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Abstract

In this thesis the results of two experimental campaigns investigating the performance of

novel nanowire targets via escaping fast electrons at the target rear surface are presented.

An initial experiment was carried out to diagnose the efficiency of laser interactions with

nanowire coated and planar targets using imaging of coherent transition radiation (CTR)

emission induced by exiting fast electrons. This experiment was subject to an intense pre-

pulse of intensity I � 1017 W/cm2 irradiating the targets prior to the arrival of the main

laser pulse. Hydrodynamic simulations demonstrate the pre-pulse irradiation launched a

shock-wave into the target, disrupting the rear surface of the thinner targets. CTR emission

was still observed experimentally from these thinner targets, despite the significant target

expansion. Particle-in-cell simulations are used to show the scale length of the density dis-

ruption was short enough to retain the efficient production of CTR emission in the optical

regime. In addition, the hydrodynamic simulations revealed the formation of an extended

pre-plasma at the front surface of the targets. This is predicted to facilitate the generation

of super-ponderomotive electrons, beneficial towards the production of CTR. Remarkably,

under these non-ideal conditions an increase in CTR emission was observed for a subset of

shots on the nanowire coated targets compared to planar targets. This result is explained

by proposing a less dense, longer scale length pre-plasma is produced from the nanowires,

expediting the production of fast electrons with a greater hot electron temperature.

A subsequent experiment aimed to realise a high contrast laser interaction with nanowires

through the use of a frequency doubled laser pulse. In this campaign a pepper-pot diagnostic

was employed to measure the emittance of the exiting fast electron beam, a novel measure-

ment for nanowire targets. The results indicate fast electrons with a greater emittance are

obtained from the nanowire targets relative to planar targets. Particle-in-cell simulations are

carried out that predict a greater transverse momenta of fast electrons from the nanowire

targets, supporting this conclusion.
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Chapter 1

Introduction

Lasers can be used to deliver high energy, ultra-short pulses into solid matter, rapidly com-

pressing and heating the target and allowing the creation of some of the most extreme

environments in the Universe [1]. This �eld of optical laser physics dawned in 1960 follow-

ing the �rst demonstration of a ruby laser built by Maiman [2], based on the concept of

the `maser' presented by Schawlow and Townes [3], and the potential of lasers was quickly

acknowledged by scientists around the globe. A desire for developing high power lasers was

motivated by an ambition to reach more extreme energy-density regimes; take for example

the proposal of Nuckolls et al. [4] in 1972 of compressing hydrogen fuel with lasers in an

e�ort to induce thermonuclear burning, sparking the research area we now know as iner-

tial con�nement fusion (ICF). At this time the peak intensity (laser power per unit area)

for short pulse laser operation was severely limited by self-focusing e�ects in the laser am-

pli�ers [5]. A pathway to ultra-intense ( > 1018 W/cm 2) laser interactions was opened by

Strickland and Mourou in 1985 when they presented the concept of chirped pulse ampli�ca-

tion (CPA) [6], and is the basis of a number of petawatt-class lasers now existing worldwide

which support a community of researchers investigating intense-laser interactions [7]. Re-

search areas involving these interactions include, but are by no means limited to, laboratory

astrophysics [8{11], ion acceleration [12,13], and X-ray sources [14,15]. One research area en-

joying particular attention recently is inertial con�nement fusion, with the remarkable results

from the National Ignition Facility of the �rst demonstration of a burning plasma [16,17] and

of an ignited fusion plasma [18] stimulating an invigorated activity in inertial fusion research.

One facet of high-power laser research is the irradiation of solid targets with ultra-intense

18
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laser pulses. For the case of femtosecond-length,> 1018 W/cm 2 laser pulses, the laser energy

is primarily coupled into electrons at the target surface. The electrons are accelerated by the

laser �elds up to MeV energies, generating a population of so-calledhot or fast electrons[19].

Fast electrons can propagate through the depth of the target, inducing heating of the bulk

target to several eV or keV [20,21]. For su�ciently thin targets the highest energy electrons

are also able to exit through the rear surface of the target; intense laser-solid interactions

have therefore been suggested as a fast electron beam source. One potential application is in

fast ignition [22], a variant of ICF where a fast electron beam is used to deposit energy into

pre-compressed fuel and ignite a hotspot, inducing a burning plasma. The feasibility of this

scheme is however strongly dependent on the ability to precisely control the energies, diver-

gence and transport of the fast electron beam, alongside a high laser-fast electron coupling

e�ciency [23{26]. An additional consequence of these exiting fast electrons is the generation

of an electrostatic �eld at the target surface due to charging of the target, which serves to

accelerate protons and target ions [13,27,28]. Thus, an understanding of the laser coupling

into fast electrons and the subsequent transport of the fast electron beam through the target

is important for the control of the properties of the exiting fast electron beam, optimising

the production of warm and hot dense matter in the bulk target, and for the generation of

proton and ion beams.

The properties of the fast electrons can be in
uenced at the point of initial generation by

the laser at the target surface, and can also be manipulated during the fast electron beam

propagation through the target. To both ends, novel structured targets can be employed to

control the laser-generated fast electrons. For instance, the fast electron beams are known

to diverge and spread out during their propagation, posing an issue when considering the

beam for practical applications which typically require a well-collimated beam. Theresistive

guiding scheme�rst proposed by Robinson and Sherlock [29] is based on the substitution of

Ohm's law, E = � j , into Faraday's law, r � E = � @B
@t, to yield the driving equation behind

this scheme:
@B
@t

= � r � j f + r (� ) � j f (1.1)

where � is the target resistivity and j f is the fast electron current density. The second term

describes the generation of a magnetic �eld that will act to drive electrons towards regions of

higher resistivity. The resistive guiding scheme therefore proposes the use of targets with an
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embedded region, or regions, of a material with a higher resistivity, such that the magnetic

�eld growth at the resistivity gradients will collimate the fast electron beam around the

resistive guiding element; this scheme was demonstrated experimentally by Karet al. [30]

for an Al-Sn-Al sandwich target.

A suite of nanostructured targets have also been proposed in the pursuit of optimising

laser coupling into solid targets. These targets are generally characterised as consisting of

planar targets with a front layer of novel structures, the dimensions of which range from

10's to 100's of nm. Nanostructures presented in the literature include nanotubes [31, 32],

foams [33], nanospheres [34, 35], and snow
akes [36]. The presence of these structures can

increase the e�ective surface area for laser interaction, and act to modify the laser-target

coupling; the precise impact on the interaction is dependent on the structures employed and

the laser parameters.

The use ofnanowire targets was �rst presented by Kulcs�ar et al. [37], where the targets

are described as having a surface \resembling velvet fabric" (Figure 1.1) comprised of 10-200

nm metal �bres standing normal to an Al substrate. A factor 50 increase in emitted X-ray

photon yield was reported from these `velvet' targets when irradiated with a < 9 � 1016

W/cm 2, 1 ps laser pulse compared to a planar solid target. This remarkable result was at-

tributed to an enhanced laser absorption from, in part, reduced re
ection of the laser and an

increased e�ective absorption depth. X-ray emission was again used as a �gure of merit by

Samsonovaet al. [38] at a similar intensity of 5� 1016 W/cm 2, but with a shorter pulse length

of 60 fs. Here, a increase in the hard X-ray 
ux by a factor 15-22 was detected using ZnO

nanowires compared to 
at targets, since the nanowires facilitated a higher laser absorption

and a larger plasma volume availability. Mondal et al. [39] explored a comparable intensity

regime (I � 1 � 1016 W/cm 2, � = 30 fs) to irradiate Cu nanowires. The enhancement of

X-ray yield was found to be sensitive to the dimensions and aspect ratio of the nanowires

used, with a yield increase of a factor 14-43 measured. This result has been replicated at

higher intensities too; Purvis et al. [40] employed a frequency-doubled laser pulse to irradiate

Ni nanowires at an intensity I = 5 � 1018 W/cm 2, � = 60 fs, with a < 50-fold increase in

X-ray 
ux reported from the wire targets.
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Figure 1.1: SEM image of the front surface of nanowire targets reported by Kulcs�ar [37].

For ultra-intense laser interactions, the laser energy will be chie
y coupled into fast elec-

trons: for this reason, the performance of nanowire targets can therefore be explored through

assessment of this hot electron population. In a study by Zhaoet al. [41], both imaging and

absolute yield of X-ray emission from the rear surface of nanowire coated targets was un-

dertaken. A three-fold enhancement ofK � yield was observed from the nanowire target,

implying an increased number and energy of the hot electrons. Additionally, the imaging

of the X-ray spot revealed a comparable, even slightly reduced, FWMH spot size from the

rear surface of the nanowire coated targets compared to the front surface. In contrast, the

planar targets exhibited an increased X-ray FWHM spot size at the rear surface compared

to the front surface, in line with a diverging fast electron beam. The authors put forward

the implication that the wire structures were able to collimate the accelerated electrons.

The energies of the hot electrons produced by the interaction have been measured directly

via an electron spectrometer in the forward [42{44] and backward [45, 46] propagating di-

rections: these individual studies found a hotter temperature for fast electrons produced in

the nanowire interaction versus the interaction with a planar target. Studies of accelerated

ions from intense laser-interactions with nanowire targets support the argument of increased

coupling into hot electrons. Measurements of accelerated protons by Khaghaniet al. [47]

demonstrated an increase in proton number alongside a raised cut-o� proton energy upon

the use of nanowire coated targets; this result was also reported by Valli�ereset al. [48]. In
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both investigations the observed improvement was ascribed to increased electron heating,

facilitating the generation of a stronger accelerating sheath �eld at the target rear surface.

Additional studies exploring the potential of nanowire targets include the work by Cur-

tis et al. [49]. Deuterated nanowires were irradiated with a 60 fs,I = 8 � 1019 W/cm 2

pulse. The exceptional volumetric plasma heating in the wires produced energetic deuteron

ions at energies near the peak of the D-D fusion cross-section: the D-D produced neutrons

yield exhibited a factor 500 increase compared to planar targets. The work by Mondalet

al. [50] considered irradiated nanowires in the context of THz pulse emission. The energy

of broadband THz pulses was measured from the front surface of irradiated nanorod and

planar targets; the emitted pulse energy was found to be signi�cantly greater in the case

of the nanorods, with the origin of the emission attributed to coherent transition radiation

from the laser-accelerated electrons.

Whilst the enhanced performance of nanowire targets is well-demonstrated, the inherent

physics of the laser interaction with the wire structures and how to optimise this interaction

remains a source of keen research interest. Generally, at high intensities it is suggested that

the heating of electrons in the wires occurs by the laser electric �eld �rst extracting the

electrons from the wires, then accelerating the electrons in the forward direction via the

laser �elds in the gaps between the wires [51,52]. The size and spacing of the nanowires has

been shown to in
uence the properties of these accelerated electrons. The use of wire struc-

tures with micro-scale dimensions (100's nm) has been found to facilitate the generation

of electrons with a hotter electron temperature compared to wire targets with nano-scale

dimensions (10's nm) [45]. Wires with a large spacing relative to the laser focal spot size

can also be appropriate for direct laser acceleration of electrons in the wire gaps to super-

ponderomotive energies [43, 53]. However, it is not fully apparent which choice of nanowire

dimensions and laser parameters are optimal for the control of the fast electron properties.

Pre-plasma formation is an acute issue in the use of nanostructured and nanowire targets.

