution demands associated with

industrial x-ray radiography, there is not a source that is ”one-size fits all”.

Compromises and optimisations have to be made depending on the object of

study. For example, the x-ray source required to image a small biological sam-

ple is significantly different in both spectral and spatial demands to that for an

aircraft weld. Both of these examples, however, are readily achieved with laser

driven systems [10, 65, 76]. Altering the source characteristics to deliver what

is needed requires continued study. In this chapter, the emission from spatially

constrained targets is presented from both an experimental and modelling per-

spective to explore alternatives to conventional foil targets. The optimum pa-

rameters (flux and effective temperature) of an x-ray spectra for radiography

samples is then explored via theoretical models and numerical simulations.
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7.1 X-ray Radiography with laser driven sources

High intensity laser pulses rapidly ionise and accelerate electrons in laser-

solid interactions, driving a multi-megaAmpere current of relativistic electrons

into the target [1, 18, 130]. This electron current produces a bright source of

bremss-trahlung radiation as it propagates, which has long been used as a

source for radiography [10, 35–39] and diagnosis of the internal electron cur-

rent [17, 32–34]. In contrast to conventional sources of x-ray radiation, laser-

driven sources are able to deliver a broad (keV - tens of MeV) range of energies

in a duration on the order of the laser pulse (∼ ps) from a small (< 100 µm)

source [188]. High energy laser pulses (> 100 J) offer the potential of single

shot acquisition through larger industrial samples when combined with thick

(> 10 µm) high-Z targets due to the high flux of energetic x-rays produced dur-

ing the interaction. With the advent of high repetition rate high power lasers,

commercial interest in using laser driven sources has grown [76, 84].

Figure 7.1: Schematic for x-ray absorption radiography of a sample with inter-
nal structure. X-rays illuminate the target, and as they are highly penetrative,
variations in the density can be probed. Radiography from Brenner et al. [10].
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Chapter 7. Optimising sources for Radiography

X-ray absorption radiography is a simple process; x-rays are generated from

a source, propagate through a sample with structure, and then are spatially re-

solved to determine any difference in the transmission of x-rays, which is de-

pendent on the absorption of both the detector and the sample. The complex-

ity lies in efficiently and effectively delivering a source that is able to probe the

structure of a specific test sample. A high density object requires sufficiently

high energy photons to ensure transmission. Observing slight changes in areal

density across the object require high flux emission and a high dynamic range

detector to ensure the contrast between each region can be detected. Small

features require a smaller source and high spatial resolution on the detector.

Samples in motion or those undergoing dynamic changes require a tempo-

rally short source. The field of x-ray radiography has long existed without

using laser-plasma interactions as the source of the x-rays [280], most notably

in the form of medical x-rays [281–283]. ”Conventional” sources are typically

table-top x-ray tubes - cathode tubes with a converter at the end to generate

x-rays - or large scale linear accelerators and synchotrons [284–286]. Whilst

these sources are effective and absolute calibration can yield clear radiographs

through a range of samples, they are limited in flexibility and capability. A

significant drawback of conventional sources is that more penetrative sources

(high energy x-rays) typically have larger sources, limiting the ability to pro-

duce high resolution images of large, dense, samples. Using laser-plasma ac-

celerators as the driver for the x-ray source is an established practice within

the field and an emerging technology for industrial uses [10].

7.2 Spatially Constrained Targets

Chapter 5 demonstrated that defocusing the laser onto the target surface re-

duced the x-ray emission from the substrate of the target and increased the spa-

tial quality of radiographs. In this chapter increasing the flux of x-ray sources
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is investigated by using a wire target geometry, a comparison between 25-100

µm wires and 25-600 µm thick foil is shown. In thick targets, electrons are more

likely to collide with the target material and emit bremsstrahlung prior to in-

teracting with the sheath on the rear surface. When interacting with the sheath

they typically lose energy [17, 166, 167] and subsequently recirculate through

the target [160, 221, 234, 287]. However, upon circulation the source size typi-

cally increases, as the electrons continue to travel laterally through the target,

and a large substrate source degrades the resolution of the image, as discussed

in Chapter 5. These recirculating electrons still have significant energy enough

to readily generate x-rays as they continue to circulate the target. Switching

to a wire target geometry will, as a minimum, remove the flux produced from

the substrate, in the transverse direction, as there is no material from which to

generate x-rays.

Prior work has demonstrated that the spectral emission can be altered by

varying laser and target conditions [34, 288, 289]. Courtois et al. demonstrated

the effect that a large preplasma can have on the directionality and profile of

an x-ray source [77]. They demonstrated that a large scale-length increases the

absorption into hot electrons and therefore drives a greater production of high

energy x-rays for the same target - applying a longer scale length via a con-

trolled laser intensity contrast would, therefore, be one technique to change

x-ray emission to optimise imaging of an object. Modifying the target shape

provides a simple mechanism to restrict and confine the spatial source size.

Using laser-driven x-ray sources as a backlighter in inertial confinement fu-

sion has also been an area of study, where experimental investigations have

demonstrated a quasi-monochromatic source with the side profile of the tar-

get as the source [79, 80]. Whilst this technique has achieved a source size

of (5.5 ± 1.0) µm, the flux of x-rays emitted from the target edge is signifi-

cantly lower than on laser axis and target normal [290]. As demonstrated in
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the previous sections, flux is typically a deciding factor in resolving features on

a radiograph and so maximising the efficiency of the entire system is essential.

Bremsstrahlung sources of (30± 10) µm have been demonstrated during laser-

wakefield experiments using a bremsstrahlung converter positioned after the

laser-gas interaction [220]. However, laser-solid interactions convert a signifi-

cantly higher proportion of laser energy to hot electrons with a larger emitted

beam divergence [19, 65], which is advantageous to industrial scale imaging

requirements. Results from an experimental campaign using constrained tar-

gets to reduce the x-ray emission area are presented in the remainder of this

chapter. Experimental results are supported by PIC and Monte Carlo simula-

tions to demonstrate the underlying physics that occurs due to the wire target

geometry.

7.2.1 Experimental Campaign

(a) Foil Top (b) Foil Side (c) Wire Side

Figure 7.2: Targets used in the Experimental campaign, (a-b) foil targets, (a)
top view with laser incidence highlighted (b) front view, (c) side view of wire
target.

The experiment was conducted using the Vulcan laser [2]. The target vari-

ations are shown in Figure 7.2, foil and wire targets were irradiated indepen-

dently with laser pulse parameters maintained for each target type. The laser
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energy was∼ 200 J on-target and the pulse duration was∼ 14 ps. The incident

angle for foil targets was fixed at 5o relative to the target normal. The focal spot

was characterised prior to the experimental run using a low-power CW laser.

The results of that analysis are in Figure 7.3, demonstrating a full-width-half-

maximum of (6.4± 0.7) µm with 37% of the energy contained within the spot.

This provided an on target intensity of 1019 W/cm2 and, therefore, expected

electron temperatures of ∼ 0.5− 1 MeV [18, 121].

Figure 7.3: Focal spot measurements for the experimental campaign. (a) Focal
spot image, an average of five 1 ms exposures, (b) horizontal and vertical line-
outs of the spot with associated FWHM, (c) the encircled energy as a function
of spot radius - within the FWHM ∼ 37% of the energy was contained.

The experimental layout, Figure 7.4, provided sufficient magnification for

the main imaging line. Primary diagnostics for the spatial and spectral mea-

surements are penumbral foils and scintillator rails respectively. Imaging was

conducted on a large (100 × 100 mm) sheet of IP with the penumbral foils re-

moved. A 0.6 T magnet was positioned behind the target rear surface to ensure

that charged particle emission did not contribute to the measured signal.

The x-rays were detected using layers of Fujifilm SR image plate (IP) for

the improved spatial resolution over scintillators. Filtering from the 2 mm

aluminium chamber port and the IP sensitivity provided peak absorption at

∼35 keV. The peak absorption energy changes with both target material and
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Figure 7.4: Schematic of the primary imaging diagnostics, setup is the same
as the one in Chapter 6. Main image shows the emission line, with penum-
bral foils and X-ray spectrometers included. The inset is an expansion of the
penumbral foil setup, the grey cone represents the forward x-ray emission
from target. Magnets, blue in the figure, are required to remove the escap-
ing electron population from the target. All distances in mm measured from
target position. The chamber port attenuates the emitted x-ray spectra.

thickness - partially due to the K-alpha emission for gold being above 35 keV.

