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ABSTRACT

This thesis reports on the development of a multi—channel optical probe and the role
it has in investigating when self-focusing of a high power laser pulse occurs, and
what parameters it depends on in a variety of high intensity laser—plasma interaction
experimental set—ups, including: in a gas jet; in preplasma on the front side of a
solid target; and in a sharp density transition generated by a blade in the flow of a
supersonic gas jet. These experimental set—ups are environments typically used to
explore the interaction physics of channel formation, ion acceleration, laser wakefield
acceleration, and x-ray generation. This new insight would enable us to gain better
control of selffocusing in these experiments which could lead to utilising self-focusing
as an intensity enhancement feature.

The multi—channel optical probe was developed as part of this research, to address
a need for a temporally resolving diagnostic which enabled multiple 2D spatial
measurements of the laser—plasma dynamics in a single interaction. The first results
chapter details the development of this new approach, including the motivation,
concept, optical design, and proof of concept results. The results demonstrated
the need for a new diagnostic such as the multi—channel probe, to minimise the
interference of shot—to—shot fluctuations on our understanding on evolving plasma

dynamics, and also to complement simulation investigations. The second results
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chapter explores the self-focusing in the preplasma of an opaque target, by using the
multi—channel probe to measure the plasma expansion on the front side of the target.
In this chapter nominal intensity versus actual on—shot intensity is discussed, as
maximum proton energies emerge that exceed our calculations for nominal intensity.
The final results chapter explains how the multi—channel optical probe can be adapted
for use on a femto—second laser system, towards providing femtosecond resolution. In
the experiment reported, the multi—channel probe is used to measure the propagation
dynamics and degree of filamentation evolving when x—ray harmonics are emitted
due to a newly discovered mechanism named Burst Intensification by Singularity
Emitting Radiation (BISER). This experiment involves the use of a blade in the
flow of a supersonic gas jet to generate electron injection by density transition, in
laser wakefield acceleration. The results reported demonstrate how the multi—channel
probe can enhance our understanding of laser—plasma dynamics across a range of

research areas.
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CHAPTER

ONE

INTRODUCTION

The physics of high power laser plasma interactions involves the interplay of energy
between photons and matter through ionisation and absorption mechanisms. The
study of laser plasma interactions became established in 1964 [9 11] soon after the
invention of the laser in 1960 [12, 13]. Since then, many sub elds of high power
laser plasma interactions have developed, including some with promising applications,
such as: an alternative, compact particle accelerator [14, 15] and radiation source[16];
and as an environment to explore the fundamental energetic plasma physics that
naturally occurs within our universe[17].

High power lasers enable the investigation of energetic plasma processes in the
laboratory. Intensity scales with laser energy, and inversely with the irradiation area
and pulse duration. A huge step towards maximising intensity was the development of
Chirped Pulse Ampli cation (CPA) [18]. In 1985, Strickland and Mourou developed
a method that changed the possibilities and direction of laser plasma interaction
physics forever. This was recognised in their shared award of the Nobel Prize in

Physics in 2018. By using a dispersive element to spectrally and temporally stretch a
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laser pulse, more energy could be pumped into the amplifying crystal and extracted
by the laser pulse without damaging the optics, before compressing the pulse duration
back down. This breakthrough changed the design of high power laser systems
across the world, and enabled experimentalists to work with relativistically intense
laser pulses (>1& W/cm? for > 1 m). In 1997, Optical Parametric Chirped
Pulse Ampli cation (OPCPA) was proposed by Rosst al. [19] to further enhance
intensities while minimising the limiting e ect of bandwidth narrowing introduced

by CPA. OPCPA was designed as a simple addition to a CPA high power laser
system, whereby the stretched laser pulses would rst have their frequency bandwidth
broadened through an optical parametric ampli er before continuing on the CPA
path of ampli cation and compression [19]. Although not necessary to achieve sub
picosecond laser pulses, when used in conjunction with CPA, the ampli ed pulse
was compressed to an ultra short pulse length (< 1 ps) with minimal bandwidth
narrowing, resulting in even high laser intensities.