The ASE-pedestal and the rising edge of the laser pulse can ionise and heat the surface of

the nanowires before the arrival of the main laser pulse. Since the absorption of laser energy

is more e�cient for the nanostructured targets compared to planar targets, the intensity
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threshold for signi�cant pre-plasma generation is lowered. This was demonstrated during

an intensity parameter scan by Cristoforetti et al. [54]: 3/2! 0 emission from the front sur-

face (an indirect signature of pre-plasma) became appreciable at a lower laser intensity for

nanowire targets in comparison to planar targets. The presence of a pre-plasma can impact

the interaction of the main laser pulse. One of the bene�ts of nanostructured targets is the

increased surface area available for laser interaction, which can be reduced if pre-plasma �lls

the vacuum between the wires and prevents the laser pulse propagating into these gaps. In

more extreme cases the wires themselves could be almost entirely ablated and the laser pulse

will interact with pre-plasma only; this can add a layer of complexity when attempting to

predict the electron absorption and properties of the fast electrons produced. Careful choice

and control of the laser parameters is therefore crucial for a predictable and reproducible

interaction with nanostructured targets. Frequency doubling has been used by Eftekhari-

Zadehet al. [55] to limit the lower intensity pedestal and produce a high-contrast laser pulse

at a high repetition rate. In an alternative approach, Samsonovaet al. [56] employed a long

wavelength (3.9 � m) fs laser pulse to irradiate nanowire targets. The temperature of fast

electrons scales withI� 2, where I is laser intensity and � is laser wavelength; the use of the

longer wavelength laser could result in relativistic electron generation at a lower intensity

than for smaller wavelength lasers (e.g. Ti:Sapphire lasers have a wavelength� = 800 nm),

and the lower laser intensity would be preferable for mitigating pre-plasma formation.

In this thesis an investigation of nanowire targets from two experimental campaigns

at the ILIL facility [57] is presented, with exploration of the exiting fast electrons used to

diagnose the interactions. The �rst experiment was carried out in 2019 and aimed to evaluate

the performance of nanowire targets through imaging of the optical emission from the rear

side of the irradiated targets. This was performed to measurecoherent optical transition

radiation generated by the subset of fast electrons that exit the target, a novel measurement

for nanowire targets. This experiment was found to be subject to an exceptional pre-pulse of

intensity � 1017 W/cm 2, and computational studies using hydrodynamic and particle-in-cell

simulations are shown to be vital in explaining the experimental measurements of transition

radiation.

The outcome of hydrodynamic simulations of the pre-pulse interaction with the nanowires

was the demonstration of the destruction of the wires by the time of the main pulse interac-
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tion. A second experiment was therefore carried out in 2021 to achieve a frequency doubled,

high-contrast laser interaction with nanowire targets. In this instance the key diagnostic

employed was measurements of theemittance of the exiting fast electron beam using a

pepper-pot diagnostic. The structure of the thesis describing these experiments is outlined

as follows:

Chapter 2: Theory of Laser-Plasma Interactions

The main theory relevant to the investigations presented in this thesis is introduced. This

includes the interaction of a high-intensity laser with solid targets, absorption into fast elec-

trons, the transport of the fast electron population through the bulk solid target, and the

consequences of the fast electron transport, e.g. ion acceleration and the emission of transi-

tion radiation.

Chapter 3: Instrumentation and Codes

The work presented in this thesis consists of both experimental and computational studies

of laser-solid interactions. The instrumentation in the high power laser at the ILIL facility

is outlined, as are the diagnostic methods implemented to diagnose the properties of the

fast electrons generated in the interaction. In addition, the particle-in-cell code approach

to modelling laser-solid interactions and codes to model the hydrodynamic behaviour of the

heated targets are described.

Chapter 4: Optical Transition Radiation from Preheated Planar Targets

Chapters 4 and 5 are concerned with understanding data obtained during the experiment in

2019 where planar and nanowire coated Ti targets were irradiated with a� 1020 W/cm 2 laser

pulse, preceded 10.4 ns before by a� 1017 W/cm 2, 10's fs pre-pulse. Chapter 4 addresses

�rst the results obtained from the planar targets. An enhancement in both the intensity of

coherent optical transition radiation and proton cut-o� energy is observed from shots on 25

� m Ti targets compared to shots on thinner Ti targets. These results are explained through

a consideration of the pre-plasma formation at the front surface, bulk target expansion, and

the disruption of the target rear surface from shock-wave breakout. These studies reveal the

density gradient at the shock front is steep enough to sustain e�cient transition radiation in

the optical regime, and the pre-plasma conditions are appropriate to facilitate the generation
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of super-ponderomotive electrons from the main pulse interaction.

Chapter 5: Optical Transition Radiation from Preheated Nanowire Targets

Within the same experiment, a subset of shots on nanowire coated targets displayed a greatly

enhanced intensity of coherent optical transition radiation compared to planar targets of

comparable thickness, despite the extensive disruption to the target structures from the pre-

pulse interaction. Hydrodynamic simulations of the pre-pulse interaction with the nanowires

suggest a lower density, longer scale-length pre-plasma is produced from this interaction com-

pared to the pre-pulse interaction with the planar foil targets. Particle-in-cell simulations

are then used to propose how the presence of this pre-plasma could explain an enhanced

yield of coherent transition radiation formation.

Chapter 6: Frequency Doubled Interactions with Nanowire Targets

Following the pre-pulse experiment a separate campaign was carried out in 2021 with a

frequency doubled laser pulse to ensure a high contrast, high intensity interaction with the

nanowires. This chapter presents experimental data obtained using a pepper-pot diagnostic

to estimate the emittance of the exiting fast electron beam. The use of a pepper-pot to

measure fast electrons in a laser-solid interaction is an extremely novel measurement, and

is certainly unique to intense interactions with nanowires. Preliminary results indicate an

increase in electron emittance for the nanowire targets, an important discovery if considering

these nanowire coated targets for use as a fast electron beam source.

Chapter 7: Conclusions and Outlook

In this chapter the results presented in the thesis are reviewed and further discussed in the

context of the literature. Experimental and computational work has been undertaken to

explore and further understanding of coherent transition radiation from pre-heated targets,

and contribute towards the interpretation and feasibility of CTR measurements in future

laser-solid experiments. The presence of a pre-plasma during intense laser-solid interactions

has also been addressed with respect to CTR production. With respect to nanowire targets,

the emittance of the fast electron beam generated from the nanowires has been estimated

experimentally. The implications of this measurement on the use of nanostructured targets

are discussed and also on the use of a pepper-pot diagnostic in laser-solid interactions more
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broadly.



Chapter 2

Theory of Laser-Plasma

Interactions

The work in this thesis is concerned with the interaction of high-intensity lasers with solid

targets. During this interaction a plasma is formed at the front surface, facilitating the gen-

eration of fast electrons, accelerated ions, radiation emission, and the creation of additional

plasma material as a consequence of fast electron propagation through the target. In this

chapter the relevant theory regarding the de�nition of a plasma, the behaviour of plasmas,

how high-intensity lasers couple their energy into solid material, and fast electron transport

through the target, is outlined.

2.1 Plasmas

Plasmas are often referred to as the \fourth state of matter" and are essentially created

by su�ciently ionising a given material. For the material to be de�ned as a plasma there

are a set of criteria that need to be met regarding the collective behaviour of the ions and

electrons.

2.1.1 Debye Length

Imagine an electric �eld with a potential � (x) is applied to a plasma with an average ion-

isation of 1 (ne = ni = n0) in a 1D geometry. The ions will be attracted towards to the

negative `side', and the electrons towards the positive `side'. Consider �rst the electron re-

sponse; since electrons are light they will be readily accelerated by the �eld, and as such the

27
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local electron density will be a function of the potential, ne = ne(� ), with the electron energy

related to the potential by E = 1
2mev2 � e� . If the electron distribution can be described as

a Maxwellian population, the electron distribution function can be written as

f e(v) =
n0

(2�v th )3=2
exp

�
� E

2kB T

�
(2.1)

�! f e(v) =
n0

(2�v th )3=2
exp

�
� 1

2kB T

�
1
2

mev2 � e�
��

: (2.2)

The electron density in the potential is found by integrating Equation 2.2 across velocity

space, giving the density as

ne(� ) = n0 exp
�

e�
kB T

�
: (2.3)

The ions remain relatively stationary in response to the electric �eld meaning the ion

density across the potential is the same as the initial ion density,ni = n0. Poisson's equation

can then be used to relate the electrostatic potential and �nd the charged particle densities:

d2�
dx2 = �

�
� 0

(2.4)

= �
e
� 0

[ni � ne) (2.5)

d2�
dx2 =

en0

� 0

�
exp

�
e�

kB T

�
� 1

�
: (2.6)

Take the case far from the peak potential wheree�=k B T � 1, allowing the exponential

to be approximated by a Maclaurin series as

exp
�

e�
kB T

�
� 1 +

e�
kB T

+ ::: (2.7)

Putting this expansion into Equation 2.6 gives

d2�
dx2 �

en0

� 0

�
1 +

e�
kB T

� 1
�

�
e2n0

� 0kB T
�: (2.8)

A solution for � can be found using an exponentially decaying function,

� (x) = � 0 exp
�
�

x
� D

�
; (2.9)
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where we have de�ned the term� D , or the Debye length, as

� D =

r
� 0kbT
nee2 : (2.10)

Physically, the Deybe length can be interpreted as the length over which a DC potential

is screened by (predominantly) electrons in a plasma. It shows that a higher electron density

and a lower temperature will result in a more e�ective shielding of applied potential.

2.1.2 Plasma Frequency

Consider an electric �eld applied to a plasma. Since the ions possess a much greater mass

than the electrons they remain relatively stationary. In contrast, the electrons, being more

mobile, will be displaced by the external �eld. The collective motion of the electrons will build

up a potential di�erence across the bulk plasma, inducing an electric �eld proportional to the

electron number density. This leads the electrons to feel a restoring force, with the electrons

collectively oscillating at a characteristic frequency known as theplasma frequency[58]

! pe =

s
nee2

me� 0
; (2.11)

where ne is the electron number density,e is the electron charge, andme is the electron

mass. When a wave of frequency! encounters a plasma, it will only be able to propagate

through the plasma under the condition ! > ! pe. If the plasma frequency is greater, then

the plasma is able to respond to the perturbations induced by the EM wave and prohibit

the propagation of the wave.

2.2 Laser-Solid Absorption

2.2.1 Ionisation

For an ideal laser-target interaction the target will be irradiated with a single, clean laser

pulse. In reality, there are contributions from ampli�ed spontaneous emission in the gain

media [59] which acts to produce apedestalof constant low-level intensity light. In addition,

the laser pulse has aleading edgeof rising intensity rather than an abrupt `spike' of intensity.

An example laser pro�le is illustrated in Figure 2.1 to demonstrate the e�ect of the pedestal

and leading edge on the total laser pro�le. Note, the precise characteristics of the intensity
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Figure 2.1: Illustration of typical contributions of the pedestal, leading edge, and main pulse
on the total laser pro�le. Contributions have been exaggerated for illustrative purposes and
are not to scale.

and temporal ratios are dependent on each laser system, so the values given in the Figure

are purely indicative.

The pedestal and leading edge of the laser pulse are able to couple energy into the solid

target and generate apre-plasma at the front surface through ionisation of the target mate-

rial, prior to the arrival of the main laser pulse. In these extreme laser conditions the photon


ux is so great that statistically negligible mechanisms can become more meaningful, and

the strong electric �elds involved relax energy restrictions such that we can obtain su�cient

ionisation to produce a plasma.

There are three main �eld ionisation mechanisms that are important in this regime.

Firstly, multiphoton ionisation, where the target electron absorbs multiple photons in quick

succession to reach the required energetic threshold for ionisation [60]. Secondly, on occasion

electrons are able to pass, or tunnel, through the atomic Coulomb potential barrier and

escape from the atom without the need of obtaining the `full' ionisation energy. In the

presence of a strong electric �eld (such as a laser �eld) the potential barrier will be deformed,

making this process oftunneling ionisation more probable [61]. The Keldysh parameter [62],
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given by


 K =

s
2me! 2I 0

e2E 2
0

=

s
I 0

2� p
; (2.12)

compares theponderomotive potential of the laser, � p, (see Section 2.2.5) and the ionisa-

tion potential, I 0, to determine the dominant ionisation process. If 
 K � 1 then tunneling

ionisation will dominate; conversely, if 
 K � 1 then multiphoton ionisation will dominate.