Modelling of how this maximum energy changes with target thickness is shown

in Figure 7.5, using the same technique as outlined in Chapter 6. For thick-

nesses below ∼ 20 µm the detector responds as expected with ∼ 35 keV as the

critical energy, however for targets thicker than this, the critical energy rises

to the K-alpha of that material. The spectral shape of the emission is assumed

to be a Boltzmann distribution with an effective temperature of 200 keV and

the transmission through the target is calculated by half the target thickness.

Half the target thickness is used as the expected electron temperature since

the attenuation length1 (or mean-free-path) of the 500 keV electrons in gold is

1Material length at which attenuation reaches 1/e, discussed in Chapter 4 and 5.
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∼160 µm [14]. This electron energy is, therefore, sufficient to generate x-rays

quasi-uniformly throughout the target.

Figure 7.5: Critical detected energy as a function of target thickness for gold.
Determined as the peak x-ray energy detected assuming a Boltzmann distri-
bution of 200 keV and target attenuation from half the target thickness, using
the NIST data tables [15].

7.2.1.1 Spatial x-ray emission profile

The x-ray source size was measured via a set of on-axis penumbral foils us-

ing the same technique outlined in Chapter 4. The penumbral foil set has 300

µm tungsten slabs curved to a radius of (152± 2) mm, one positioned to mea-

sure the vertical source (V-Foil) and one for the horizontal (H-Foil). The set-up,

shown in Figure 7.4, provided a magnification of ×17.5 for the horizontal axis

and ×13.4 for the vertical axis.

As demonstrated in Chapter 4 for a foil target the observed x-ray signal is

a convolution of two sources; the first, a bright central source generated as
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(a) Foil (b) Wire

Figure 7.6: Penumbral radiograph and lineout for (a) foil, and (b) wire target.
The dashed line in each radiograph is where the lineout is determined. In the
top panels the lineout is in black and the gradient in orange.

the main electron channel propagates through the target, the second a diffuse

source dominated by electrons recirculating through the target substrate after

their first pass. The penumbral radiographs demonstrate the effect of switch-

ing from foil to wire targets, shown in Figure 7.6. The substrate feature from

the foil introduces a large blurring function into radiographs by contributing

similar levels of flux to the central source. When switching to a wire this sub-

strate source is removed on the horizontal axis and all flux is contributed by

the single source. As expected, the source is asymmetric for wire targets as

electrons are free to expand vertically within the target. Figure 7.7(a) shows

the horizontal axis measurement decreasing with reduced target thickness, but

when measuring the vertical source contribution there is a flat response for tar-

gets that are less that 100 µm thick. In the measured radiographs this presents

as an asymmetric blurring function giving poorer resolution in the vertical axis

than the horizontal. This effect is not present for foil targets as the horizontal

and vertical sources are quasi-symmetric and instead both axis have similar

blurring functions.
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(a) (b)

Figure 7.7: Spatial measurements taken from the penumbral foils. (a) Verti-
cal and horizontal source from target types and materials measured by the
penumbral foils, (b) are normalised lineouts (black) and gradients (orange)
from a thick, thin, and a wire target.

7.2.1.2 Spectral x-ray characterisation

Using the imaging detectors and two off-axis scintillator-based hard x-ray

spectrometers [26], the on-shot flux and effective temperature for each target

configuration was measured. Figure 7.8 shows that the effective x-ray temper-

ature for the wire and foil targets is similar, yet the flux contributed by wire

targets is ∼50% higher than foils of a similar thickness. Increasing flux and

temperature with target thickness is expected, to a certain degree before self-

attenuation dominates. Larger targets attenuate more of the soft x-ray emission

and artificially harden the emitted spectrum. Also, the likelihood of electrons

interacting with the background material - emitting bremsstrahlung - on their

first pass through the target increases with target thickness. The temperature,

Figure 7.8(b), is inferred via the technique discussed in the Chapter 4 and by

Rusby et al. [26], by fitting to the response across the crystals in the spectrom-

eter.
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(a) X-ray Flux (b) X-Ray Temperature

Figure 7.8: Spectral measurements taken from hard x-ray spectrometers 11o

from target normal, single shot measurements made in parallel to source size
measurements. (a) is the flux on the first crystal per incident laser Joule, (b)
is the temperature of the x-ray emission inferred via the technique outlined in
Rusby et al.[26].

To explain the increase in x-ray flux when the target geometry changes, the

effect that the sheath is having on the internal electron population is consid-

ered. An electro-static field builds on target surfaces which is initially pro-

portional to the number density of electrons that reach the surface. Therefore,

if all else is equal, the relative strength is governed by the surface area over

which electrons are spread. In foil targets, the total available surface area is

Afoil = 2(lh+ lw + hw) where l, w, h is the target thickness, width, and height.

In a wire this becomes Awire = 2πr(r + h) where r is the radius of the wire.

In the case where 2r = l and h > r, it can be shown that for a foil target with

w > l(π−2)
2

the surface area is larger than that of a wire - i.e the target is at least

as wide as it is thick. The number density of electrons at the surface, and field

strength, will therefore be lower for a foil than that of a wire. Electrons accel-

erated later in time are therefore more likely to recirculate in the wire, as the

average field strength will be higher.
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This explanation assumes that the conversion from laser to hot electrons re-

mains similar despite the change in geometry. This assumption is valid when

considering wires significant larger than the spot diameter but will become

a factor as the wire size is reduced further. Considering the parameters ex-

plored in the experiment, the laser spot diameter was (6.4± 0.7) µm, as shown

in Figure 7.3, a wire of 25 µm diameter corresponds to a maximum displace-

ment from a flat surface of 0.4 µm1. This deviation is negligible considering

the surface roughness of targets is typically on a similar scale and therefore the

accelerated electron population should be similar for similar laser parameters.

7.2.2 PIC Modelling

Particle-in-cell (PIC) simulations can be used to explore the effect that tar-

get geometry has on the hot electron transport. Due to the relatively long pulse

duration used for the experiment it is not possible to directly simulate the ex-

perimental conditions, instead the focus of this section is to explore the role

that the target geometry has. The simulations were conducted with EPOCH

[31] in 2D, focusing a 5 × 1019 W/cm2 laser onto the front surface of a 25 µm

thick target, to explore the effect that the target cross-section has on the sheath

field. The pulse duration was 250 fs and the simulation conducted for 850 fs,

the results shown in Figure 7.9(a-b) were taken at 500 fs where both the wire

and foil target had their peak sheath field. The simulations compared, the

effect of a standing wire and a foil to probe the difference in internal electron

density, and therefore resultant x-ray emission as a result of the differing target

cross-sections. Variation in the scale length has been shown to have a signif-

icant effect on the electron dynamics and resultant x-ray yield [101, 186], as

such, in order to focus on the effect of the geometry, both simulations included

a 2 µm plasma scale length on the front surface [52, 102]. The simulation pa-
1Calculated from Pythagoras’ theorem, valid for spot sizes smaller than the wire diameter.
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rameters are listed in Table 7.1. The increased box size for the foil simulation

compared to the wire is to maximise available lateral expansion for electrons

in the target.

Intensity 5× 1019 W/cm2

Scale Length 2a µm
Density 77 Nc

Particles per cell 50
X(min,max,dx)b -7 µm 43 (33) µm 10 nm
Y(min,max,dy)b -25 (-15) µm 25 (-15) µm 10 nm

Table 7.1: EPOCH simulation parameters. a limited toX = +7 µm for the wire.
b values in parenthesis indicate wire simulation.

There is a large increase in electron density within the wire target com-

pared to the standard foil over the duration of the simulation. As expected,

and shown in Figure 7.9(a-b), a stronger E-field is established at the surface of

the wire target geometry compared to the foil. This change in field strength

drives the internal electron density for each geometry, Figure 7.9(c). Absorp-

tion through the simulations were equal for both targets geometries. For the

wire, as there is a higher potential field surrounding more of the target sur-

face, more electrons are constrained within the target. As the electrons recir-

culate through the target their energy typically decreases and as a result the

spectrum over the lifetime of the simulation varies for each geometry. In wire

targets there is significantly more low energy electrons remaining within the

target, whereas in the foil these same electrons would be able to escape later-

ally. This results in a cooler two-temperature distribution for the wire target,

Figure 7.9(d).