One of the key parameters in delivering high on target intensity is minimising
the pulse duration. Although bene cial for on target intensities, this means that
the very environments we have created to study have very short lifetimes, and the
intricate dynamics that we are most interested in measuring evolve on femto to
picosecond timescales. As our laser systems develop to produce shorter laser pulses,
this challenge will become harder. It is necessary we have diagnostics that can keep
up with these shortening timescales, especially imaging diagnostics that enable us to
track and measure the plasma evolution on short timescales.

A popular route to imaging laser plasma interactions is by shadowgraphy and
interferometry via a pump probing arrangement [20]. A probe pulse is typically a
single laser pulse created from a pick o of the main (pump) laser pulse earlier in the

laser system chain and is a non converging beam. A pick o is typically used for ease
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as it has the same properties and characteristics as the main pulse, and makes timing
control simpler than using two separate laser systems. The path length of the probe
pulse, between the pick 0 point and the interaction point, can be varied to control
the time at which it probes the laser plasma interaction in relation to the main pulse.
In laser plasma experiments, shadowgraphy is the imaging technique whereby the
region of interest (typically at target centre) is illuminated by the probe pulse, and
the areas that have density exceeding that of the critical density will appear opaque
to the probe pulse and de ect the incident photons, whereas the lower density regions
will allow the probe light to transmit. The resultant probe pulse can then be measure
by a CCD camera which detects a 2D shadow like image. The implementation of
interferometry in laser plasma experiments is typically in a Normarski style [21]
arrangement where a focusing lens, Wollaston prism and polariser is positioned after
the laser target interaction region to create an interference pattern of the plasma
density that is then measured by a CCD camera [22].

Both imaging techniques are highly e ective at providing insight into the prop-
agation and plasma expansion dynamics of laser plasma interactions, however in
this typical pump probe arrangement the frequency of probing is limited to one
image per interaction. As a workaround, many experiments have built a timing
scan of the evolving plasma dynamics by accumulating one image per interaction
while increasing the delay of the probe pulse with each repeated single laser plasma
interaction [23]. This method requires each repeated interaction to have the same
constant laser plasma conditions, which is often not realistically possible, especially
for low repetition rate high power laser systems [24]. As a result, timing scans of
the evolving plasma dynamics measured over repeated interactions are susceptible
to error through shot to shot variations, and therefore do not give us a reliable

understanding of the evolution of a single laser pulse interaction in its entirety [25 28].
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This challenge is not limited to laser plasma physics either, as there are other research
areas that seek to image the evolution of stochastic events on ultra short timescales
[25], which are not easily reproducible under the same unique conditions such as:
irreversible chemical reaction dynamics [29], and pump probe microscopy [30].

As high power laser technology continues to develop to maximise on target
intensity, the pulse durations, and the timescales that the laser plasma interaction
dynamics evolve over, will continue to shorten. It is crucial that we also continually
develop our diagnostics to be versatile and reliable in measuring the plasma dynamics
on similar timescales. This thesis details the development of a novel optical multi
channel probe technique to help address this challenge. The multi channel probe
seeks to provide a deeper understanding of an entire single laser plasma interaction;
minimise the e ects of shot to shot variations and error in our understanding of the
evolving interaction dynamics; and to better complement the various sample time

frames of simulated interactions.

1.1 Thesis Outline

To give the reader an understanding of the underpinning physics that will be discussed
in this thesis, Chapter 2 begins by introducing the mechanisms in which energy is
transferred from a high power laser pulse to matter, and how plasma is generated
in this process. The key mechanisms explored include: the behaviour of channel
formation, lamentation, plasma turbulence, self focusing, plasma expansion and
XUV production which are all central to the results that follow.

Chapter 3 describes the key methods used in the experiments that will follow
and also in the supporting simulations. The experimental methods includes: the

main optical components of high power laser systems, radiochromic Im, and the



CHAPTER 1. INTRODUCTION 5

spectrometer.

In Chapter 4 the development and implementation of the multi channel probe
is presented, along with the proof of concept results where the novel diagnostic was
implemented into a high power laser experiment for the rst time. The multi channel
probe is then used to image channel formation in underdense plasma over four
time frames, and measure the change in channel gradient as an indicator of self
focusing. These results are also published in the author's rst, rst author publication
- Davidson et al. [31]. This behaviour is measured for multiple interactions while the
pressure of the helium gas jet is increased from 20 bar to 100 bar.