Finally, there is the case where the laser �eld is so strong the potential barrier is suppressed

su�ciently such that an electron is able to escape classically, termedbarrier suppression ion-

isation. It is estimated that a laser pulse of length 10's fs - 1 ps and peak intensity> 1012� 14

W/cm 2 is required for the observation of this ionisation [63]; these conditions are met for

our ultra-intense lasers.

The interaction of the pedestal and leading edge of the main laser pulse causes the target

to be pre-heated, and apre-plasma is generated at the front surface of the solid target prior

to the arrival of the high intensity `main' laser pulse. This pre-plasma expands into the

vacuum at a velocity equal to the ion acoustic velocity

vs =
p

Z i Te=mi (2.13)

as presented in Ref. [64]. An example of the density pro�le of a solid target with a pre-

plasma is shown in Figure 2.2. The resultant pre-plasma is characterised by a densityscale

length, L s, given by

L s =
n

dn=dx
; (2.14)

with the pre-plasma typically possessing a density pro�le of the form

ne(x) = A exp(� x=L s): (2.15)

2.2.2 Critical Density

The dispersion relation of a electromagnetic wave of the formE(x; t ) = E0 exp[i (kx � !t )]

in a plasma can be derived as [65]

! 2
0 = ! 2

pe + k2c2 (2.16)
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Figure 2.2: Diagram to demonstrate the 1D density pro�le of a solid target post pre-plasma
generation.

where ! pe is the plasma frequency,! 0 is the angular frequency of the incoming EM wave

in vacuum, and k is the modi�ed wavevector of the EM wave in the plasma. We can see

that a laser wave is able to propagate through a plasma given! 0 > ! pe. For the special

case where! 0 = ! pe we obtain k = 0, indicating the point at which the laser can no longer

propagate inside the plasma and is instead re
ected. This occurs at an electron density

ncrit =
4� 2c2me� 0

e2� 2 =
1:1 � 1021

� 2
�m

cm� 3; (2.17)

more commonly referred to as thecritical density . Solid metals have electron densities

� 1022� 23 cm� 3, prohibiting the propagation of optical lasers through the bulk target.

Beyond the critical density surface the laser is able to propagate a short distance into the

over-critical material. Here, ! 0 < ! pe which yields an imaginary k-value. The laser electric

�eld in the over-critical target is now described by E(x; t ) = E0 exp(�j kjx � i!t ). The �eld

will exhibit an evanescent decay into the target, with the over-critical depth over which the

electric �eld decays over given by thecollisionless skin depth,

� sd =
c

! p
: (2.18)

For very intense (a0 > 1) laser interactions, wherea0 is de�ned in Equation 2.33, rela-
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Figure 2.3: Strength of the laser electric �eld in a plasma of varying density. Dotted line
indicates the position of the critical density surface.

tivistic electrons can be created. The electron mass will increase at these relativistic energies,

a�ecting the ability of the plasma to re
ect the laser light [66]. Re
ection of the laser light

will then occur at a relativistically-corrected critical density of [67]

ncrit;rel = 
 rel ncrit (2.19)

where 
 rel is the relativistic factor


 rel =

r

1 �
v2

c2 : (2.20)

2.2.3 Inverse Bremsstrahlung

The process ofinverse bremsstrahlung, or free-free absorption, involves the excitation of a

free electron by absorption of a laser photon whilst the electron is in the �eld of an ion [68].

The energetic electron can then lose this gained energy via collisions with ions, causing a

heating of the bulk plasma [67]. The e�ciency of the inverse bremsstrahlung absorption

process is consequently dependent on� ei , the electron-ion collisionality, in the plasma. The

exact scaling of the collisional absorption with � ei is dependent on the density pro�le of the

plasma. As an example, for a plasma with an exponential density pro�le the absorption is
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described by Kruer as [65]

f A = 1 � exp
�

�
8 � �

eiL s

3c
cos3�

�
(2.21)

where f A is the the fractional absorption, � �
ei is the electron-ion collision frequency at the

critical density, L s is the decay length of the exponential pro�le, and � is the angle of laser

incidence. The rate of electron-ion collisions atncrit can be described as

� �
ei /

ncrit Z �

T3=2
e

(2.22)

where Z � is the average ionisation. From assessment of these two equations we can see

inverse bremsstrahlung absorption is maximised in plasmas with large density scale lengths,

higher values ofZ and ncrit , and a lower temperature.

2.2.4 Resonance Absorption and Vacuum Heating

Considerp-polarised laser light incident onto a target at an angle� , resulting in a component

of the electric �eld being directed into the target. As presented earlier, the laser �eld can

propagate into a plasma up to the critical density before undergoing an evanescent decay

into the over-dense plasma. For irradiation at an angle, the dispersion relation of the laser

EM wave in the plasma given in Equation 2.16 is modi�ed to account for the directional

wave components,

! 2
0 = ! pe(x)2 + c2(k2

x + k2
y ) (2.23)

! 2
0 = ! pe(x)2 + c2(k2

x + k2
0 sin2� ): (2.24)

Re
ection of the wave (kx = 0) will occur when the plasma frequency satis�es

! 2
pe = ! 2

0 � c2k2
0 sin2� (2.25)

! 2
pe = ! 2

0(1 � sin2� ) (2.26)

! 2
pe = ! 2

0 cos2�: (2.27)

From Equation 2.11 we know ! pe /
p

ne; combining this with the knowledge that the

critical density occurs where! 0 = ! pe, we arrive at the conclusion that the laser is re
ected
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Figure 2.4: Diagram to illustrate how resonance absorption is able to take place for p-
polarised laser light. Note the de�nition of p-polarised means the electric �eld vector oscil-
lates in the plane of incidence, i.e. along the light blue arrow. If the light were s-polarised
the electric �eld vector would oscillate perpendicular to the plane, i.e. into and out of the
page, and there would not be a component of the electric �eld directed into the density
gradient.

at an electron density

ne = nc cos2�: (2.28)

The electric �eld is able to propagate to the critical density, allowing the excitation of

electron plasma waves. At the critical surface, where the frequency of the laser-driven oscil-

lations matches that of the critical density plasma, the amplitude of these electron plasma

waves will grow rapidly [69]. This growth is not in�nite; the electron wave will eventually be

damped through wave breaking, convection or collisional e�ects [70]. The resonant absorp-

tion mechanism produces a non-Maxwellian tail of hot electrons, the temperature of which

was predicted theoretically by Forslund et al. [71] to scale with laser intensity as

Thot � 14(I 1016 � 2
�m TkeV )1=3 keV; (2.29)

where I 1016 is laser intensity in 1016 W/cm 2, � is laser wavelength in � m, and T is the

background electron temperature in keV.

Resonance absorption takes place for laser interactions with a longer scale length pre-



CHAPTER 2. THEORY OF LASER-PLASMA INTERACTIONS 36

plasma. An associated mechanism also occurs for a steep density gradient where the plasma

scale length is smaller than the amplitude of the electron oscillation. Brunel [72] �rst detailed

the process of `not-so-resonant, resonant absorption', generally referred to asvacuum heating

or Brunel heating. In this scenario, electrons are pulled into vacuum byp-polarised laser

light when the electric �eld is directed away from the target on one half-cycle. In the next

half-cycle, the electrons are accelerated back into the target as the electric �eld is directed

into the target. This process occurs once per laser cycle, injecting electron bunches into the

target at a periodicity equal to the laser frequency! L . Gibbon and Bell [73] demonstrated

this vacuum heating mechanism is dominant over resonant absorption for a laser pulse with

intensity I � 1014� 18 W/cm 2 interacting with a short density scale length plasma with

L=� < 0:1.

2.2.5 Ponderomotive Force

An electron in the presence of the laser electric �eld will experience aponderomotive force,

given by [74]

f P = �
e2

2me! 2
0

r E 2; (2.30)

where ! 0 is the laser frequency andr E is the gradient of the laser electric �eld. One

can also express this ponderomotive force in terms of aponderomotive potential, � p:

f p = �r � p; � p =
e2

2me! 2
0

E 2: (2.31)

In high-power laser applications a focused laser beam is used with a spatially varying

focal spot described by a Gaussian pro�le. The intensity is at a peak at the centre of the

focal spot and rapidly reduces with radius, thus establishing an E-�eld gradient. Following

Equation 2.30, the ponderomotive force will act to drive electrons to regions of lower electric

�eld strength. Since the strength of the laser electric �eld has a temporal dependence given

by E = E0 sin(! 0t), the �nal result is an oscillation of the electron at a frequency 2! 0, with

the magnitude of E 2 reaching a maxima twice per laser cycle.
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Figure 2.5: Diagram to illustrate the ponderomotive force direction in a focused laser spot.

2.2.6 Ponderomotive Acceleration

There is, of course, a magnetic �eld component of the wave to acknowledge, directed per-

pendicular to the E �eld. The ponderomotively-driven electron motion and magnetic �eld

produces aev � B Lorentz force pointing perpendicular to the E and B �elds, i.e. in the

k-vector direction of wave propagation. The result is a `�gure-of-eight' motion of an electron

in a EM �eld, with oscillations in the E and k-vector directions. A full derivation of this

result (see Ref. [68]) reveals a net velocity of the electron in the direction of the EM wave

propagation,

vd =
e2E 2

0

4m2
e! 2

0c
: (2.32)

This is otherwise known asponderomotive acceleration[75].

In the context of laser-plasma interactions this ponderomotive acceleration becomes ap-

preciable at ultra-intense laser intensities. The threshold can be described using the nor-

malised vector potential, a0, given as

a0 =
eE0

m! 0c
=

s
I� 2

�m

1:37� 1018 (2.33)

where E0 is the peak laser �eld value. Whena0 exceeds 1 (I� 2
�m > 1:37� 1018 W/cm 2),

the quiver motion and subsequent ponderomotive acceleration force can become great enough

to overcome the ponderomotive potential. The electrons are able to escape the laser �elds

and are injected into the target along the laser k-vector at a frequency 2! 0, with a hot
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Figure 2.6: Diagram describing the trajectory and acceleration of target electrons in strong
laser �elds. The ponderomotive acceleration process injects bunches of electrons into the
target along the k-vector direction.

electron temperature estimated by Wilks et al. as [76]

Thot �

0

@

s

1 +
I� 2

�m

2:8 � 1018 � 1

1

A 0:511 MeV: (2.34)

The Wilk's scaling estimates the electron temperature as the energy of the electron

oscillations in the laser electric �eld, Eosc. Later work by Sherlock [77] proposed the electron

energy distribution is better described as an average energy

Eavg � 0:6Eosc (2.35)

where a reduction in energy is predicted due to work done in drawing the return current (see

Section 2.3.1).

2.2.7 Direct Laser Acceleration

Within the ultra-intense regime there exists scenarios where the electrons are able to be

accelerated to super-ponderomotive energies underdirect laser acceleration (DLA). If ener-

getic electrons are con�ned within some static electric or magnetic �eld they will undergo

betatron oscillations in the static �eld. Provided this betatron frequency is close to the
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laser frequency (in the frame of the relativistic electron), and the electrons are oscillating

in the vicinity of the laser �elds, there can be an additional energy coupled from the laser

into the electrons, with these electrons accelerated in resonant bunches at 2! 0 [78]. One

situation this may occur is in an intense laser interaction with an under-critical density, long

scale length plasma: the ponderomotive force in the intense, focused laser beam can expel

electrons in the undercritical plasma outwards, creating a positively chargedplasma channel

with a charge-separation electric �eld in the tranvserse direction [79, 80]. Electrons can be

con�ned in this channel whilst undergoing oscillations across the channel, and subsequently

experience additional acceleration [81,82].