The electron density results imply that there should be a brighter (more flux

per area) source from the wire than for the foil, since the increased electron

density, for targets of the same material, should produce a brighter source of
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(a) Foil (b) Wire

(c) Cumulative Electron Density (d) Refluxing Spectra

Figure 7.9: Results from PIC simulations. (a) Electron density (red scale) and
E-field (blue scale) spatial maps for the foil simulation at 500 fs. (b) same as (a)
but for wire simulation, E-field is limited to X > 7 µm to show the pre-plasma
on the surface of the wire. (c) Cumulative on-axis electron density over the
entire simulation. 0 µm indicates front surface for each target, (d) Refluxing
electron spectra with a two-temperature distribution (dashed lines), see Table
7.2 for values.

x-rays. Demonstrating that the total flux is higher however is less clear. To do

so the individual electron pathlengths can be tracked to demonstrate the in-

creased circulation that the wire geometry promotes. The reduction in surface

area means that less particles need to escape to establish a field strength equiv-
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alent to a comparable foil and as a result a higher population should circulate

within the target for longer in the wire. The pathlength,R, of each electron was

determined by tracking the individual macro-particles throughout the simula-

tion at 10 fs resolution. In the foil target when an electron crossed the simula-

tion boundary it was able to escape from the simulation despite not necessarily

escaping the target. To account for this the propagation angle of the electron

was used to determine where the electron would have escaped the target (in

a larger simulation). A diagram of this is shown in Figure 7.10. The electron

propagation angle is calculated at the boundary and used to approximate the

additional R that the electron would have contributed in a larger simulation.

(a) (b) (c)

Figure 7.10: Pathlength of electrons inside the target. (a) Diagram of additional
R for foil targets, at the boundary the propagation angle θe is calculated from
the electron momentum this gives the additional pathlength of electrons not
simulated. (b-c) The fraction of total electron population, as a function of en-
ergy, that has an internal pathlength, R, of (b) R > 2l and (c) R > 4l, where l is
the target thickness (or wire diameter).
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As is clear from Figure 7.10 there is a significant increase in the fraction

of electrons accelerated that experience a pathlength greater than the target

thickness. This is due to the increased electric field surrounding the target for

the wire compared to the foil target, the increased field strength traps and re-

circulates more of the electrons. The temporal evolution of the field can be

demonstrated by setting a simple criteria and tracking over the duration of

the simulation. Figure 7.11 is a plot of the percentage of the available target

surface perimeter that has a sheath field of Esheath > 1 − 2.5 TV/m. The wire

geometry peaks at a higher % and reaches that maxima quicker, showing why

the increase in electron density happens.

(a) (b)

Figure 7.11: Plot of percentage of target surface covered with a Esheath > αφ
as a function of time for each target geometry. Where (a) αφ = 1 TV/m, (b)
αφ = 2.5 TV/m. The dashed lines are fits to the data.

168



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 7. Optimising sources for Radiography

7.2.3 Monte-Carlo Modelling

Since EPOCH cannot intrinsically determine the x-ray radiation the inter-

nal electron spectra was used in a Monte-Carlo simulation with GEANT4 [227,

291] to determine the expected x-ray flux. In order to approximate the increase

in path length for the recirculating electrons an electric field was applied to

the target surfaces. The strength of the field was set to 4 TV/m, which was

the peak field in the wire simulation. It is necessary to have the full spectra

over the PIC simulation to account for the variation in energy of recirculating

electrons that GEANT4 cannot simulate[38].

Figure 7.12: Output from the visualisation of GEANT4 simulation for (a) Wire
and (b) Foil geometry. The red lines are electron trajectories and the green
x-ray. From this visualisation the lateral expansion in the foil is clear.

106 electrons were passed through gold foils 25-500 µm thick and a gold

wire 25 µm thick. In Figure 7.12 the effect of this electric field can be seen on

both target configurations. The images are produced via GEANT4’s internal
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visualisation software, the red traces are electrons, and the green traces are

x-rays, the wire frame is the boundaries of both the target and electric field. In

the foil, these fields promote lateral scattering with electrons drifting far from

the source point. In wires however it promotes a significant increase in elec-

tron density. The spatial distribution from the GEANT4 simulations is shown

in Figure 7.13(a-b) for the foil and wire respectively. For the wire there is a

clear asymmetry in the source with electrons being directed up and down the

wire.

(a) Wire X-ray Source (b) Foil X-ray Source

(c) Source Lineout (d) Source Size

Figure 7.13: Spatial output from the GEANT4 simulations (a) source location of
detected x-rays within a 25 µm wire target. (b) Same as (a) but for a foil target.
(c) Horizontal line out of each source with the FWHM displayed as text. (d)
Horizontal source size as a function of target thickness showing a similar trend
to Figure 7.7(a). In plots (c-d) red is used for the wire targets, and blue the foil.

The simulation results, in Figure 7.14 and Table 7.2, demonstrate the in-
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Wire Foil

Thot 1.9 2.1 MeV
Tcold 1.3 1.2 MeV
Nelectron 5.7 3.7 ×1018

Nγ 2.4 1 arb.
ηe→γ 9.66 2.7 %

Table 7.2: EPOCH and GEANT4 simulation results,Nγ for the wire simulations
is normalised to the foil results.

(a) (b)

Figure 7.14: Spectral output from the GEANT4 simulations (a) Emitted x-
ray spectra using the simulated temperatures from EPOCH, temperature fits
shown with a dashed line. K-α line in gold shown with a black dot line. (b)
X-ray temperature as a function of target thickness showing a similar trend to
Figure 7.8c).

crease in overall flux for a wire target compared to an equally thick foil target.

The increase in x-ray flux from the GEANT4 simulations is the result of the

change in the two temperature electron distribution. The more populous high

energy tail of the wire target, shown in Figure 7.9(d), generates bremsstrahlung

more readily as it travels through the target resulting in the increase seen in

Figure 7.14(a). The effective temperature of the simulated emitted spectra in-

creases more than the measured results, Figure 7.14(b), indicating that the re-

circulating population has changed for the thicker foil targets. These results
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likely underestimate the low energy x-ray flux as the EPOCH output does not

include electron energies below 2.5 MeV - the significant increase in Nelectron

for the wire target, however, suggests that the underestimation would favour

the wire geometry.

To demonstrate the effect of the internal electron spectra, Figure 7.15 has the

same target geometries with different spectra. In Figure 7.15(a) the targets each

had the same input spectra of electron (kBTe = 1 MeV), for this condition the

foil generates x-rays slightly more efficiently, and in Figure 7.15(b) the spectra

from EPOCH simulations for the foil are used for the wire and vis-a-vis. The

response, in Figure 7.15(b), is almost identical with a slight increase in the wire

target again. Collectively, these two graphs demonstrate that both the spatial

effects and the spectra effects that the sheath has on the recirculating electron

population is important when considering the generated x-ray flux.

(a) (b)

Figure 7.15: Spectral output from GEANT4 simulations with EPOCH electron
spectra. a) The emitted x-ray spectra for 1 MeV Maxwellian distribution in
each target configuration b) Emitted x-ray spectra using the simulated temper-
atures from EPOCH with the foil spectra in the wire and wire spectra in the
foil geometry.
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7.2.4 Radiographs

(a) XRT (b) Foil

(c) Wire
(d) Lineouts

Figure 7.16: Demonstration of the reduced source size from narrow wire tar-
gets, (a) is heavily processed XRT imaged acquired over several shots, (b) a
single-shot acquisition from a 100 µm foil target, and (c) a single-shot acqui-
sition from 100 µm wire target. (d) is the edge-spread-function (ESF) taken at
the edge of the penny for both the foil and wire targets.

Imaging and source measurements were made independently so as not to

interfere with the image. The industrial sample is a scaled nuclear waste con-

tainer. It consists of 5 cm diameter steel canister containing a uranium penny

sample encased in grout. The sample has previously been characterised in a

x-ray transmission (XRT) machine, Figure 7.16(a). The uranium underwent
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controlled corrosion after being encased in grout resulting in expansion of the

penny and cracks forming within the grout [292]. Figure 7.16(a-c) demon-

strates that these cracks, which are indicators of containment failure, are re-

solved in both the heavily processed XRT image and the two single exposure

laser-driven x-ray images, a key proof of concept for radiographic inspection.