Chapter 5 investigates the role of the multi channel probe in a solid target
experiment to measure changes in the target front surface conditions when intensity is
increased by laser energy or defocus position. Measurements made with radiochromic
Im and backscatter spectra are also reported to indicate any impact the changes
in method of intensity control has on proton acceleration and hole boring velocities.
The comparison between interactions where intensity is scaled by laser energy and
defocus position was also investigated in 2D EPOCH patrticle in cell simulations, the
results of which are reported and compared to the experimental ndings in Chapter
4.

In Chapter 6 the multi channel probe is adapted for use on the femtosecond
high power laser system, J KAREN P, at Kansai Photon Science Institute in Nara,
Japan as part of a larger experiment investigating Burst Intensi cation by Singularity
Emitting Radiation (BISER) [32 34]. The results reported in this chapter explore
the propagation dynamics when a high power laser pulse interacts with a supersonic
helium gas jet plume with a steep density gradient (up ramp) induced by a blade
positioned within the gas jet. Filamentation is the main propagation dynamic

analysed, and is quanti ed with an image analysis tool | developed in Python using
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signal thresholding and peak nding. The number of laments is reported as an
indicator of energy loss in the interaction, and with this its relation to on target
intensity and XUV production is investigated.

Chapter 7 summarises the results reported in this thesis, and discusses the future

for the multi channel probe in high power laser plasma interaction experiments.



CHAPTER

TWO

THE UNDERPINNING PHYSICS OF LASER PLASMA

INTERACTIONS

This chapter discusses the fundamental physics associated with laser plasma interac-
tions. In particular this will focus on the background physics related to this thesis,
such as: ionisation, absorption mechanisms, laser pulse propagation dynamics, self

focusing, particle acceleration, X ray generation, and plasma expansion, lamentation

and turbulence.

2.1 Plasma

"What is plasma?" is typically the rst question new researchers to the eld of laser
plasma physics ask. This is a deceivingly simple question with a complex answer.
Simply put, it can be described as the fourth state of matter after solid, liquid and
gas. Plasma is an ionised gas, meaning that the electrons within the atomic particles,
in the gas, have been excited by an energy source which results in some electrons

being liberated from their atoms to become "free electrons” more on the di erent
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types of ionisation processes to come. However, it is important to understand that
not all ionised gases are plasma and there are several signi cant properties that must
be met in order for an ionised gas to be considered as one.

The rst of these conditions is: plasma has quasineutral charge and exhibits
collective behaviourfrom external elds a ecting the plasma as a whole. Due to
protons being signi cantly heavier than electrons, ions are assumed to be stationary
when an electric eld is applied, and so the plasma motion is considered to be solely
from electrons. For collective behaviour to dominate, the scale length of the plasma
(L) must be greater than a distance called th®ebye shielding distanc¢ p), in all
directions, L p. The Debye shielding distance is de ned by:

r
OkBTe

D =
€Ne

(2.1)

where o is the permittivity of free space, kg is Boltzmann's constant, T, is the
temperature of the electronse is the electron charge and is the unperturbed
electron density. Therefore, the Debye sphere is de ned by a radius equal tg, and
beyond the Debye sphere, the electric eld of a particle cannot a ect other charged
particles. It is critical that many charged particles must be present within this sphere
to ensure the collective behaviour dominates the plasma entirely.

There also exists collisional and collisionless plasma. The mean free path of a
particle is the average distance it can travel before colliding with another particle.
Collisionless plasmas are de ned such that the mean free path of the electrons is
signi cantly greater than the plasma scale lengthL, and therefore exhibits lower
collision frequency than the plasma frequency,,. Derived originally from Maxwell's

Equations, the plasma frequency is de ned as the rate at which electrons oscillate
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within a plasma: s
Ne€2

I = 2.2

) — (2.2)

wheren, is the electron density of the plasma, anth, is the mass of an electron. From
Maxwell's Equations, we know that the movement of charged particles changes the
electric eld, which in turn results in a change to the magnetic eld, and vice versa.
This is crucial to our understanding of plasma behaviour, as plasma induces its
own electromagentic elds and currents, and because it is ultimately dominated by

electromagentic forces.