2.3 Fast Electron Transport

2.3.1 Return Current and Ohmic Heating

The fast electron beam will possess a current densityj f . The electron numbers and energies

produced from intense laser interaction result in high currents, with this current generated

in a small localised region approximately the size of the focal spot. From Amp�ere-Maxwell's

law we know a magnetic �eld is produced in the presence of a current density. Calculations

by Bell et al. [83] estimated an energy� 5 kJ in this magnetic �eld for a fast electron beam

produced from a 1018 W/cm 2, 1 ps interaction. This is energetically impossible - the energy

contained in such a laser pulse is the order 10's J - and the conclusion is drawn that the

fast electrons must either (a) be con�ned to the front of the target (since the energy in the

magnetic �eld scales with penetration depth), or (b) the fast electron current is balanced by

a return current , j b, provided by the background target plasma. It follows that

j f + j b � 0; (2.36)

with the fast electron beam only able to propagate through the target if the target material

has the ability to generate a locally balancing return current. From Ohm's Law, an electric

�eld

E � � � (T) j f (2.37)

where � is the temperature-dependent resistivity of the background plasma, is required

to draw this return current. Work is done by the thermal electrons against this electric �eld
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Figure 2.7: Measurements of divergence angle as a function of laser intensity [88]

in the form

W = E q � dx: (2.38)

The consequence of this isOhmic heating of the target by the return current, with the

heating rate given by [84]
@T
@t

=
� (T) j 2

f

Cv
: (2.39)

2.3.2 Filamentation

The propagation of the electron beam through a plasma leaves it susceptible to instabilities

that can cause the beam to undergo�lamentation , �rst observed experimentally in an exiting

electron beam by Weiet al. [85]. These instabilities work in tandem to cause the fast electron

beam to break up into distinct �lamentary structures. There are three main instability

modes to consider: Weibel [86], �lamentation and two-stream instabilities [87]. In a nutshell,

these instabilities are the growth of unstable electromagnetic (Weibel and �lamentation) or

electrostatic (two-stream) modes and can be ampli�ed by the interaction of the forward

propagating fast electron current and backward propagating return current.
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2.3.3 Divergence

A well-known feature of a laser-solid generated fast electron beam is that it isdivergent at a

half-angle � 1=2 [89{91]. Particle-in-cell simulations by Adam et al. [92] suggested the electron

beam divergence is seeded in magnetic �eld 
uctuations in the laser-target interaction region

de
ecting the energetic electrons. Work by Debayleet al. [93] built on this further, proposing

that there are two components contributing to the total divergence: the angular dispersion of

the fast electrons due to the small scale magnetic �elds formed due to the Weibel instability,

and an additional radial deviation due to the laser ponderomotive force. This divergence

of the fast electron beam has been seen in experimental observations to increase with laser

intensity as reported by Green et al. [88], as demonstrated in Figure 2.7. Later work by

Armstrong et al. [94] measured the spatial pro�le of X-ray bremsstrahlung emission from

the rear surface of irradiated targets. It was shown that there were a duo of electron sources

contributing to the X-ray emission region: a central source from high-energy electrons, and

a secondary source of broader emission induced by re
uxing electrons, thus showing the

picture of divergence scaling with laser intensity is more complex than �rst suggested.

2.3.4 Optical Transition Radiation

Fast electrons produced in intense-laser solid interactions will propagate through the target

material. As the electrons traverse the target there will be a polarisation of the dielectric

material due to the local electric �eld associated with the electrons. In homogeneous mate-

rial (e.g. the target bulk), this transient polarisation has no additional e�ects. However, the

situation changes when we consider the case of fast electron propagation through the target

surface and into vacuum. Using Maxwell's equations, the wave equation can be solved in

the target and vacuum regions to show that the inhomogeneous solution from the electron

�elds is not su�cient to ensure continuity of the electric displacement �eld D and the electric

�eld E. To satisfy the continuity boundary condition, an additional homogeneous solution

is required which is associated with radiators in the target. This produces a radiation �eld

that is dubbed transition radiation [95,96]. This radiation is emitted from polarised atoms

at the target boundary in response to the inequality of �elds in the target and in vacuum.

The intensity and spectra of the transition radiation emission is dependent upon proper-

ties of the fast electrons. In high intensity regimes electrons are predominantly accelerated
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Figure 2.8: Illustration of the production of transition radiation induced by fast electron
bunches propagating through a metal-vacuum boundary.

in bunches, resulting in the emitted radiation adding coherently to form coherent transition

radiation (CTR). For a beam of electrons comprised ofnb bunches emitted at a frequency

1/� t, the CTR energy W emitted per unit angular frequency and solid angle is related to

the fast electrons by [97]

d2W
d!d 
 CT R

/
e2N (N � 1)

4� 2cn2
bu6

t| {z }
(1)

sin2(nb! � t=2)
sin2(! � t=2)

| {z }
(2)

exp
�
� k2

? � 2�

| {z }
(3)

(2.40)

whereN is electron number per bunch,ut is target temperature, and � is the variance of

the spatial distribution of the bunch. The numbered terms in Eqn. 2.40 indicate character-

istic properties of CTR emission. Firstly, Term (1) shows the energy emitted has a quadratic

scaling with the number of electrons, demonstrated experimentally for a wake�eld-accelerated

electron beam passing through a thin metal foil [99]. Secondly, Term (2) indicates the emis-

sion energy will be maximised at harmonics of the bunching frequency, meaning the CTR

spectral pro�le is inherently linked to the laser frequency ! 0 since electron bunches will be

accelerated at either! 0 or 2! 0 [100]. Figure 2.9 shows the spectrum predicted for a bunching

frequency ! 0. Finally, Term (3) accounts for a drop in the e�ciency of the production of

CTR due to dephasing of the electron bunches. Experiments measuring CTR emission as a

function of target thickness verify this prediction [101,102].
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Figure 2.9: Spectral properties of CTR emission [98].

The total emitted transition radiation spectra contains an additional incoherent compo-

nent [95],
d2W
d!d 
 IT R

=
e2N
� 2c

h
h� 2

k i + h� 2
? i

i
; (2.41)

where h� k i and h� ? i are the amplitudes of the electric �elds generated by the electron in

the radiation plane or perpendicular to the radiation plane, respectively. The key feature to

note in Equation 2.41 is the linear scaling of the intensity of emission withN. For a large

number of fast electrons we would expect CTR, with an quadratic dependence on electron

number, to dominate.

This transition radiation is produced most e�ciently over a region called the formation

zone. Generally, the length of the formation zone is given by [103]

L f =
c
!

�
h
1 � �

�
� r � � r sin2�

� 1=2
i ; (2.42)

where � is the speed of the particle relative to the speed of light (v=c), � r is the dielectric

constant of the material, and � is the angle of observation. In the discussion of transition

radiation formation at the solid-vacuum interface there are two formation lengths to consider,

since � r di�ers between the media. In the plasma the dielectric constant is described by
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� r = 1 � (! p=! )2, and the length of the formation zone can be written as [97]

L f '
c

! p

1
cos�

; (2.43)

where! p is the plasma frequency. At� = 0 ° the formation length reduces to the expression

for the plasma skin depth; electrons beyond the skin depth should not signi�cantly contribute

to the formation of CTR. Along the direction of propagation of the exiting fast electron(s)

the formation length in vacuum can be given as [104]

L f '
c
!


 2; (2.44)

where ! is the angular frequency of the radiation and
 is the Lorentz factor of the fast

electron, since� r = 0. The relationship can be reduced to a function of the wavelength of

the radiation and the kinetic energy of the electron using
 = KE
mec2 + 1:

L f '
� �m

2�
[(1:951� KE MeV ) + 1] 2 � m: (2.45)

From Equations 2.43 and 2.45 one can appreciate that whilst the formation length in plasma

is very short for solid targets, where the skin depth is to the order of a few nm's, the formation

length in the vacuum can be relatively long for high energy electrons and extend to the order

of � m's.

2.3.5 Sheath Field Generation

As the fast electrons propagate through the target and exit into the vacuum, a sheath electric

�eld grows at the rear surface of the target. This sheath �eld extends over a Debye length

and acting to recirculate lower energy electrons back into the target [105]. The strength of

the sheath �eld is sensitive to the properties of the fast electron population: for example,

Ridgers et al. [106] showed the sheath potential is dependent on the average energy of the

fast electrons.

The potential in the sheath �eld is strong enough to rapidly ionise target material at the

back, and subsequently accelerate these ions in a direction normal to the surface of the tar-

get. This mechanism, known astarget normal sheath acceleration(TNSA), was �rst formally
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described in the work by Wilks et al. [107]. The presence of water and hydrocarbon con-

taminants on material surfaces means protons are commonly detected in experiments with

energies higher than the target ions, due to their higher charge-mass ratio. Maximum ion

energies due to TNSA have been found to be sensitive to the fast electron temperature [108],

and also to the thickness of the target employed and laser pulse length [109].

Irradiation by an intense laser can result in rapid energy deposition and heating at the

front surface, launching a shock-wave into the bulk target [110]. If this shock is su�ciently

strong, or the target su�ciently thin, this shock-wave can break out at the rear surface of the

target before or during the main laser interaction, disrupting the rear surface. This has been

shown in previous works to be detrimental to the e�ciency of TNSA, with lower proton cut-

o� energies measured when a scale length pre-plasma is present at the rear surface [111,112].



Chapter 3

Instrumentation and Codes

3.1 High Power Laser Systems

3.1.1 Chirped Pulse Ampli�cation

The basis of most modern high power laser systems is the concept of chirped pulse ampli-

�cation (CPA) [6]. During the pulse ampli�cation stage there are non-linear e�ects that

come into play when the intensity becomes too great, distorting the spatial and temporal

pro�le of the laser pulse and potentially damaging the ampli�er(s). This places a limit on

the pulse intensity that can feasibly be reached inside the amplifying media. In the CPA

technique, the initial pulse is �rst stretched using pairs of di�raction gratings, where the �rst

grating creates angularly dispersed light depending on the wavelength, and the second will

refocus the dispersed light spatially. The light will however not be refocusedtemporally due

to the path di�erence between red and blue light, creating a chirped, temporally stretched

pulse. This lower power pulse can be ampli�ed via passage of the pulse through a solid

state ampli�er whilst maintaining a relatively low intensity. After ampli�cation the pulse

can be compressed again using di�raction gratings to obtain a high power pulse with a short

duration. The Nobel-Prize winning approach allows laser pulses to be ampli�ed to several

Joules, whilst limiting the aforementioned unfavourable non-linear e�ects in the amplifying

media such as self-focusing.

46
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Figure 3.1: Illustration of the technique of chirped pulse ampli�cation employed to produce
short, high power laser pulses.© Johan Jarnestad/The Royal Swedish Academy of Sciences

3.1.2 ILIL PW Laser

The experimental data presented in this thesis was obtained at the Intense Laser Irradiation

Laboratory (ILIL), Pisa. The following description of the ILIL-PW Ti:Sapphire laser system

has been adapted from Ref. [57].

An initial train of 6 nJ, 15 fs laser pulses at 74 MHz is generated by a Ti:Sapphire oscil-

lator. A booster module is used which includes a 14-pass ampli�er to increase pulse energy

to the order of 10 � J before pulses are selected at a rate of 10 Hz from the oscillator output.

An •O�ner-type stretcher is used to create chirped 300 ps pulses. Several ampli�cation stages

are employed in the laser system to create< 8 J pulses. First, a regenerative ampli�er is

used resulting in pulse energies of� 0.6 mJ, followed by a 5-pass pre-ampli�er to further

increase the energy to 30 mJ. To prevent optical damage from high 
uences the beam is

then expanded to a diameter of 10 mm with a telescope. The enlarged beam passes through

a 4-pass ampli�er and gains energy up to 600 mJ. As before, the beam is again expanded

to a diameter of 36 mm, before being sent to the �nal ampli�cation stage where a 4-pass

ampli�er increases the pulse energy to a maximum of< 8 J. Here, monitoring of the pulse

energy is also carried out through measurements of the energy leaking through the last turn-

ing mirror after the �nal ampli�er, with shot-to-shot energy 
uctuations previously inferred
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Figure 3.2: Layout of the ILIL laser system. Taken from Ref. [57].

as < 2% root mean square. Finally, temporal compression of the full energy pulse to< 27 fs

is achieved using 4 gratings in a folded con�guration. Conversion e�ciency is 75%, resulting

in a �nal peak power of 220 TW. Figure 3.2 summarises the layout of the ILIL laser, with

the PW line target chamber indicated by the hexagon shape.