The difference in the edge-spread-function (ESF) for a wire and foil target is

displayed in Figure 7.16(d). The FWHM of the ESF for the foil is ∼ 2 mm and

for the wire is ∼ 0.8 mm at ×5 magnification demonstrating a significant im-

provement in the quality of the image.

7.3 Forming an image

Increasing the flux of x-ray sources has obvious benefits when considering

the role of laser-plasma interactions for industrial radiography. To explore the

role of the spectrum and flux in imaging this section takes an analytical ap-

proach to explore the contrast of images. In order for a feature to be readily

detected the difference in transmitted flux between the feature and it’s sur-

rounding material must be larger than the sum of the squares of all sources of

noise. This can be expressed by the following inequality:

|S −B| > σn (7.1)

where S and B are the intensity of the image peak and background, and σn is

the total contribution from noise and uncertainty - including spatial blurring

from x-ray scattering and the detector. This can be used to provide a figure-of-

merit for radiography, C:

C =
|S −B| − σn

S +B
(7.2)
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This equation provides a quantity to express the image contrast. A feature

on the image can be resolved providing C > 0 and C → 1 would be a perfect

binary transfer. When σn << S −B this reduces to a traditional contrast func-

tion. In situations with high noise compared to the difference in transmission,

σn ≥ S − B, this parameter would drop below zero indicating that it would

be indistinguishable from the surrounding background. In an idealised sys-

tem the dynamic range of the detector would be the limit on the contrast of

images. However in reality, many factors must be considered before an im-

age is formed. Assuming sufficient spatial resolution, i.e. that the source size

is smaller than the feature of interest, and, for simplicity, scattering in the sys-

tem small, there are three components involved in answering this question: the

emitted spectra of x-rays, the transmission of an object, and the efficiency of the

system to detect the transmitted x-rays. This discussion will be framed around

two detector types; image plate (IP), and a 10 mm LYSO scintillator. Both are

discussed in Chapter 4 of this thesis. The key point is that IP is thin and, there-

fore, inefficient at high energies (> 100 keV) with good spatial resolution, and

that LYSO is highly efficient up to ∼ 1 MeV but its increased thickness limits

the spatial resolution.

The emitted x-ray spectra can be approximated by a single Boltzmann dis-

tribution convolved with the self-attenuation of the laser irradiated target. The

effective temperature of the distribution can vary between tens of keV to tens

of MeV depending on the interaction conditions. The self attenuation through

the target reduces the flux of lower energy photons in the spectra resulting in

a quasi-top-hat distribution (Chapter 2). The transmission of an object can be

determined for a given spectra from the NIST transmission tables [14] and the

Beer-Lambert Law (Eq. 2.78). The key to resolving the image however is to

determine the transmission of both the feature and the surrounding area. In

the sample used in Section 7.2.4 there is 5 mm of U238 through 45 mm of grout
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contrasting with the transmission through 50 mm of grout. The final factor

is the efficiency of the detector system, η, as a function of the incident energy

of photons, and the distance from the source. The calculation of efficiency for

each detector (IP and LYSO scintillator) is included in the Appendix; each are

bounded to a maximum response to account for detector saturation. Each de-

tector is set 1 m from the interaction. When all of these factors are considered

together the following equation can be used to determine the effectiveness of

the image:

C =
|S −B| − σn

S +B
(7.3)

S =
1

r2

∫
ηγ(Eγ)f(Eγ)

[
ζ(Eγ, OS)

(
1− ζ(Eγ, d)

)]
dEγ (7.4)

B =
1

r2

∫
ηγ(Eγ)f(Eγ)

[
ζ(Eγ, OB)

(
1− ζ(Eγ, d)

)]
dEγ (7.5)

σn ≈
√
S +
√
B (7.6)

where r is the distance to detector system and the energy dependent efficiency

of each detector is nγ(Eγ). ζ is the transmission function for the x-ray energy

Eγ , and the object in question - either for S and B or the detector d. In the case

where only statistical noise is a concern, σn can be simplified to σn ≈
√
S+
√
B.

f(Eγ) is the emitted x-ray spectra from a given target which is assumed to fol-

low a Boltzmann distribution attenuated at low energies - the attenuation is

modelled by a decaying exponential from 50 keV for high-Z (i.e Au) targets,

and 5 keV for low-Z (i.e. Al) to capture the softer emission. Figure 7.17 is the

modelled spectra from both the high-Z and low-Z targets, the spectra are nor-

malised and then multiplied by the desired photon number in the model.
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Chapter 7. Optimising sources for Radiography

Figure 7.17: 100 keV spectral shape for Al (black) and Au targets in the contrast
model.

Considering the question posed at the beginning of this section; Eq. 7.3

can be solved and used to investigate image contrast under different flux and

temperatures of the x-ray emission. Figure 7.18 shows the result as a function

of x-ray temperature and flux, with a high-Z target spectral shape. Maximum

contrast is achieved with a high flux with an intermediate x-ray temperature.

LYSO is able to deliver a resolvable feature over a significantly broader set of

parameters than image plate.

7.3.1 Spectral optimisation for object and detector

In each case demonstrated in Figure 7.18, the optimum is found with a in-

termediate temperature and higher flux source of x-rays with this effect be-

ing more pronounced in image plate due to the small absorption length. This

test case represents a near ideal object for radiography; a high-Z object buried

within a low-Z container providing optimum contrast between the regions of

the object. In cases where there is a less than ideal background differential,
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(a) (b)

Figure 7.18: Parameter phase-space for x-ray temperature and flux using a
high-Z spectral shape. The solution to Eq. 7.3 for the uranium sample outlined
in Section 6.1.1 for different detectors (a) SR image plate, (b) 10 mm LYSO
Scintillator. For C > 0 the image is resolved with C → 1 producing the optimal
image.

imaging is more challenging and requires different parameters to optimise the

spectra. Scaling up to larger objects is of industrial relevance; a major chal-

lenge is increased flux required to produce a high contrast image. The stan-

dard nuclear waste barrel (NWB) is a 500 L drum with 5 mm thick steel walls

filled with grout and the stored waste [76]. This is significantly larger than the

test sample and the desired information from such a radiograph is the degree

of deterioration (e.g. cracking or expansion) to the surrounding grout and to

know if the uranium is corroding. Modelling this using Eq. 7.3 was completed

by taking the background to be a line through this drum with 600 mm of grout

and 10 mm of steel, and the feature of interest as 595 mm of grout, 10 mm of

steel, and 5 mm of Uranium. This has significant attenuation due to the size

and so the LYSO scintillator will be considered for this object. Figure 7.19 is

the schematic of the drum and Eq. 7.3 solved for a 5 mm Uranium sample at

the center of the barrel with the LYSO detector.
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(a) (b)

Figure 7.19: (a) Schematic of standard NWB from international standards doc-
ument [27, 28]; 5 mm cylinder of U-238 to demonstrate transmission, grout
interior is made from concrete and the barrel is modelled as iron. (b) Eq. 7.3
for a standard NWB, dashed line indicates a total x-ray energy of 0.1 J.

The parameter space shown in Figure 7.19(b) demonstrates the issues with

this imaging challenge, only at the highest levels of flux, or very high tempera-

tures, is an image formed. Park et al. [187] measured the conversion from laser

energy to K-alpha emission as 10−4 for thick targets, using this as a foundation

the laser energy required (assuming similar scaling across laser intensities) to

image a NWB can be determined. In Figure 7.19(b) the dashed line indicates

0.1 J of incident x-ray flux, by the conversion determined by Park et al. this

would require ∼ 1 kJ of laser energy. To reach C ∼ 0.4, the ’optimum’ value

shown in Figure 7.19(b), requires ∼ 1 kJ of x-ray energy and, by the same

scaling, ∼ 10 MJ of laser energy to achieve. This simple model suggests that

imaging a NWB is likely impractical for commercial lasers systems unless the

conversion efficiency is increased, or the transmission length is reduced by

imaging at the edge of the NWB.