Maxwell's Equations of Electromagnetism

(in di erential form)

FE=— (2.3)
0
F B=0 (2.4)
_ @
roE= 5 (2.5)
r~ B = 0\T+ 0 o%t (26)

whereE is the electric eld, is the charge densityB is the magnetic eld, J is
the current density, and ¢ is the vacuum permeability.

These four equations unify electricity and magnetism, which is fundamental to
our understanding of electromagnetic waves and their propagation. However, it is
the reduction of Maxwell's equations into the Lorentz equation that describes how

materials with charged particles are in uenced by external electromagnetic elds:

F=zgE+qgv B (2.7)
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whereF is the Lorentz force on a charged patrticleg is charge,E is the electric eld,
¥ is the particle velocity, andB the magnetic eld. These sets of equations are central
to our understanding of laser plasma interactions.

Derived from the Lorentz force law, Ampere's law and Faraday's law, is the the
Poynting vector (S) which demonstrates the energy ux density of an electromagnetic

eld. From this, the laser intensity is de ned as the time average Poynting vector:
I 1 .
| = jhSij = h—E Bi (2.8)
0

whereE and B are the electric and magnetic eld equations.

2.2 lonisation Processes

As we brie y touched on in the last section, for a plasma to be produced, ionisation
must occur. lonisation is a process that results in an atom acquiring charge by either
gaining or losing electrons. In its simplest formthe photoelectric e ectis the basic
description of a primary stimulated emission ionisation process, described by Albert
Einstein in 1905, that suggests that when light is incident on the surface of a material
it can either be re ected, transmitted or absorbed. If the photon has su cient energy
(~!), it can overcome the electron's binding energyH,n), and can be absorbed.
As a result the electron will gain this kinetic energy E; = ~!  Ejon) and enter a
higher excited statebefore ejecting an electron of the same energy value from the,
now ionised, material. In laser plasma interactions, intensities are so high that there
are numerous ionisation mechanisms occurring. Next we will explore the di erent
types of ionisation processes that occur within laser plasma interactions, and the
laser intensities at which each process dominates.

Multi photon ionisation is a spontaneous emission ionisation process that involves
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Figure 2.1  Schematic of (a) multi photon ionisation, and (b) above threshold
lonisation, whereE;y, is the ionisation energy needed to overcome the binding energy
of the electron ,V(x) is the Coloumb potential, x is distance, andE; is the nal
energy of the electron.

the absorption of several moderately energetic photons before ejecting an excited
electron. This was rst observed in 1965 by Voronov and Delone, and most commonly
occurs with laser intensitied, > 1 10'°°Wcm 2. Multi photon ionisation can be
de ned by:

n~! = Eion (2.9)

wheren is the number of photons, and~! is the photon energy. This process is
spontaneous, and less predictable than other ionisation processes, because it requires a
number of photons, speci c to the element, to be absorbed by an atom to cumulatively
have su cient energy to supersedeE;q,, and propel the electron from its bound state,

as depicted in Figure 2.1(a). The number of photon: absorbed by atom is de ned

by the N photon ionisation rate ( ,):

n— nILn (2-10)

where | is the cross section of the N photon ionisation rate. The ionisation rate

increases with increasing laser intensity, as there is a higher probability of ionisation
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with increased photon density. This becomes complex at laser intensities greater than
the atomic binding intensity, as other non linear ionisation mechanisms dominate:
tunnelling and over the barrier.

The binding energy of the electron can be derived by equating the centripetal and

Coulomb forces, which counteract each other while the electron is in a stable orbit:

e

whererg is the electron orbital radius, which for hydrogen is the Bohr radiusg.

The electric eld strength is:

e
Ea= 2.12
- (2.12)

which when combined with the Poynting vectorS (equation 2.8), translates to the
atomic binding threshold intensity:

OCE§

la= (2.13)

where E, remains constant throughout laser propagation and una ected by the laser
eld.