3.1.3 Laser Optics

The creation of a high quality, high intensity laser pulse is only possible with the inclusion

of additional optics in the laser chain. Here we introduce the speci�c complementary optics

in place at the ILIL laser facility.

Saturable absorber

For an amplifying medium to be able to lase it needs to be pumped with energy (e.g. from

a 
ash lamp or another laser) to produce a population inversion. However, a side e�ect is

that the amplifying medium will then be able to radiate spontaneous emission which can

be subsequently ampli�ed, known asampli�ed spontaneous emission(ASE). The random

nature of this emission results in a constant, low level light which presents as apedestalon

which any laser pulses sit atop.
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This ASE is mitigated through the use of a saturable absorberat the booster ampli�er.

A saturable absorber exhibits a varying level of absorption depending on the 
uence of the

incoming light; lower energy light will be absorbed, whilst higher energy light will saturate

the absorber and can propagate through. In laser applications, this means the lower energy

pedestal will be absorbed and removed whereas the higher energy pulses can continue on,

yielding a `cleaned' laser pro�le.

Pulse Shaping

As the pulse travels through the laser system it is subject to dispersion and phase distortions.

The group delay is a time delay experienced by a light pulse as it propagates through an

optical element. The group delay is dependent on the frequency of light; since the pulse con-

tains a spread of wavelengths, this results in a broadening of the pulse in time termedgroup

delay dispersion. An acousto-optic programmable dispersive �lter (AOPDF) [113] named the

Fastlite Dazzler is placed after the stretcher to apply phase corrections and pre-compensate

this distortion prior to ampli�cation.

Gain narrowing can occur during ampli�cation, where the centre of the optical spec-

trum experiences greater ampli�cation than the spectral wings. The Fastlite Mazzler is an

acousto-optic programmable gain �lter (AOPGF) which is placed in the regenerative am-

pli�er to compensate for this. It ensures the bandwidth of the pulse is maintained between

entering and exiting the regenerative ampli�er. Use of the Mazzler also results in a 
atter

spectrum, allowing for optimal compression.

Pockels Cell

The ILIL laser initially generates pulses from the oscillator at a rate of 75 MHz, with the

rate dropping to 10 Hz when exiting the booster ampli�er. This pulse rate reduction is not

due to pulses spontaneously `disappearing' during the laser chain, but is down to the use of

Pockels cellsas a pulse picker.

In essence a Pockels cell acts as a voltage-controlled wave plate. It can be explained by

the Pockels e�ect, where a change in the birefringence of an electro-optic crystal is observed
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Figure 3.3: Illustration of the e�ect of birefringence on polarisation. Distances have been
exaggerated for clarity.

under an applied potential di�erence. When light impinges on the crystal it is described

by two components: the ordinary component with polarisation perpendicular to the optical

axis, and the extra-ordinary component with polarisation parallel to the optical axis. The

ordinary and extra-ordinary waves will experience di�erent refractive indices and propagate

at di�erent velocities; this is the property of birefringence. When a voltage is applied the

birefringence becomes considerable enough to induce a non-negligible phase shift between the

ordinary and extra-ordinary components. Figure 3.3 illustrates how the phase shift results

in a rotation of polarisation.

The Pockels cell setup is completed by the placement of apolariser after the crystal to

only permit the passage of light with polarisation matching that imposed by the activated

Pockels cell. When unactivated, the polarisation of the light will not change and will simply

re
ect from the polariser. Pockels cells are in use at the ends of the booster and regenerative

ampli�ers to restrict leakage of pulses after every pass of the cavity. Alignment of the crystal

is critical to the performance of the Pockels cell; if the optical axis of the crystal is misaligned

it can cause the pulse to be partially polarised even without an applied voltage, leading to

unwanted pulses passing through.
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Figure 3.4: 3rd order autocorrelation trace of ILIL laser.

3.1.4 Laser Contrast

For the ILIL PW laser, background ASE arises dominantly from the �nal ampli�er and has

a contrast better than 10� 8 as measured by a Sequoia third-order cross-correlator (Figure

3.4). A larger divergence of the ASE with respect to the main beam means the focal position

is 250-300� m away from the main pulse focus, leading to an on-target intensity of� 109

W/cm 2. As such, the ASE interaction can be assumed to be negligible when compared to

the main pulse intensity of � 1021 W/cm 2. Furthermore, low intensity pulses, or pre-pulses,

can arrive at the target arising from Pockels cell leaks. These pre-pulses can be of signi�cant

intensity if the timing coincides with the pumping of ampli�ers further down the laser chain.

The laser contrast refers to the ratio of the ASE or pre-pulse intensity or energy relative

to the main pulse. Additional optics can be placed at the end of the laser chain to remove

any residual ASE or pre-pulses and improve the contrast. This is not always necessary, but

can be helpful as an assurance in instances where a high contrast is critical to the success of

the interaction. Plasma mirrors [114] consisting of glass slabs with an anti-re
ection coating

on the front can be used - however, traditional plasma mirrors are by design single use and

not practical for experiments carried out at high repetition rate.
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Figure 3.5: Conversion e�ciency into second harmonic as a function of intensity for KDP
crystals of di�erent thicknesses. Reprinted with permission from [115]© The Optical Society

Alternatively, second harmonic generation (SHG) produced in non-linear crystals can be

exploited to clean the laser pro�le. When light propagates through a uniaxial (possessing no

inversion symmetry) crystal material such as KDP [116] it is able to induce a second order

polarisation determined by

P (2) (t) = 2 � 0� (2) EE � +
�

� 0� (2) E 2e� i 2!t
�

(3.1)

where � (2) is the second-order susceptibility term and E is the laser electric �eld [117].

The second term in Eqn. 3.1 results in the launching of a wave with a frequency twice that

of the incoming wave. The intensity of the frequency doubled wave is then given by

S = 2 �cP 2(k2! =� k)2 sin2(� kx) (3.2)

� kx = jk2! � 2k! j (3.3)

where k! and k2! are the wavevectors of the incident and frequency doubled light re-

spectively and P is the magnitude of the polarisation [118]. From assessment of Equations

3.1 and 3.2 we can see the intensity of second harmonic light scalesquadratically with the

intensity of the incoming laser light, since P scales with laser intensity (I / E2) and the

intensity of the subsequent 2! light scales with P2. This means lower intensity laser light
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(such as from a prepulse or pedestal) will be substantially less e�ciently converted to 2!

compared to the higher intensity main laser pulse. Remaining fundamental frequency light

can be �ltered out, and the 2! light with an improved contrast used to irradiate the target.

3.2 Experimental Diagnostics

3.2.1 Optical Transition Radiation

A consequence of laser-generated fast electrons exiting the target material is the emission of

transition radiation . If the fast electrons are propagating in bunches this radiation adds co-

herently to form coherent transition radiation , with spectral peaks at the electron bunching

frequency (! L or 2! L ). When using a Ti:Sapphire laser (� = 800 nm) the second harmonic

will be at 400 nm, which lies in the visible optical regime. Experimentally, imaging can be

implemented to capture CTR emission from the target surface at typically the �rst and sec-

ond laser harmonics. This can be achieved with a CCD camera or a digital camera if spatial

resolution is required, or a streak camera to obtain spectral and/or temporal information on

the emission. Alongside CTR there will also be a contribution from incoherent TR (ITR):

there is no frequency dependence on the incoherent emission spectrum so the ITR emission

intensity should be uniform across all wavelengths, including the optical regime. The inten-

sity of ITR is proportional to the fast electron number N , whereas the intensity of CTR

is proportional to N 2, so the intensity of ITR will be relatively low for large fast electron

numbers. Figure 3.6 shows examples from the literature of experimental results of optical

transition radiation emission using streak camera, spectometer, and CCD measurements.

Images of optical transition radiation can be used to indirectly infer information on the

fast electrons. Analysis of the images can be carried out to measure the intensity of the

OTR emission: the intensity scales with electron number, so a greater emission intensity

can imply a greater number of fast electrons at the target surface. Transition radiation is

produced in the direct vicinity of the fast electrons at the target surface. Imaging of OTR

using a CCD or digital camera allows spatial information on the OTR emission, and thus

on the fast electron beam. OTR imaging has previously revealed �lamentation of the fast

electron beam [120] and fast electron beam divergence [121].
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Figure 3.6: (a) Optical streak image of CTR emission from the rear side of irradiated 914
� m Al foil presented in [101]; (b) and (c) show the integrated spectra from two shots in the
same experiment. (d) CCD image of 1! L CTR emission from the rear side of an irradiated
Al/CH/Al sandwich target presented in [119].

3.2.2 Spectral Measurements

Spectral measurements of emitted light from the surface of the irradiated target can allow us

to uncover more information on the target behaviour. An optical spectrometer can be used

to obtain this spectrum. The components of a spectrometer are relatively uncomplicated,

consisting of a di�raction grating to split the light into it's constituent wavelengths and a

CCD array to collect the dispersed light. Coupling a �bre to the entrance of the spectrometer

can increase the amount of light collected and allow more 
exibility when positioning the

spectrometer.

For the laser-solid interactions reported here, there is interest in characterising the light

emitted from the front and rear surfaces of the target. From the rear surface the focus is on

understanding the emission of coherent transition radiation. As laid out in Section 2.3.4 the

spectrum will display peaks at harmonics related to the bunching frequency of the electrons.

Identifying the wavelengths of these peaks allows the inference of the electron bunching fre-

quency, and hence the laser absorption mechanism dominant in the interaction.

In addition, obtaining the spectrum from the front surface of the target can shed more

light on the initial laser-target interaction. The amount of re
ected light at the laser wave-

length can be used as a coarse measurement of the laser absorption fraction [122]; this needs
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to be taken with a pinch of salt however as the reduction of measured light could be due to

enhanced scattering rather than increased absorption of the laser light. An additional out-

come of measuring the front surface emission spectra is the ability to monitor for pre-plasma

formation. The pedestal, prepulses and the leading edge of the main pulse can pre-ionise

the target prior to the arrival of the main pulse, forming a lower density expanded plasma

in front of the above-critical target. The main pulse interacts with a sub-critical plasma

where the Two Plasmon Decay (TPD) and Stimulated Raman Scattering (SRS) parametric

instabilities can occur near nc=4, producing plasmons. The resultant plasmons can couple

with laser photons to form light at 3 =2! . Detecting 3=2! light in the front surface spectra

can consequently serve as an indirect indicator of pre-plasma [123,124].

3.2.3 Time-of-Flight Detector

The act of forward propagating fast electrons exiting the target will lead to the formation of a

sheath �eld at the rear surface, resulting in the acceleration of ions lying on the surface. The

ion 
ux and energies are sensitive to the properties of the fast electrons (e.g. temperature

and current density) as this dictates the strength of the sheath �eld formed. Ion measure-

ments can hence function as a complementary diagnostic when investigating fast electrons.

A time-of-
ight detector can be used to measure the energies of these accelerated ions at a

high repetition rate [125,126]. In this approach, the velocity of an accelerated ion is inferred

through measuring the time taken for the ion to traverse from the rear target surface to the

detector. The detector used can vary depending on the temporal/energy resolution and sen-

sitivity requirements, with common options including diamond [127] or silicon carbide [128]

semiconductor devices, or scintillators [129].

A typical signal recorded by a time-of-
ight detector is shown in Figure 3.7. A key feature

to highlight is an initial, sharp peak named the photopeak. This is not the detection of ions,

but instead the detection of X-rays and fast electrons emitted during the laser interaction.