The other challenge to consider is low-Z buried within high-Z, e.g. looking
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for defects or crack formation within additively manufactured components

or lightweight aeronautics. Successful imaging of one such object has been

demonstrated with laser-solid targets by Brenner et al. [10]. The sample was a

fanblade made from titanium alloy, consisting of 1 cm walls with a hexagonal

mesh interior that provides mechanical strength but limited the overall mass

of the fan blade. This results in a transmission line of 30 mm titanium next to

25 mm of titanium and 5 mm of low density foam (modelled as mylar). This

requires significantly lower energy x-rays in order to ensure contrast between

the two regions. Modelling this with Eq. 7.3 and a low-Z target assumption is

shown in Figure 7.20. The change in emission requirements is clear, demand-

ing a high-flux but low temperature source to produce any image, with higher

temperatures producing an image withC ∼ 0. In the experiment the measured

contrast of this object was (0.21 ± 0.04). In Figure 7.20(b) the red asterisk are

the approximate laser conditions and emitted x-ray spectra (100 J laser with

100 keV x-ray spectra at 10−4 conversion efficiency [187]) from the Brenner ex-

periment equal to C ∼ 0.18.

(a) (b) (c)

Figure 7.20: (a) Radiograph of the fanblade from Brenner et al. [10] shown with
(b) lineout and contrast of the feature. Hexagonal pattern from the interior is
a titanium mesh in place to provide structural support without adding signif-
icant mass to the fanblade. (c) The phase-space (determined by Eq. 7.3) for
the fanblade and an image plate detector, dashed line indicates a total x-ray
energy of 0.1 J, and the red asterisk shows the estimated conditions from the
experiment.
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7.3.2 Effect of atomic number

Attenuation through materials is dependent on both the energy of the inci-

dent photon and the target material, as summarised in Chapter 3. The photo-

electric and scattering processses scale differently to one another resulting in

shifting peaks in transmission. The model explored in Section 7.3 demon-

strates that for optimum contrast between transmission relatively low x-ray

energies are required. For large scale objects, such as Figure 7.19, the necessary

flux is only achievable (with realistic laser parameters) at high temperature and

so it is worth considering the scattering processes that dominate at these ener-

gies. Using the values in the NIST database [15], the most transmissive energy

for different materials can be determined. Figure 7.21 demonstrates that as

the relative Z of the sample is increased there is a reduction in what energy is

the most transmissive for that material. This indicates that for high-Z materi-

als increasing the energy beyond ∼ 4 MeV will not enhance the transmission

through the sample and instead increase the amount of scattered photons.

Figure 7.21: Most transmissive photon energy and associated attenuation cross
section coefficient for varying atomic number. This demonstrates that the most
transmissive energy decreases with increasing Z.

This is due to the fact that in higher-Z materials pair production becomes
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a dominant factor at lower energies reducing the overall transmission of high

energy photons. The majority of the photon energy is still transmitted through

the object, however, many of the photons have been scattered from their orig-

inal trajectory lowering the effective resolution for the image. Optimising the

imaging contrast due to the transmitted photons requires minimising the scat-

tering potential and increasing the contrast between low- and high-Z mate-

rials. These cross-sections only provide an initial estimate of the scattering as

they are 1D approximations. Using GEANT4 [227], the full effect of this scatter-

ing can be explored. A simulation was conducted to determine the scatter from

incident x-rays with energies of 10 keV to 100 MeV. These x-rays were simu-

lated from x, y, z = 0 and propagated through materials of different atomic

number with thickness matched to an areal density of 10 g/cm2 (equivalent to

∼ 5 mm of uranium). The ratio of scattered x-rays to unscattered was deter-

mined across these simulations by counting the number of photons that where

detected at x, y = 0 as a fraction of the total detected, and used to create the

parameter map in Figure 7.22.

In agreement with the solution to Eq. 7.3, Figure 7.22 suggests that the high-

est energy x-rays (> 10 MeV) are, in general, less beneficial to imaging. From

the GEANT4 simulations it is clear that higher energies introduce a significant

proportion of scatter to the detected image and, therefore, increase the effec-

tive σn for the contrast. X-ray of energies > 10 MeV are also harder to detect

reducing the efficiency for imaging. Relatively low energy x-rays (< 100 keV)

that are transmitted through the 10 g/cm2 are readily scattered as a result of

Compton scattering. However, the overall transmission at 100 keV for a 5 mm

uranium object is ∼ 10−7 indicating that the increased scatter ratio seen in Fig-

ure 7.22 could be a result of the low number of transmitted photons.
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Figure 7.22: Scattered transmission ratio as a function of Z and photon en-
ergy. Simulations were conducted at Z = (6, 13, 22, 26, 50, 73, and 92) for 100
logarithmically spaced energies between 10 keV and 100 MeV, the results were
then interpolated via a Gaussian fitting function to produce to full parameter
space.

7.4 Conclusion

Radiography of industrial samples benefits from a flexible x-ray source to

ensure that a wide range of objects can be imaged. This chapter has demon-

strated methods to calculate the optimum spectra for an object through calcu-

lating the contrast parameter C (Eq. 7.3) for an object and a range of temper-

atures. The parameter space of this equation demonstrates the flux and that

100 keV to 1 MeV temperatures are generally more effective at imaging due

to the contrast between different density materials that these spectra can offer.
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Experimentally a method to improve the flux without significantly altering the

temperature and maintain a small emission zone is shown. Changing from a

foil target to a wire target constricts the electron expansion as the electric field

on the rear-surface of the target builds rapidly and covers more of the surface

area. The change in the sheath field results in a higher population and cooler

recirculating electron population, which in turn results in an increase in the

measured x-ray flux. Simulations using EPOCH in 2D show the sheath field

developing faster on the wire target geometry, and by using the recirculat-

ing population outputted from EPOCH in a GEANT4 simulation, the increase

in x-ray emission can be demonstrated by applying electric fields to the tar-

get surfaces. Wire, and constrained targets, also limit the material producing

background x-rays which removes the second source discussed throughout

Chapter 5, resulting in a clearer final radiograph. The demonstration of this

effect is shown in Figure 7.16 where a x2.6 improvement in the image quality

is measured for a scaled nuclear waste container.

184



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Chapter 8

Conclusions and future work

The research presented in this thesis explores laser-solid interactions to en-

hance or optimise the radiography capabilities of x-ray sources. Experimental

campaigns and simulation studies throughout this body of work have been

conducted to better understand the physics at work as these high-energy, high-

resolution, x-ray sources develop. This final chapter summarises the work pre-

sented and discusses the potential impact and areas for future work.

In short, each experimental chapter studies a different aspect of the emitted

x-ray source. Chapter 5, focuses on optimising the internal electron popula-

tion to the target parameters, to deliver a better spatial contrast of the x-ray

source. Chapter 6, explores a capillary target design that could be used to gen-

erate electrons significantly more energetic than the ponderomotive limit via

direct-laser-acceleration (DLA) occuring within the capillary. In the final exper-

imental chapter, it is shown that a standard wire target reduces the escaping

surface area of electrons and, therefore, increases the field strength and recir-

culating electron number. The spectral changes in the recirculating electrons

promotes a brighter x-ray source that, due to the limited target size, emanates

from a narrow lateral source. An analytical model was presented that explores

the spectral demands for different radiography objects. The results indicated

that while there is significant advantage in increasing the overall flux of x-ray

sources, there is limited benefit in increasing the peak energy due to contrast, at
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Chapter 8. Conclusion

high energies, requiring significant differences in areal density before a change

is observed. The remainder of this concluding chapter discusses the findings

from each of the investigations, and considers what future work could be done

to expand upon the research completed.

8.1 Investigation of recirculating electrons in solid

targets as a function of laser intensity for x-ray

generation

Measurements of x-ray sources from laser-solid interactions with a high in-

tensity laser demonstrated a two-source structure; a bright central source on

the order of 100 µm, and a larger substrate source on the order of millimetres.

Within a few rayleigh ranges of focus position (±100 µm with an F3 parabola),

the substrate source generated a similar flux of x-rays as the central source,

introducing a large blurring function to the image. At large defocuses, the

substrate source begins to diminish and flux ratio between the central and

substrate source increases by ×(10 ± 2), resulting in significantly better im-

age quality despite the slight increase in central source size.