Above threshold ionisation is similar to multi photon ionisation, however the
electron absorbs a larger number of photons than is required for ionisation, and
gives the ejected electron signi cantly more kinetic energy on emission, as shown
in Figure 2.1(b). In this case, the electron has more momentum and probability of
provoking secondary ionisation than an electron emitted by multi photon ionisation.

Tunnelling ionisation occurs with laser intensities of, > 1 10 W cm 2. At

these intensities,l, begins to approach the atomic binding threshold intensity of
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Figure 2.2 Schematic of (a) tunnelling ionisation, and (b) over the barrier
ionisation.

the material | ;, and so the e ect of the laser eld on the atomic binding potential
must be considered. In this case, the potential well is deformed which results in the
ionisation threshold Ej,, lowering on one side and being enhanced on the other, as
shown in Figure 2.2(a). Note, the asymmetrical suppression and enhancement of the
potential well oscillates with the electric eld oscillations. Quantum mechanically,
this means that the probability that the electron can now tunnel through the barrier

is nite and must be considered. This also means that if the potential well drops
below the ionisation potential barrier, Ejy,, for an even stronger applied electric
eld, the barrier could be suppressed altogether giving name to "over the barrier”
lonisation, as shown in Figure 2.2(b). With the barrier suppressed below the ionisation
potential barrier, electrons are free to leave the potential well. This is the main
ionisation mechanism induced by high power laser pulses, where the laser intensity
( 10 10 W cm 2) easily exceeds atomic binding intensity and suppresses the
ionisation barrier. For reference, the intensity threshold for barrier suppression in
hydrogenisl, > 1 10" W cm 2 [35]. This process is part of the laser eld ionisation
stage. Fundamentally, plasma formation is guaranteed if the laser intensity is greater

than the atomic binding intensity, I > 1 ,.
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The Keldysh parameter () is an approximation that o ers a condition to

distinguish between when multi photon ionisation and tunnelling may occur, it is

de ned by: " S
2Eion Eion
IL 2 pond

(2.14)

where! | is the angular frequency, and ,ong is the ponderomotive potential. The

ponderomotive potential is de ned by:

_ €E?
Pond = Ami 2

(2.15)

which is a representation of the energy gained by an oscillating electron in a laser
eld. The ponderomotive force,F,, pushes electrons from regions of high intensity to
regions of low intensity:

r E2 (2.16)

The ponderomotive force plays a role in a number of plasma dynamics, such as in
channel formation, in driving plasma waves, and laser self focusing. The Keldysh
parameter looks at the ratio of ionisation thresholcE,, and pong ponderomotive
potential. When 1itis said that multi photon ionisation occurs as the laser
has high frequency but low eld strength which leaves the potential well una ected.
When 1, tunnelling ionisation dominates with low laser frequency and strong
laser eld strength that deforms the potential well and lowers the ionisation threshold.
It is important to note these Keldysh conditions do not rule out the presence
of other ionisation mechanisms, they simply state that one ionisation mechanism
dominates over the others in these given circumstances. Quantifying the boundaries
of the switching on and o of such mechanisms is a long standing goal for many

physicists, especially when observing the interplay of complex dynamics evolving in
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laser plasma physics.

2.3 Laser interactions with a plasma

When a laser pulse has su cient intensity and irradiates matter, electrons can be
stripped from the material through the ionisation processes described. This depends
on the combination of laser parameters and chosen target material, since every
material has a speci c electronic structure and ionisation threshold. As previously
discussed, if the incident laser pulse has energy in excess of the ionisation threshold,
the material will become ionised and the electrons will be free to move and become
a plasma. Due to the Gaussian intensity prole of a laser pulse, the ionisation
mechanism that is dominant will vary with intensity throughout the interaction.

The dispersion relation is at the root of electromagnetic wave propagation in
plasma and therefore important to understand for the role it has in laser plasma
interaction physics. Dispersion can be described as the phenomenon whereby refractive

index () depends on frequency!():

= ‘f—k (2.17)

The plasma dispersion relation, derived from Maxwell's equations, for an electromag-
netic wave is represented by:

12=ckg+ 17 (2.18)

The solutions to this dispersion relation show that laser frequencies, must be larger
than the plasma frequency , in order for the laser light to propagate in the plasma.