The photopeak is used as a reference signal to identify a `zero-time',tph. Ions are then

detected at a given time t ion . The distance between the target and the detector,dT OF , is

easily known from the experimental setup. From this information it is possible to infer the
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Figure 3.7: Experimental time-of-
ight signals of accelerated ions. Thephotopeakattributed
to X-ray emission and fast electrons is seen at t = 0. Taken from [129].

time-of-
ight of each ion as

tT OF = t ion �
�

tph �
dT OF

c

�
: (3.4)

Assuming the particle is travelling at an approximately constant velocity to the detector,

the average velocity of the ion is found byvT OF = dT OF =tT OF . Finally, the kinetic energy

of the ion can be calculated asKE ion = ( 
 � 1)mi c2. In this way an energy spectra of the

accelerated ion species can be constructed from the time-of-
ight data.

3.2.4 Fast Electron Emittance Measurements

The emittance of a particle beam is de�ned as the area of position-momentum space oc-

cupied by the particles. Emittance is a �gure of merit more commonly encountered in the

accelerator community [130,131] where a beam with a small emittance is seen as favourable,

but can also be considered when characterising fast electron beams generated in laser-solid

interactions.

A measure of the emittance of an electron beam can be realised through the use of a

pepper-pot diagnostic. A pepper-pot mask made of a plate with a grid of holes is placed

directly in the path of the electron beam. The electrons that pass through the pepper-
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pot will form a beamlet from each hole. These electron beamlets can be captured using a

detector behind the pepper-pot mask. The positioning and divergence of each beamlet can

be related to the transverse momenta of the electrons passing through the corresponding

hole. Coupling this with the known positions of the holes and beamlets, we can obtain a

value for the transverse emittance of the beam using measurements of the beamlets from a

lineout acrossx [132]:
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x �
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with the parameters de�ned as:

ˆ p = number of holes,

ˆ xhj = position of the hole,

ˆ nj = number of electrons within the beamlet,

ˆ N = total number of electrons,
pP

j =1
nj

ˆ �x = mean position of all beamlets,

ˆ �x0

j = mean divergence of j-th beamlet,

ˆ �x0 = mean divergence of all beamlets,

ˆ � x0
j

= mean r.m.s spot size of j-th beamlet at the j-th hole.

Most of these values can be retrieved directly from the beamlet images, i.e. beamlet

position, intensity and r.m.s spot size. The mean divergence here refers to the average `shift'

of the beamlet and is not the beamlet spot size. To obtain the mean divergence, consider

the setup outlined in Figure 3.8 which generates several beamlets, each originating from a

di�erent subset of the full electron beam. The transverse momenta,px , of each electron

results in a shift of the position in x whilst propagating from the pepper-pot hole to the

detector. Under the assumption that the divergence angle is small (tan(� ) � � ), the mean

divergence of the beamlet due to the transverse momenta of the electrons can be calculated

through
�x0

j =
�X j � xhj

L
(3.6)
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Figure 3.8: Illustration of pepper-pot mask and detector to demonstrate calculation of elec-
tron beam divergence from the image of the beamlet.

where �X j is the mean position of the beamlet and L is the distance between the pepper-pot

mask and detector. The divergence is given in units of radians.

3.3 EPOCH Code

The particle-in-cell (PIC) code EPOCH [133] has been used in this thesis to model the

laser-target interactions and track the initial behaviour of the fast electron population. A

particle-in-cell code fundamentally works by dividing the simulation domain into a grid and

populating each grid cell with a number ofpseudoparticles, each representing a larger number

of real target species such that the plasma is literally reproduced via particles in cells. Using

a kinetic treatment rather than a 
uid treatment allows for deviations away from purely

Maxwellian populations, allowing PIC codes to capture electron acceleration to energies at

the tail of a Maxwellian distribution in the laser-plasa interaction.

EPOCH utilises two coupled solvers to resolve the laser-plasma interaction: a�eld solver

that uses Maxwell's equations to solve for the local EM �elds, and aparticle pusher that
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Figure 3.9: Cyclical solution of the �eld and particle pusher solvers implemented at each
timestep in EPOCH.

solves for the new particle position and updates the currents. These solvers are implemented

at each timestep to progress fromtn to tn+1 as follows, wheren is the timestep number. The

EM �elds are advanced one half timestep using a discretised form of Maxwell's equations

(meaning the derivatives can be approximated as a �nite step e.g.@x=@t! � x=� t):

En+ 1
2 = En +

� t
2

�
c2r � B n �

Jn

� 0

�
(3.7)

B n+ 1
2 = B n �

� t
2

�
r � En+ 1

2

�
(3.8)

to give the EM �elds at the grid points. The particle pusher then works to solve for the

new momenta for each particle under the Lorentz force:

pn+1
� = pn

� + q� � t
�
En+ 1

2

�
x

n+ 1
2

�

�
+ u

n+ 1
2

� � B n+ 1
2

�
x

n+ 1
2

�

��
: (3.9)

Note the solution to Equation 3.9 requires knowledge of theE and B �elds at the par-

ticle position rather than at the grid points; this is obtained through interpolation of �eld

contributions from neighbouring cells.

Particle position is updated to xn+1
� using the velocity un+1

� calculated from the momenta
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pn+1
� . Updating of the current from Jn ! Jn+1 is carried out using the Esirkepov current

density decomposition scheme [134]. The EM �elds can then be updated to complete the

timestep:

B n+1 = B n+ 1
2 �

� t
2

�
r � En+ 1

2

�
(3.10)

En+1 = En+ 1
2 +

� t
2

�
c2r � B n+ 1

2 �
Jn+1

� 0

�
: (3.11)

This cyclical iteration of solvers is summarised in Figure 3.9 and is repeated every

timestep until the simulation time ends. Timestep size � t can be chosen by the user with

the stipulation that it must satisfy the Courant-Friedrichs-Lewy, or CFL, condition [135]:

� t �
� x
c

(3.12)

where � x is the mesh size and c is the speed of light. This ensures information from a cell

(particle or wave) can only travel to its nearest neighbour cell between timesteps.

3.3.1 Grid Resolution

The choice of grid resolution is important with respect to resolving both physics and numer-

ical e�ects. Grid size must be chosen carefully to limit the phenomena ofnumerical heating.

If the cell size is too coarse compared to the Debye length,� D , we encounter the growth of

instabilities from numerical modes (aliases) destabilizing plasma oscillations, leading to an

arti�cial gradual heating of the plasma [136]. Choosing a grid size that is comparable to� D

can diminish the instability growth to negligible levels [137]. An additional mitigation is to

model the pseudoparticles as being spread over a �nite volume as opposed to a point particle,

with the distribution described by a particle shape function. This has the equivalent e�ect

of averaging the �elds over a few nearby cells. In practice EPOCH will interpolate from the

shape function to get the current at each grid position, and inversely interpolate from the

grid points to the shape function to get the EM �elds at the particle centre. Higher order

shape functions have been found to be useful in reducing the e�ect of numerical heating,

with a �fth-order \b-spline" shape function strongly recommended for laser-solid interac-

tions [133].
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For the work presented in this thesis the intention is to model the interaction of intense

lasers with cold, solid targets, with a view of studying the fast electrons and subsequent

transition radiation generated. To limit numerical heating there must be su�cient resolution

of the Debye length of the plasma, which for a� = 800 nm laser can be reduced to

� D =

r
� 0kB T
nee2 (3.13)

=

s
(8:85� 10� 12)(1:38� 10� 23)(11:6 � 10� 3)

(1:72� 1027)(1:6 � 10� 19)2

r
TeV

A
(3.14)

� D = 0 :179�

r
TeV

A
nm (3.15)

for a target at temperature TeV and electron density Ancrit m� 3. The skin depth addi-

tionally needs to be resolved, both for accurately representing the laser absorption and for

modelling transition radiation emission (the formation zone size is comparable to the skin

depth). The skin depth can be given in a similar representation as

L s =
c

! p
= c

r
� 0me

e2ne
(3.16)

=

s
(3 � 108)2(8:85� 10� 12)(9:11� 10� 31)

(1:6 � 10� 19)2(1:72� 1027)

r
1
A

(3.17)

L s = 128 �

r
1
A

nm: (3.18)

An example target of solid Ti (� = 4.506 g/cm � 3) with an average ionisation Zbar = 10

yields an electron density of 5:67� 1029 m� 3, or 300ncrit . Assuming a cold, unheated target

at T = 1 eV, this gives length scales of� D = 0.01 nm and L s = 7.39 nm. A cell size �x,y

< 10 � D is required to mitigate numerical heating, placing an upper limit of �x,y . 0.1

nm. The domain is required to be large enough inx to encapsulate the front vacuum, target

thickness and rear vacuum, and also large enough iny to capture any outgoing EM emission.

A domain size of 10's� m in x and y is necessary to ful�ll these requirements. Whilst the

aforementioned grid resolution is possible in EPOCH, it would not be feasible for the scale of

simulation intended here as the runtime would be entirely impractical. To relax the restric-

tions on cell size, the targets are instead modelled with a reduced electron density and an

increased initial temperature, realising an increased Debye length and skin depth that can

be more easily resolved. With respect to modelling transition radiation, a PIC simulation
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� x;y (nm) Ti ppc e� ppc

1 1 10

2 4 40

5 25 250

10 100 100

15 225 2250

25 625 6250

Table 3.1: Cell size and corresponding pseudoparticles per cell (ppc) used

study by Ding et al. [138] saw no observable di�erence in the generation of THz emission

from coherent transition radiation when using a target density of 10ncrit or 110ncrit , so the

reduced target density should not impact the formation of transition radiation.

Testing is carried out to establish these changes are appropriate to resolve the Deybe

length with a more coarse grid resolution. A small domain of size 1� 1 � m is created and

populated with pseudoparticles representing the proposed target material withne = 20 ncrit ,

ni = ne/10 and T = 1 keV. Boundaries are set to re
ective in x and y to prevent particle loss

through the domain boundaries. No laser was used for these simulations. Simulations are

established with varied cell size ranging from 1 - 25 nm, with the number of pseudoparticles

per cell scaled to keep the total pseudoparticle number constant; Table 3.1 details the grid

size and pseudoparticles per cell for each case. Each simulation is run up to 150 fs and the

total kinetic energy of the particles output as a function of time. Figure 3.10 shows that

as grid size becomes smaller the heating rate (given by the gradient) reduces as expected.

Above a grid resolution of 10 nm we see the numerical heating rate begins to increase slightly;

when modelling solid targets we therefore aim to use a grid resolution �ner than 10 nm.

3.3.2 Pseudoparticle Number

For a laser-plasma interaction to be su�ciently resolved there needs to be an adequate num-

ber of pseudoparticles to correctly reproduce the collective plasma behaviour. The number of

real particles represented by a pseudoparticle is referred to as theweighting of the pseudopar-

ticle. When modelling solid density targets we can expect a high pseudoparticle number will
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Figure 3.10: Change in total particle kinetic energy as a function of time for varying cell
size. The initial decrease in particle energy for the smallest grid sizes is attributed to energy
lost to EM �eld 
uctuations [139].

be needed for an appropriate weighting. Moreover, laser acceleration will only involve a small

number of the target electrons, so a large number of pseudoparticles is required to allow rep-

resentation of the fast electron population whilst minimising statistical noise. On the other

hand, using more pseudoparticles increases the memory and runtime of the code with each

particle adding approximately 10 B to the total memory. The user is therefore presented

with a balancing act: use enough pseudoparticles to accurately represent the physics, but

not so many that the code takes an exorbitant amount of time and resources to run.

Convergence testing is carried out to identify a suitable number of electron pseudoparti-

cles to implement in the simulations presented in the Results chapters. A simulation domain

of size 10� 20 � m with a grid resolution of � x; y = 4 nm is established. A 5� m thick Ti

target is set up with an average ionisation of 10, and an electron densityne = 20 ncrit . The

electron pseudoparticle number per cell is varied from 10 to 640, with the corresponding Ti

pseudoparticle number per cell a factor 10 lower (1 - 64). Figure 3.11(a) shows the change

in total particle kinetic energy as a function of time. As the laser energy is coupled into the

target the kinetic energy of the electrons increases, with a slight decrease observed after 80

fs as a fraction of the fast electrons exit the simulation domain. The total energy then begins

to plateau after 90 fs, coinciding with the time the laser �elds are turned o�. The simulations
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Figure 3.11: Results of convergence testing for the electron psuedoparticle number per cell
(ppc). (a) Total particle kinetic energy and (b) cumulative electron number counted passing
through a probe plane at the rear target surface as a function of simulation time. (c) shows
the variation of total particle kinetic at 78 fs with ppc, and (d) shows the variation of the
total number of fast electrons counted at the probe plane.

with di�erent numbers of pseudoparticles per cell (ppc) demonstrate very similar pro�les.