This result was explored via an electron refluxing model that considered

two populations of electrons - those that can only contribute to the central

source and those that can also contribute to the substrate source. The sheath

model, presented by Mora [161], was used to determine an escape energy for

electrons, and the collisional losses within a target, calculated by the NIST

transmission database [14]. Electrons that collide on the first pass of the tar-

get or are able to escape through the sheath can only contribute to the cen-

tral source. The number of the central electrons to those that recirculated was

demonstrated analytically to agree with the measurements of the x-ray source.
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Using this model, it is possible to determine an optimum balance between the

target thickness and the laser intensity, to minimise the central source, whilst

keeping the ratio of the two sources favourable.

8.2 Investigation into electron dynamics with laser-

guiding capillary-targets

Chapter 6 reported on an exploration into the use of a capillary target to

channel the laser and provoke multiple interactions as it propagates through

the capillary. Initial modelling suggested that there should be an increase in the

number of accelerated electrons with a cooler overall temperature compared

to a single interaction with a solid target. Experimental measurements demon-

strated that there was indeed a significant increase in the number of electrons

(measured via an increase in x-rays despite the limited target mass) without a

significant decrease in the effective x-ray temperature compared to solid wires

in vertical and horizontal orientations. Prior work by several groups [270–273]

has demonstrated how a glancing angle interaction can cause a surface field

effect, which further accelerates electrons and results in an increase in energy.

Simulations demonstrate that electrons were not getting trapped in these sur-

face fields; however the channel structure and the emergence of these fields

resulted in electrons oscillating through the laser path several times. In so

doing they were successively re-accelerated to superponderomotive energies,

which could explain the increase in temperature. Comparisons to solid targets

demonstrated that the flux of accelerated electrons within the capillary quickly

exceeded that of a solid target.

Continued study is required to make the most of this promising target struc-

ture. Enhancing DLA mechanisms is an area of considerable interest for the

community, due to the emergence of high flux high energy electron popula-
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tions from relatively low laser intensities. One progression in this design is

to taper the walls of the capillary to drive the DLA mechanisms, and also en-

hance the conversion of energetic electrons into x-rays. The bremsstrahlung

converter on the exterior surface of the capillary could be spatially deposited,

to further confine the source of energetic x-rays, using the bulk of the capil-

lary target to capture the laser energy. In future experiments, the transport

along the capillaries could be tracked directly with spatially resolved K-alpha

imagers [214, 215] or additional penumbral foils, to monitor the electron trans-

port through the capillary walls, similar to fast electron measurements made

by Akli et al. [252].

8.3 Optimising x-ray source characteristics for large

scale radiography

Chapter 7 discussed how to optimise the spectra of x-rays emitted from the

target. A simple imaging parameter was constructed by considering the spec-

tral transmission of different regions of an object with respect to the source and

the detector in question. For each test case trialled, there was a clear advan-

tage for high flux, but no significant benefit to increased temperature. Using

wire targets demonstrated a simple and effective way to increase the flux with-

out altering the laser parameters. This increase resulted from the sheath field

building around the target over a smaller surface area compared to the foil,

causing a higher population of electrons to remain within the target. In addi-

tion, the wire target, as with reducing the on-target intensity shown in Chapter

5, reduced the emission from the substrate of the target. Penumbral measure-

ments and radiographs of samples both demonstrated the increase in image

quality resulting from switching to a wire target. The increase in flux and

the reduction of the lateral source width combined to deliver more favourable
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imaging conditions.

8.4 Future work

The work presented in this thesis aims is at optimising laser-solid interac-

tions for energetic x-ray sources. Numerous methods offer valid approaches

to optimisation, and determining the optimum laser and target parameters for

any potential object is a necessary step towards the commercialisation of these

sources. Although the work presented here is not the final answer, it does

present a significant step towards finding the optimum conditions.

The model presented in Chapter 7 offers a simple method of determining

what laser parameters are needed in order to resolve certain features. Cur-

rently this model is a 1D approximation that only considers the spectral de-

mands of an object; with further development, this model could be expanded

to include spatial demands and incorporate more realistic spectra. The novel

capillary targets presented in Chapter 6 offer an opportunity to deliver ”coher-

ent” sources of high energy x-rays due to the ability to tailor the final emission

size. There is additional merit from the potential of direct-laser acceleration to

readily generate ultra-relativistic electrons. As well as radiography, this source

of high energy electrons, and the channelled electrons in the capillary, have po-

tential for a wide range of applications, including fast ignition. The model in

Chapter 5 effectively demonstrated a method to optimise the spatial profile of

the x-ray emission by minimising the number of electrons that were able to

recirculate the target. It is known from prior work [17, 161, 166, 167] that the

recirculation population is more complex that the model assumes and incorpo-

rating these complexities into the model could improve results. The temporal

evolution of the sheath will also impact on the energy of electrons, with higher

energy electrons being generated at the peak of the pulse, typically, after the
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sheath has been developed. Therefore lower energy electrons, accelerated by

the rising edge of the pulse, will be able to escape as the sheath field is forming.

8.4.1 Tapered Capillary Targets

The experimental results demonstrate that capillaries are able to produce

at least equal levels of flux to standard wire targets, while retaining a small

horizontal and vertical source size. The horizontal source profile exhibits two

peaked structures contributed by each side of the capillary, indicating that the

reflected laser light from the first interaction is seeding subsequent accelera-

tion in the target. In order to maximise the benefit of this subsequent laser

transport, the target can be shaped to change the interaction as the laser prop-

agates. One option is outlined in Figure 8.1: the tapered capillary has the same

two-layered structure of the targets in Chapter 6, but the aperture is reduced

from 30 µm to <2 µm over ∼ 200− 500 µm.

Figure 8.1: Target schematic demonstrating the tapered capillary. The open-
ing aperture is as large as the spatial jitter of the laser; the closing aperture
is smaller than the initial spot to drive an increase in intensity. Black bars
on the exterior surface are a high-z material to increase the generation of
bremsstrahlung.

These apertures are designed with the laser parameters in mind. For the

Vulcan laser system, the pointing stability warrants a 30 µm aperture to en-

sure that the spot is captured by the tube. The small aperture is then set
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to be smaller than the laser spot to ensure laser absorption towards the end.

This design takes a similar approached to Sentoku et al. in 2004; however, the

long propagation distance increases the energy deposited by the laser over the

course of the interaction. The benefit of such a design is two-fold: firstly the

super-ponderomotive electrons accelerated within the capillary will be driven

into the walls, guaranteeing conversion to x-rays; secondly the ultimate source

of the x-rays can be reduced to below the spot size of the laser, and thus phase

contrast imaging could be attainable at high x-ray energies. This latter benefit

can be achieved by locally depositing the bremsstrahlung converter (shown as

black bars in Figure 8.1) to a small region at the end, or along, the capillary.

8.4.1.1 Phase Contrast Imaging

One possible application of these capillary targets is to induce spatial co-

herence in the x-ray emission. By tapering the capillary, the available lateral

area that x-rays can be generated from can be reduced, and, as such, spatial co-

herence can be achieved. The equation below [293] helps define the required

experimental parameters:

lc =
λxR1

σs2
√

2 log 2
(8.1)

whereR1 is the distance from the source to the object, σs is the lateral size of the

feature from which to retrieve phase information, and λx is the wavelength of

the x-ray. This defines lc as the required source size and scales inversely with

the x-ray energy as shown in Figure 8.2. Increasing the propagation distance

also increases the limit on the source size, thus designing the geometry of the

experiment will be necessary to ensure phase contrast radiography is viable.

For achievable experimental layouts, and significant magnification onto de-

tectors, the object can be placed at maximum 1 m away from the interaction

and allow ∼ 5 m for magnification before a detector. With the gold struc-
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Figure 8.2: Source size required for phase-contrast imaging with respect to
different object distances, calculated using Eq 8.1.

tured targets, the brightest single energy will typically be the K-alpha signal

at ∼ 68 keV, which is significantly higher than the currently utilised phase-

contrast sources [294].