When! =1, the laser light is re ected from a surface of critical densityr{c), de ned
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by:
!Eome

(2.19)

where is the relativistic factor. The relativistic factor accounts for the increase
in electron mass at relativistic laser intensities, in this case the critical density is
increased and allows more propagation of laser light than previously possible at
non relativistic laser intensities. In some cases, entire targets can become transparent
to the laser light through this process called relativistically induced transparency
(RIT). When ! >! ,, n<ng, the plasma is said to be underdense; and whér! |,
n>n., the plasma is overdense. Underdense plasma is typically formed in gaseous
targets or within the pre plasma expansion on the surface of solid targets. Overdense
plasma is typically formed from irradiating solid targets. In, and between, these
two density states, very di erent plasma dynamics can be observed. In this thesis,
chapters 4 and 6 will report underdense plasma results, while chapter 5 will report
overdense plasma results. From the plasma dispersion relation, when the critical
density condition (! , = ! ) is met, c*k3 would tend to zero and the threshold at
which the laser can no longer propagate would be met. Below the critical density the

solution is imaginary and therefore the wave is evanescent.

2.4 Absorption mechanisms

After the ionisation and plasma formation, the laser pulse continues to interact with

the plasma, absorption mechanisms couple energy from the laser light to the electrons,
and transfer energy to the ions, within the plasma. Absorption mechanisms can be
characterised as collisional or collisionless. The following subsections will outline the

most common of these processes.



CHAPTER 2. THE UNDERPINNING PHYSICS OF LASER PLASMA
INTERACTIONS 17

2.4.1 Collisional Absorption

Inverse bremsstrahlung is the main collisional absorption mechanism. Bremsstrahlung
is the "braking radiation" process whereby a charged particle is decelerated in the
presence of strong electromagnetic elds, typically from a nucleus of a larger particle,
which results in the generation of an X ray by the law of conversion of energy. Inverse
bremsstrahlung is just as the name suggests, where charged particles collide and energy
Is absorbed from a photon. The result of the absorption of a photon in the presence
of an ion, accelerates an electron to carry this energy away. In low intensity regimes
(< 10" W cm 2), inverse bremsstrahlung is the dominant absorption mechanism
because the collisional frequency rate of electrong.j within the underdense plasma
is signi cantly higher than the laser pulse duration. The collisional frequency rate
can be represented by:

Vei | KgTe? (2.20)

wherekg is Boltzmann's constant andT, is the electron temperature.

2.4.2 Collisionless Absorption

The laser absorption mechanisms in collisionless plasma are discussed. The move-
ment of energy in a collisionless plasma is dominated by electrostatic interactions.
Resonance, Vacuum/Brunel heating, and™ B absorption processes are detailed

below.

2.4.2.1 Resonance Absorption

Resonance absorption is the dominant collionless absorption mechanism for long

scale length plasmaslL(s), that are longer than the laser wavelength (), for laser
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intensities between10? 10 W cm 2. It is an electric eld driven energy transfer
mechanism that occurs in high density plasma at the critical surfacen.. This
mechanism transfers energy by driving electrons parallel to the density gradient of
the plasma, deeper into the plasma with every electric eld cycle of the laser pulse.
To do this, the laser light needs to be p polarised, and the incident laser pulse oblique
to the target surface. As the laser pulse propagates deeper into the plasma, and the
electron density increases, the laser pulse undergoes refraction. The oblique angle
of incidence is now crucial, because it causes the laser light to arrive at the point of
re ection prematurely, when the electron densityn. = n.cog( ), instead of at the
critical surface,n.. At this point of re ection, the laser pulse has refracted to the
point that the electric eld is now oscillating parallel to the plasma density gradient,
driving electrons into re ection surface atn. cog( ). Beyond this surface, the electric
eld evanescently decays which results in the oscillating electrons having a decaying
weak restoring force which is needed to pull them back from beyond thgcog( )
surface. This collisionless absorption mechanism is optimised when resonance occurs
the plasma frequency,! ,, matches the laser frequency .. The plasma wave of
electrons mobilised by this process oscillate resonantly at the critical surface, with
a frequency of! .. Beyond I, > 10 W cm ?, relativistic e ects dominant over

resonance absorption.