As a �gure of merit the peak total particle kinetic energy at t = 78 fs is taken from each

simulation and plotted in Figure 3.11(c). The total energy is 0.404� 0.006 J, corresponding

to a 
uctuation of � 1.6 % across ppc values of 10 - 640.

Since the studies addressed in this thesis are concerned with physics induced at the rear

target surface by propagating fast electrons, another �gure of merit to judge the convergence

of pseudoparticle number is the number of fast electrons reaching the rear surface. To ex-

tract this information a probe plane is placed at x = 4.5 � m which measures pseudoparticles

representing fast electrons with energy> 100 keV propagating through the probe plane.

Figure 3.11(b) shows the cumulative electron number as a function of time for simulations

with varying numbers of electron pseuduoparticles per cell. As was the case for the total

particle kinetic energy, there is little e�ect with changing the electron psueudoparticle num-
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ber. Figure 3.11(d) shows the �nal electron number counted at the probe as a function of

electron ppc. The result for electron ppc = 10 shows an increased count compared to the

simulations with a higher ppc, an indication that the weighting is too great and a higher

number is required for convergence. The average electron number is (5:32 � 0:03) � 1017

electrons, corresponding to a 
uctuation of � 0.6 %. These results indicate the simulations

rapidly reach convergence with electron pseudoparticle number, with very little change in

the �nal properties of the fast electrons achieved with increasing the electron pseudoparticle

number beyond 40 ppc.

3.4 FLASH Code

The Eulerian hydrodynamic code FLASH [140] is employed to model the e�ect of the laser in-

teraction on the target structures over ns timescales. Several example problems are included

with FLASH to demonstrate the various capabilities of the code. The exampleLaserSlab

problem was used as a basis for this work which models a laser irradiating an Al disc.1 This

simulation was then adapted to model our speci�c problem, with the details outlined in

Section 4.4.1.

3.4.1 Fluid Equations

The evolution of a plasma can be described macroscopically as a 
uid governed by the values

of velocity (u), density (� ) and pressure (P) using the following forms of the Euler equations:

@�
@t

+ r � � u = 0 (3.19)

�
�

@u
@t

+ u � r u
�

= �r P (3.20)

@
@t

(�E ) + r � [(�E + P) u] = Qlas � r � q (3.21)

where E is the total speci�c energy, Qlas is the energy added by laser heating per unit

volume, and q is the total heat 
ux. These equations describe the conservation of mass, con-

servation of momentum, and conservation of energy respectively. In laser-driven plasmas the

ions, electrons and photons are not in thermal equilibrium with each other. Equation 3.21

1Further details on the LaserSlab problem can be found in Section 34.7.5 of the FLASH user manual
(Version 4.6.2).
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can therefore be written for the ions, electrons and photons separately, with each population

described by an individual temperature. This is known as asingle 
uid, three temperature

(3T) treatment.

Euler's equations are closed by theequation of state (EOS) which connects the inter-

nal energy, temperature and pressure of a given species. Here we used a tabulated EOS

generated by PrOpacEOS [141]. The user sets the range of density and temperature values

to solve over, and PrOpacEOS calculates the speci�c internal energy and pressure for each

electron density/temperature pair requested.

In addition, PrOpacEOS calculates terms required to determine the overall opacity of

each material. A Planck mean opacity is applicable when the plasma is optically \thin",

i.e. where the radiation mean free path is greater than the scale length of the system, is

taken here for the absorption and emission terms. For an optically \thick" plasma, where

the radiation mean free path is smaller than the scale length of the system, aRosseland

mean opacity is more justi�able [142] and is used here for the transport term.

In situations where there is a broad range of photon energies, taking a value for the opacity

at each wavelength is not most practical approach. In this case it is more convenient to

consider the opacity terms for di�erent groups of photon energies, referred to as amultigroup

di�usion approximation . Values for these opacity terms are therefore calculated for each

density/temperature pair supplied by the user, and also for distinct energy groups where the

opacity term is averaged over the frequency range encompassed by each group.

3.4.2 Grid Structure

In solving hydrodynamic simulations the target material is initially discretized into smaller


uid elements using a user-de�ned grid or mesh. The continuity equation, Equation 3.19,

outlines the condition that the change in mass within a given 
uid element must equal the


ow of mass into or out of the element. In the Lagrangian scheme the continuity equation

is instead written as
@�
@t

+ � r � u = 0 (3.22)

with the consequence of allowing no mass di�usion out of a 
uid element. Each mesh
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Figure 3.12: Diagram of AMR functionality. The simulation initially starts with 1 block
across a target with a localised region of high density. An additional block is added into
the block cell containing the high density feature. Another level of re�nement is then added
with additional blocks inserted to gain higher resolution across the density perturbation.

element follows the evolution of the material contained inside it, with the mesh free to move

such that the mass contained inside remains constant. Over long timescales Lagrangian

meshes are prone to \bow-tie" in 2D con�gurations when moving over large spatial scales or

trying to track swirling regions of 
uid, often leading to the code \crashing" [143]. At this

time it can be possible for the mesh to be re-zoned and the code restarted, but this can be

a laborious process and not guaranteed for all codes.

In the Eulerian scheme the grid is �xed with the mass able to 
ow through the grid, and

so the bow-tie problem is avoided. Use of an Eulerian grid however has the disadvantage of

potentially overestimating the di�usion of a material if there is insu�cient grid resolution

since the mass is spread evenly over a 
uid element. Additional resolution is accomplished

in FLASH using PARAMESH [144], a block-structured adaptive mesh re�nement (AMR)

scheme. Rather than having �ne resolution across the whole domain, PARAMESH works to

instead add additional grid cells into an existing 
uid element depending on the modi�ed lo-

cal second-order derivative of the chosen re�nement criteria (density, temperature etc.) [145].

Figure 3.12 shows how additional blocks are added by PARAMESH where there is a feature

to be resolved. In this way, additional grid cells are reserved only for regions that require

�ner resolution, saving computational cost.
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3.4.3 Laser Absorption

Incident laser beams are modeled using2D-in-3D ray tracing . The laser is represented as a set

of rays originating from a lens outside the domain, that are then traced through the domain

towards a de�ned target region (typically the laser focal spot) at every timestep. To calculate

the power loss from each ray into the target FLASH assumes an inverse bremsstrahlung

model:
dP
dt

=
4
3

�
2�
me

� 1=2 Ze4 ln�[ r 0]

ncrit k3=2
B

ne(r 0)2

Te(r 0)3=2

(1 + Ut + Rt2)2

(1 + Wt + St2)3=2
P (3.23)

where Z is the average ionisation, ln� is the Couloumb logarithm, ncrit is the critical

density, kB is Boltzmann's constant, ne is the local electron density,Te is the local electron

temperature, P is the power of the ray, andr 0 is the initial position of the ray. The terms

U; R; W; and S collectively describe the evolution of the ray in time and are de�ned as:

U =
r ne(r 0) � v0

ne(r 0)
R = �

c2r ne(r 0) � r ne(r 0)
4ncne(r 0)

(3.24)

W =
r Te(r 0) � v0

Te(r 0)
S = �

c2r Te(r 0) � r Te(r 0)
4ncTe(r 0)

(3.25)

where v0 is the initial ray velocity. At each timestep each ray is moved through the

domain, with the ray position and velocity updated at each cell and used to calculate the

power loss. This iterates through until every ray has either been absorbed by the target

material or has exited the domain. For a set target we can see from Equations 3.24 and 3.25

that the power loss at each cell is dictated by the electron temperature and density values

and their respective local gradients, and scales with the power possessed by the ray.

When carrying out initial simulations it was found that this inverse bremsstrahlung model

was unsuitable for our laser regime (I� 1017 W/cm 2, � = 35 fs) with the energy deposited

into the target found to be virtually zero. To compensate for this a benchmarking simulation

using the 1D Lagrangian radiation hydrodynamics code HYADES [146] was carried out at

early times (< 100 ps) to determine a more realistic energy deposition value. HYADES mod-

els absorption of a laser incident on an over-critical target via the Fresnel re
ection model;

this model is justi�ed since there is little plasma expansion and a negligible change in plasma

density over the laser pulse time [147]. The target density and laser power pro�les were then

modi�ed in FLASH to reach the desired energy absorption. A detailed explanation on this
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process is provided in Section 4.4.1.

Testing is carried out to identify the maximum level of grid re�nement required to resolve

the laser absorption in the laser-target interaction considered in this work. The laser pro�le

is modelled with a FWHM pulse length of 35 fs, a peak power of 1� 1015 W, and a HWHM

spot size of 2� m. The target considered is Ti at solid density, � = 4 :5 g cm� 3, with an

exponential density pro�le of scale length 15 nm on the front surface. The full details and

motivation for establishing the simulation in this way are addressed in Section 4.4. The

simulation domain is in a cylindrical geometry and of size 25� 125 � m. The domain is

represented by 1 block inr and 5 blocks in h, with each block consisting of 10� 10 cells.

For the testing the maximum level of re�nement was varied. The methodology used by

PARAMESH means the spatial extent of each \child" block must be half the spatial extent

of the \parent" block where additional re�nement is required. So, each level of re�nement

results in a factor 2 �ner grid resolution in the region where the next \child" block is placed.

The results of the total energy deposited in a set of simulations increasing levels of re-

�nement are shown in Table 3.2. It can be seen that a maximum re�nement level,lrefmax,

of 2-5 yields an energy deposition signi�cantly lower than that achieved with lrefmax = 6.

The exponential density layer has an initial thickness of approximately 200 nm, and the

minimum grid size achieved with lrefmax = 6 is 78 nm. Whilst the layer is not particu-

larly well resolved, the grid size is su�ciently small to resolve the local density gradient and

substantially increase the energy absorption (following Equation 3.24) by over a factor 10

compared tolrefmax = 5. A simulation was carried out with lrefmax = 7 to further improve

the resolution, but the simulation failed to run after several attempts due to segmentation

faults that were unable to be �xed. For the simulations the maximum re�nement level was

therefore set to 6, corresponding to a minimum grid size of 78 nm.

The FLASH simulations are also run over longer times, up to 10.4 ns, to model the shock

wave launched by this target heating. Good spatial resolution is also required to accurately

reproduce the propagation of the shock through the target. However, the minimum grid size

is severely restricted by the requirements for the laser absorption, and it is not possible to

carry out speci�c testing for the shock resolution that is decoupled from the laser absorption
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lrefmax Minimum � x; y (nm) Edepo (10� 7J )

2 1250 26.9

3 625 26.9

4 312.5 211.8

5 156.25 184.9

6 78.13 2268.8

7 39.06 -

Table 3.2: Total laser energy deposited into the target,Edepo, as the maximum re�nement
level lrefmax is increased. The �nest grid resolution � x; y possible at the highest re�nement
level is given for each simulation.

since the re�nement level is �xed for the entire simulation. For these simulations the grid

resolution is therefore dictated by the requirements to resolve the laser-target interaction.

3.4.4 Limitations

As with all codes, FLASH cannot model all of the physics involved in a laser-plasma in-

teraction across di�erent regimes. For example, the only laser-plasma absorption process

modelled in FLASH is inverse bremsstrahlung. Laser energy can also be coupled into hot

electrons through resonance absorption and/or vacuum heating, an absorption process that

is present in the rangeI� 2 = 1015� 18 W/cm 2 and is not currently modelled by FLASH. In

the regime I� 2 > 1018 W/cm 2 there can be the generation of fast electrons via pondero-

motive acceleration, with the fast electron population described by a temperature greater

than the bulk. Hydrodynamic codes cannot account for these electrons as they assume local

thermodynamic equilibrium of a 
uid in a cell. The code also does not capture e�ects due

to the fast electron transport through the target e.g. Ohmic heating.