192



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Appendix A

A.1 Considerations for the recirculation model in

Chapter 5

The analytical model presented in Chapter 5 is based upon the 1D plasma

expansion model that Mora posits in Reference [161]. A necessary step in mak-

ing this model more thorough is to include spatial and temporal evolution of

the sheath field during the interaction, as this will impact the population of

electrons that recirculate the target. One method to address this could be to

model the sheath potential by treating the target as a capacitor, similar to the

model presented by Link et al. [166]. This would enable a temporal evolution

of the sheath strength that could more accurately treat the recirculating popu-

lation of electrons.

To test the effectiveness of the recirculation model, without the temporal

considerations that could be added, it was compared to prior results with dif-

ferent laser and target parameters. The following section has two comparisons,

the first using x-ray images and a defocused laser similar to the configura-

tion explored in Chapter 5, and the second considers escaping electrons from

a solid target.

A.1.1 X-ray radiography data

Experimental results from a higher energy laser experiment conducted in

2013 demonstrated an image contrast improvement as the laser was defocused.
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The laser intensity varied from 5×1020 W/cm2 at best focus, to a defocus posi-

tion of -200 µm and intensity of 2× 1018 W/cm2. The target was 100 µm thick

tantalum target. Radiography images of a steel machine part were recorded

on SR image plate and presented in Figure A.1(a-c).

(a) (b) (c)

(d) (e)

Figure A.1: Radiography and model results from 2013 experiment. (a-c) radio-
graphs for Best focus, -100 µm, and -200 µm defocus respectively. Lineout was
taken at the edge of the feature averaged over 50 pixels (px). (d) Normalised
lineouts for the image. (e) Model results for experimental conditions in (a-c),
demonstrating a peak between 100 − 200 µm defocus where the best lineout
was observed experimentally.
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The transition across the edge of the sample is used to demonstrate the im-

provement from best focus to the optimum experimental defocus. Without

penumbral measurements, it is not possible to accurately determine the sub-

strate source distribution. However, the lineouts in Figure A.1(d) demonstrate

the existence of a larger blurring function for best focus, but not at either 100

or 200 µm defocus. The results from the model are shown in Figure A.1(e)

showing that the optimum for these conditions should exist at ∼ 150 µm.

A.1.2 Escaping electron data

This model can also be used to explore the escaping electron number from

target interactions. During an experiment on the PHELIX laser system in GSI,

the escaping electron measurements from 100 µm thick copper targets were

measured using a wraparound image plate detector for varying defocus. The

laser parameters give an intensity range from 3 × 1020 W/cm2 at best focus to

4 × 1017 W/cm2 at maximum defocus. The experimental results presented by

Rusby et al. [17] show a significant peak in the escaping electron number with

defocus, and then a rapid fall off as the intensity is further reduced.

Figure A.2: Model comparison with escaping electron data from Rusby et al.
[17]. Black - model predictions for escaping electron number E > 1 MeV. Red
- measured electron number from wraparound diagnostic.
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This measurement can be explained by the balance explored in the analyt-

ical model presented in Chapter 5; as the intensity is reduced, the electron

spectrum is optimised to drive more electrons above the escaping “threshold”.

As the intensity is further reduced, attenuation through the target begins to

dominate and significantly fewer electrons reach the rear surface. This result

is emphasised by the ∼ 1 MeV energy threshold for detected electrons. As

shown in Figure A.2, the model (black) predicts a clear peak in the escaping

electron signal at ∼ 1019 W/cm2, which then decays slowly as the intensity is

further increased - which is in broad agreement with the measurements made

by Rusby et al. [17].

A.2 Considerations for the contrast model presented

in Chapter 7

A.2.1 Demonstration of contrast

The final term in Eq. 7.2 factors in signal noise to the standard image con-

trast equation. As a result, negative values are possible when the summation

of the noise is larger than the difference between regions. A demonstration

of this unintuitive valuation is shown in Figure A.3. As the parameter C ap-

proaches 0 the square feature at the centre becomes less visible, however it is

still discernable against the background until C < 0, shown in Figure A.3(f).

This was made by creating two regions; one at a set value, S, and the other as

a fraction of this value, B = nS, where n is between 0 and 1. Statistical noise

is added used the random number function in Matlab, and the parameter C

calculated using the equation presented in Chapter 7.
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(a) C = 1 (b) C = 0.5

(c) C = 0.1 (d) C = 0.05

(e) C = 0.02 (f) C < 0

Figure A.3: Visual demonstration of the parameter C from Eq. 7.2 with line-
outs.

A.2.2 Image Plate

The fractional absorption of the incident photons, and the response in photo-

stimulated luminescence (PSL) is determined by the the equation outlined in

Bonnet et al. [207]:

Y = αpartE
eff
dep (A.1)

where the Y is the yield in PSL for energy deposited, Eeff
dep , within the image

plate. The transmission tables in NIST [15] are used to calculate the relative

absorption. The parameter αpart is a coefficient depending on the image plate

type. In the case presented in Chapter 7, SR image plate is considered there-

fore; αpart = (3.3±0.7)×10−4. The minimum detectable change for image plate
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is ∼ 1 µPSL per 25 µm pixel, and the maximum is ∼ 16 PSL per 25 µm pixel.

A.2.3 Scintillators

The emitted optical light per MeV deposited in the scintillator material must

be absolutely calibrated for the geometrical layout of the camera system and

the individual scintillator crystals. A schematic of the proportion of light cap-

tured by a lens is shown in Figure A.4(a) and the quantum-efficiency (QE) of

the CCD considered is shown in Figure A.4(b).

(a) (b)

Figure A.4: (a) Schematic of a lens field of view from a scintillator. (b) QE
curve for an AVT Manta Camera. Data taken from AVT Website: https://
www.alliedvision.com/en/products/cameras/detail/Manta/G-1236.html

For LYSO, the scintillator considered in this model, the typical values are

30 photons emitted per keV deposited [295]. An AVT manta camera coupled

with an f0.95 lens can be focused onto the front surface of the LYSO crystals

and is relatively sensitive, with a ∼ 5% capture efficiency from scintillator to

CCD. The minimum detectable signal is set to 1 keV and the maximum to

43 MeV (1 and 65534 counts respectively) per 32.5 µm2 of LYSO.
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A.3 Kramer’s law for electron to x-ray energy

Determining the specific electrons responsible can be generalised analyti-

cally by considering Kramers Law for the x-ray distribution from an incident

electron [29]:

I(λ) ∝
(

λ

λmin
− 1

)
1

λ2
(A.2)

where the incident electron energy determines the cut-off λmin by the deBroglie

equation (Ee = ~λ) [296], and the chance of radiative collision between an

electron and a target material to be increasing with energy [14]. Figure A.5

shows the results of this for a gold target of unit thickness and density and

electron energies ranging from 1 keV to 20 MeV. At higher electron energies

the distribution of emitted x-rays will be broader and therefore less efficient at

generating the relatively narrow band of emission that is suitable for industrial

radiography.

Figure A.5: The relative x-ray yield for electrons in a gold target, computed
from Kramers Law Eq. A.2 [29].

199



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Appendix B

B.1 Comparison of laser-wakefield acceleration to

”conventional” techniques

“Conventional” acceleration techniques use alternating electric fields to drive

charged particles forward and accelerate them to high energies. Typically,

these fields are at radio-wave frequencies (400 MHz for the LHC [297]) hence

the name RF Accelerators. The acceleration process is as follows:

• An external field is applied to the accelerator channel.

• This creates a negative potential that attracts the ion.

• The ion travels through the field potential, to a neutral region.

• The field is reversed, the ion travels out of the neutral region and is ac-

celerated by the reverse field.

This process is repeated as many times as necessary to reach the desired en-

ergy ions, or electrons via the same principle, during acceleration the parti-

cles are confined by exterior fields. This takes one of two forms, either a lin-

ear series of accelerators (i.e. a linac), or a circular system contained by ad-

ditional magnetic fields to allow the electrons/ions to propagate indefinitely

(cyclotron/synchotron). The electric fields used to accelerate the ions are lim-

ited in maximum field strength to ∼ 107 V/m, beyond this the accelerator

materials can begin to ionise and breakdown. The beam paths of conventional

accelerators have to be on the order of hundreds of meters in size to accelerate

charged particles to GeV energies. In comparison, field strengths can safely ex-

ceed the material breakdown limit in laser-plasma accelerators (LPA), reaching
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TV/m under typical conditions [53]. As a result, LPA have accelerated electron

beams to energies in excess of GeV within a few centimetres [298, 299]. At the

Central Laser Facility (CLF) a recent result on the Gemini laser system [300]

demonstrated electron energies in excess of 2 GeV from a gas cell 10-20 mm in

length [301]. By comparison, the Diamond synchotron (based near the CLF)

uses a 158 m circumference booster ring to accelerate electrons to 3 GeV [302].