An interaction of a laser with a target can result in the excitation of parametric instabil-

ities such as stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), and

two plasmon decay (TPD). The SRS and SBS instabilities scatter laser light, reducing the

coupling e�ciency into the target. The TPD instability generates electron plasma waves,

which dependent on the plasma conditions can either result in the generation of suprathermal

electrons or contribute to local heating of the plasma [148]. These parametric instabilities
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are not modelled by FLASH, and can lead to an inaccurate estimate of the laser coupling

into the target.

There exists formulae that de�ne the threshold intensity for appreciable growth of the

laser plasma instabilities. These are summarised by Montgomery [149] as

I threshold ;SRS >
4 � 1017

L �m � �m
W=cm2 (3.26)

I threshold ;SBS >
7 � 1015 TkeV

L �m � �m
�

ncrit

ne
W=cm2 (3.27)

I threshold ;TPD >
5 � 1015 TkeV

L �m � �m
W=cm2 (3.28)

These formulae demonstrate that the onset of these instabilities occurs more readily for

plasmas with a longer scale length and a higher temperature. For the work here the pre-

pulse laser pro�le has a laser intensity of 1� 1017 W/cm 2 and a laser pulse length is 35

fs. Whilst the pulse length is too short for an appreciably long density scale length plasma

to form during the laser pulse, the intensity threshold for TPD in particular is low enough

that appreciable TPD can be induced in these interactions. For example, the work by Veisz

et al. [150] studied the onset of TPD for femtosecond interactions for steep density scale

lengths in the rangeL=� = 1 � 7. The measured TPD signal was found to increase rapidly

beyond a scale length ofL=� = 1 :5, or L = 1 :2 � m. In addition, in an experimental study by

Cristoforetti et al. [54] an intensity threshold of I� 2 = 3 :5 � 1017 W� m2cm� 2 was revealed

for 40 fs pulse irradiation of planar targets. This was for the case where the pre-plasma

was generated by the ASE pedestal only. Thus, if the ASE pedestal or earlier pre-pulses

are intense enough to preform even a short scale length pre-plasma prior to the arrival of

the \main" pre-pulse, there is potential for the non-negligible production of TPD in this

intensity regime that is not accounted for here in the hydrodynamic modelling.

With respect to the importance of the SBS and SRS instabilities, the intensity threshold

formulae can be referred to once more. The intensity threshold for SBS in Eqn. 3.27 shows

a dependence on the electron density. For the pre-pulse interaction the target may have a

shorter scale length pre-plasma preformed in advance, but the bulk plasma will be above

critical density and so the intensity threshold is raised. In addition, the respective formula

for SRS in Eqn. 3.26 shows the intensity threshold is 2 orders of magnitude greater than for
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TPD or SBS. Thus, the main instability of concern in this regime is TPD.



Chapter 4

Optical Transition Radiation from

Preheated Planar Targets

The use of nanowire targets in intense-laser interactions is relatively novel and work is ongo-

ing in the high power laser community to characterise the performance of nanowire targets

in di�erent regimes (wire dimensions, laser properties etc.). An experiment was carried out

in 2019 at the ILIL facility, Pisa, using nanowire coated targets in an ultra-intense regime (I

� 1020 W/cm 2, � = 27 fs). The aim was to assess the performance of the nanowire targets

through the forward accelerated fast electrons. In particular, imaging of optical transition

radiation emission from the rear target surface is used as the chief diagnostic. In this regime

the main OTR component will be coherent transition radiation, induced by bunches of fast

electrons: the intensity of CTR scales quadratically with electron number,N 2, and so mea-

suring the optical emission can serve as an indirect indicator of the number (or temperature)

of the fast electrons produced in the interaction (e.g. Ref. [151]).

To benchmark the performance of the nanowire targets, a number of shots were taken on

planar Ti foil targets in the same experiment. The emission of coherent optical transition

radiation was measured from shots on the planar targets of varying thicknesses, to serve as a

reference dataset from which to benchmark the performance of the nanostructured targets.

By taking these measurements the e�ect of the presence of the nanowires at the front surface

of the target on the fast electron production can be evaluated.

73
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In 2020 a particularly energetic pre-pulse of intensity I � 1017 W/cm 2 was discovered

during work on another experiment at the facility, which was also present for our campaign.

Fully understanding the experimental results requires an appreciation of the e�ect of this

exceptional pre-pulse on the target structures, particularly for the nanowire targets where

pre-plasma formation has been identi�ed as an acute concern. Considering the impact of the

pre-pulse was not a trivial exercise; hydrodynamic modelling showed extensive deformation

of the targets at both the front and rear surface, which has an e�ect on both the main laser

interaction with the target and on the coherent transition radiation production at the rear

surface.

This Chapter will present results of the experimental measurements from the planar tar-

gets only. Within this Chapter the e�ect of the pre-pulse on the foil targets is considered

through the use of hydrodynamic modelling, and particle-in-cell modelling is used to under-

stand the e�ect of the target deformation on the production of coherent transition radiation.

Through the experimental data and the interpretative simulation studies, the fundamental

production of coherent transition radiation in the case of pre-heated targets is explored. In

Chapter 5 the results from the nanowire targets are presented and explained following the

�ndings from this Chapter. In this way the data from the experiment is presented �rst by

explaining the results from the planar targets, which is not straightforward in light of the

pre-pulse, then explaining the results from the nanowire targets where the presence of the

front surface structures adds another parameter towards the interpretation of the data.

4.1 Experimental Layout

The TW beamline at ILIL was utilised at a 15 ° angle of incidence, with focusing achieved

with an f= � 4:5 (e�ective focal length 450 mm) silver-coated OAP mirror. Energy in each

pulse was 5.40� 0.04 J with 60% of the energy on target, of which 60% was contained within

the focal spot. Pulse duration was 27 fs and focal spot waist size was measured as 4.0� 4.1

� m, leading to an on-target intensity within the focal spot of 5:7 � 1020 W/cm 2.

After the experiment a misalignment of the Pockels cell at the exit of the regenerative

ampli�er was identi�ed. This misalignment permitted the partial leakage of pulses out of the
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Figure 4.1: Illustration of the laser pro�le implemented for the campaign to clarify the
relative properties of the pre-pulse and the main pulse. The main pulse is de�ned to occur
at a time of 0 ns, with the pre-pulse irradiating the targets -10.4 ns relative to the main
pulse.

regenerative ampli�er at time periods equal to the ampli�er round trip time of 10.4 ns (i.e.

at times -10.4, -20.8, -31.2 ns etc. relative to the main pulse). Timing of the pump lasers

meant only the pre-pulse at 10.4 ns before the main pulse was ampli�ed to an appreciable

level. Characterisation of the pre-pulse energy was carried out by the ILIL laser team and

concluded an energy contrast of 3� 10� 4. The pre-pulse was focused at the same position

as the main pulse and had a pulse duration of 35 fs, resulting in a pre-pulse intensity of

1:3 � 1017 W/cm 2. Figure 4.1 summarises the laser pro�le implemented considering both

the main pulse and the pre-pulse.

The targets used are nanowire coated targets comprised of 6� m long nanowires sitting

normal to a 5 � m thick Ti substrate, and Ti foils of 5, 12.5, and 25 � m thickness to provide

comparison data to assess the performance of the nanostructured targets. The targets are

mounted on a target holder to allow multi-shot data collection. The main diagnostic to be

discussed is imaging of optical emission from the rear surface of the irradiated targets. The

results of a time-of-
ight (TOF) diagnostic to detect accelerated ions are brie
y presented;

the TOF diagnostic was operated by A. Fazzi and D. Giove from INFN-Milan Section. The
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(a)

(b)

Figure 4.2: (a) Layout of the target chamber for the 2019 experimental campaign. (b) Details
of the imaging line for the rear optical emission.

positioning of these diagnostics with respect to the targets is illustrated in Figure 4.2(a).
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4.1.1 Diagnostics

An imaging line was established to view the optical emission from the rear target surface.

A lens of focal length f = 27 cm was used to focus an image of the rear side of the tar-

get. Mirrors were placed to establish an imaging path to a Pentax K200D camera placed

outside the target chamber as shown in Figure 4.2(b). In order to avoid disturbing the

path of TNSA-generated ions, the imaging line was vertically displaced to be out of the

plane of the target normal. Using the heights of the target holder and the �rst mirror (27

and 52.5 cm respectively) and the horizontal distance between them (70.5 cm), the angle

of observation was calculated as� = 20:6°. An ND �lter was used for each shot which has

the e�ect of reducing the intensity by a factor 10 to the power of the ND number (e.g. an

ND3 �lter will reduce the intensity by a factor 10 3) in order to avoid saturation of the image.

A BG39 bandpass �lter was used with transmission of> 1% for wavelengths� 320 - 700 nm.

To determine the pixel-distance conversion, images are taken of the target holder when

illuminated by light from a torch. The targets were mounted on the front side of the target

holder (i.e. the side facing the laser) with the camera imaging the rear side of the target

holder. The target and therefore the source of the rear optical emission will be in the plane

of the target holder front side. Accordingly, evaluation of the pixel-distance conversion is

carried out for the central darker hole corresponding to the hole facing the laser. Lineouts are

taken horizontally and vertically across the hole usingImageJ software, with a line thickness

of 100 pixels. A �t is applied to the lineouts of the form

I = mx + c + A exp

"

�
�

x � x0p
2�

� 16
#

; (4.1)

incorporating a straight line �t to account for the background light, and a SuperGaussian

to describe the hole whereA is the height of the peak, x0 is the central position of the

distribution and � is the standard deviation of the distribution. Optimal parameters for
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(a) (b)

(c) (d)

Figure 4.3: Image of target holder hole taken for pixel-distance calibration. Lineouts were
taken (a) horizontally and (b) vertically across the image to measure the size of the central
hole. The lineouts (yellow) and the respective �ts (blue) are shown in (c) and (d)

each lineout �t is found using the curve �t function from the SciPy library on Python:

I horz = 0 :03x + 18 � 64 exp

"

�
�

x � 1946
p

2 � 365

� 16
#

(4.2)

I vert = 0 :0004x + 66 � 55 exp

"

�
�

x � 1136
p

2 � 363

� 16
#

: (4.3)

The FWHM of the target holder hole in pixels is then calculated from the values of
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Figure 4.4: Layout of the time-of-
ight diagnostic employed in the experiment.

standard deviation, � , from each �t:

FWHM = 2
p

2 � � � (log2)1=16 (4.4)

FWHM horz = 2
p

2 � 365� (log2)1=16 = 1009 � 3 (4.5)

FWHM vert = 2
p

2 � 363� (log2)1=16 = 1005 � 2 (4.6)

with the error on each value given as the error output by the curve �t routine. The

diameter of each target hole is 1 mm, meaning each pixel is equal to� 1 � m.

Rear-accelerated ions were detected with the use of a time-of-
ight diagnostic. Two SiC

detectors were placed a distance of 1286 mm away from the rear target surface, at an o�-axis

angle of � 1.4° as illustrated in Figure 4.4. The path along the target normal direction was

left clear for the Thomson parabola diagnostic, the results of which are not presented in this

thesis. To make clear, the TOF diagnostic was not operated or analysed by the author. We

however present the TOF data to complement our optical imaging diagnostics, since both

diagnostics are concerned with measurements from the rear target surface.

4.2 Rear Target Optical Emission

Images of the optical emission from the rear target surface were taken for each shot. Figure

4.5 shows an example image obtained during the campaign. The images generally presented a

small, intense, �lamented area of emission, surrounded by a larger di�use `halo' of emission.

The brighter, intense region of emission is thought to be from coherent optical transition

radiation induced by the propagating fast electrons. The larger, dimmer area is thought

to be late-time recombination emission, thermal emission, or perhaps incoherent transition
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