A recent study has set a record in peak electron energies for laser-wakefield

acceleration, researchers at the BELLA laser, in Berkeley, have used a capillary

wave-guide to achieve ∼ 8 GeV electrons from a 20 cm plasma channel [303].

Figure B.1: Comparison of scale between conventional RF accelerators and
laser-wakefield interactions. (a) A schematic of the Diamond Light Source at
RAL (b) shadowgraph of a plasma channel in a laser-wakefield gas cell, edited
from Cole [30].

B.2 Derivation of the dispersion relation

Starting from the curl of Faradays law:

∇× (∇× E) = − d

dt
(∇× B) (B.1)

and the vector identity,∇× (∇×A) = ∇(∇ ·A)−∇2A. This links the electric

201



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Appendix B.

field and plasma current as such:

∇2E =
1

c2
d2E
dt2

+ µ0
dj
dt

(B.2)

By substituting in the general solution for the electric field (Eq. ??), and de-

scribing the current density as the number of electrons moving past a certain

area (j = −ene drdt ) each derivative can be individually solved to show that:

∇2E = −k2E (B.3)
d2E
dt2

= −
ω2

L

c2
E (B.4)

dj
dt

= −ene
d2r
dt2

(B.5)

−k2 = −
ω2

L

c2
− µ0

d2r
dt2

(B.6)

Using c2 = (µ0ε0)
−1 and d2r

dt2
= eE

m
, the dispersion relationship for a EM field

and plasma can be expressed as:

ω2
L
− ω2

p = k2c2 (B.7)

B.3 Vulcan laser system

Vulcan is a near IR, PW, laser with two target areas, Petawatt (TAP) and

West (TAW), each with differing parameters. TAP is seeded by a commer-

cial Ti:Sapphire laser delivering a chain of 200 fs pulses with nanojoules of

energy from which a single pulse is selected and sent to an optical-parametric-

chirped-pulse-amplification (OPCPA) pre-amplifier [198]. The OPCPA stretches

and amplifies to a few nanoseconds in length and several millijoules of energy,

combining the two techniques described before. There are then two main am-

plifier stages, the rod and the disc amplifiers. After the rod chain the pulse
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contains ∼ 85 J, it is then sent through the final amplification stage. 6 flash-

lamp driven disc amplifiers are used to bring the final energy up to ∼ 700 J

pre-compressor. During amplification the pulse is focused through pinholes

many times the diffraction limit to remove the higher frequency components

of the pulse, this ensures that the final delivered pulse has minimal spatial

aberrations. It is then expanded to 600 mm before being delivered, under vac-

uum, into the laser area. Here, it is compressed in a single pass compressor

and focused into the target chamber using an off-axis f/3 parabola, bringing

the spot size down to ∼ 3.5 µm and a typical maximum intensity of (5 × 1020

W/cm2).

Petawatt West

short short long ns (x6)
Energy J 700 150 300 50-300
Pulse duration 0.5 ps 1.2 ps 14 ps 0.5-8 ns
Compressor throughput % 65 85 65 -
Final optic # 3.1 3 3-15 8-15
Nominal Intensity W/cm2 1020−21 1019−20 1018−19 1014−16

Table B.1: Summary of laser parameters for each target area in the Vulcan laser
system. For both areas the primary wavelength is 1.054 µm. The shot rate is
one per 20-45 minutes, some amplifiers are shared between the areas requiring
delay between TAP and West shots.

The second target area, West, is capable of delivering a range of laser pa-

rameters and utilising all 8 beam paths that are part of the Vulcan laser sys-

tem. Beam 7 and 8 are short pulse beams for West, delivering 1 ps and 10 ps

at 100 and 250 J respectively. These rely on an alternate final amplifier chain

compared to TAP and a Nd:glass seed laser instead of the Ti:Sapphire. The

6 remaining beams are long nanosecond lasers capable of being amplified to

∼ 300 J each using a series of rod amplifiers, these are seeded with higher en-

ergy initial pulses than the short pulse trains used in TAP and B7/B8. Table

B.1 shows the primary differences between the target areas.
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B.4 Numerical Modelling

In EPOCH the PIC sequence, shown in Figure 4.16 is broken down and half-

steps are introduced in the temporal evolution of the simulation. On each full

time step, Xn,n+1, the magnetic field and particle momenta is updated and each

half step, Xn+1/2,n+3/2, the electric field and particle position is updated, in do-

ing so this reduces inconsistencies caused by the finite temporal steps that the

simulation can evolve through. This ”leapfrog” technique is akin to another

technique deployed by numerous other numerical codes, a schematic of the

process is outlined in Figure B.2(a).

(a)

(b)

Figure B.2: (a) Leap-frog calculations of field and momenta in EPOCH - equa-
tions are taken from Arber et al. [31]. (b) Schematic of macro-particle operation
within PIC simulations; the macro-particles are the large red circles with a gra-
dient fill demonstrating the relative particle density at the limits of the macro-
particle volume, the black and blue dots at fixed cell positions represent the
current density and field calculation points respectively

Each distribution system has 6 dimensions that need to be determined at

each point, 3 spatial, and 3 momenta, - i.e. where the particle is and where

the particle is going. This is clearly an enormous task considering the 1015

204



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Appendix B.

electrons readily accelerated by a laser-plasma interaction. Current modelling

makes some assumptions to simplify this, often assuming that the systems are

collision-less, and weighting particles to significantly reduce the number to be

computed. These weighted macro-particles represent a large number of par-

ticles that are influenced by the surrounding conditions as one, and exist as a

cloud of finite volume and density able to move throughout the simulation.

The macro-particles do not exert force internally, however, they are effected by

the field structure as a set of particles with a set energy and influence the sur-

rounding fields as a spatial distribution of charges. A schematic of the grid and

macro-particles within a simulation is displayed in Figure B.2(b), the macro-

particles are the large red circles with a gradient fill demonstrating the relative

particle density at the limits of the macro-particle volume, the black and blue

dots at fixed cell positions represent the current density and field calculation

points respectively.

Both the leapfrog technique and macro-particles are methods to mitigate the

effects of solving continuous evolution in finite steps. However, an issue that

presents itself across PIC simulations is self-heating. As the particle densities

at each time-step inform the subsequent field evolution, any statistical error (or

noise) in the particle density can cause a cascade which in turn heats the sim-

ulation in a way that is not physically valid. For example, if a target is defined

in a PIC simulation to exist at the boundary and its initial electron thermal dis-

tribution gives it some finite chance of losing an electron to the boundary then

the previously charge-neutral cell will no longer be charge neutral and on the

subsequent step this will be reflected in the field, causing further electrons to

be displaced.
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P. Truscott, L. Urban, M. Verderi, A. Walkden, J. P. Wellisch, D. C.

Williams, D. Wright, H. Yoshida, and M. Peirgentili. Geant4 develop-

ments and applications. IEEE Transactions on Nuclear Science, 53(1):270–

278, 2006.

[229] J. Allison, L. Garnier, A. Kimura, and J. Perl. The Geant4 visualization

system—a multi-driver graphics system. International Journal of Model-

ing, Simulation, and Scientific Computing, 4(supp01):1340001, 2013.

[230] C. Reich, P. Gibbon, I. Uschmann, and E. Forster. Yield optimization

and time structure of femtosecond laser plasma kalpha sources. Physical

review letters, 84(21):4846–4849, 2000.

[231] M. S. Wei, A. A. Solodov, J. Pasley, R. B. Stephens, D. R. Welch, and

F. N. Beg. Study of relativistic electron beam production and transport

239



U
n
iv
er
si
ty

of
S
tr
at
h
cl
y
d
e
–
O
ct
ob

er
1,

20
19

Bibliography

in high-intensity laser interaction with a wire target by integrated LSP

modeling. Physics of Plasmas, 15(8):0–7, 2008.
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