2.4.2.2 Vacuum / Brunel Heating

Vacuum heating is an absorption mechanism that occurs in high density plasma.
Although similar to resonant absorption, it is signi cantly less e cient as the electrons
interact with just one laser cycle. In the rst half of the laser cycle the electrons are
pulled into the vacuum by the electric eld, and the second half then re-accelerates

them back into the target and beyond the corrected critical surfacey. cog( ). For
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this to occur, the laser pulse needs to be p polarised and, unlike resonance absorption,
Ls L. The e ciency of vacuum heating is dependent on the angle of incidence,

and the energy gained is on the order of the ponderomotive potential. This mechanism
also di ers to resonance, in that, the electrons can easily escape the laser eld beyond

the corrected critical surface, which results in a net acceleration to the electron.

2.4.2.3 J B Heating / ponderomotive force

For laser pulses at relativistic intensities, the magnetic eld componenty B) of
the Lorentz equation is no longer negligible and th& B collisionless absorption
mechanism dominates for interactions with solid targets. For this process to occur,
high density plasma is needed with a linearly polarised laser pulse interacting at a
normal angle to the target surface. At normal incidence the electric eld component,
of a linearly polarised pulse, is perpendicular to the target surface, which optimises
the J B force driving the electrons longitudinal oscillation into and beyond the
critical surface, along the laser direction. The force applied to the electrons along the

laserk vector direction, by the 7 B mechanism is:

Me Yo

1 ¢
77(1 —— co0s(2 1)) (2.21)

1+ ¢

F =

whereg is the ellipticity of the laser andg = 0 for linearly polarised light andg =1
for circularly polarised light.

The rst term in the equation, T2, is the ponderomotive force which will
be described in more detail in the next section. The second terrﬁ%:i cog2! | t), is
the 7 B component which drives the electrons along the laser axis oscillating at
2! . This second term demonstrates that thé™ B heating is maximised for linearly

polarised incident laser light, wheng = 0. As the longitudinally oscillating electrons
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approach the critical surface, some can be accelerated beyond the in uence of the
restoring force from the laser eld, yielding a net energy gain™ B heating is the
absorption mechanism in high density plasma that occurs when the magnetic eld

dominates and the Lorentz force occurs.

2.5 Propagation Dynamics in Underdense Plasma

At higher intensities, the dominant e ect is from the ponderomotive force. This is a
time integrated force exerted on electrons that is proportional to the gradient of the

electric eld squared,
3

4mg! 2

r E2 (2.22)

wherer E is the gradient of the electric eld. Due to the transverse intensity pro le

of the laser, this results in electrons moving with an overall drift velocity from high
intensity regions around the propagation axis, to lower intensity regions towards the
outer edge of the laser pulse spatial pro le. The ponderomotive force is described
as time integrated as the electrons oscillate about back and forth while travelling
to the outer edge of the laser pro le, as depicted in Figure 2.3. The restoring force
opposing the ponderomotive decreases with time until the electrons cannot be moved
any further at the laser spatial edge in the focal plane. The ponderomotive force
is responsible for driving a number of e ects that can be observed when a laser
propagates in an underdense plasma, such @sannel formation and self focusing

[36].

2.5.1 Channel formation

The ponderomotive force results in the gradual build up of electron dense channels

either side of the path of the laser pulse as it propagates. During laser propagation,
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Figure 2.3  Schematic of the radial view of an incoming laser pulse demonstrating
the intensity I(r) and electrical eld E(r) gradients increasing towards the centre of
the focal spot (r=0), and the depleting restoring force of electrons (green spheres)
around the radial axis as they move from regions of high intensity to low intensity.

the ponderomotive force expels the electrons from the peak of the pulse, sweeping
them out towards the wings of the laser pulse intensity pro le. This time integrated
build up of electrons on the wings joins together to form channel walls while leaving
an ion cloud contained in the channel centre due to the growing charge separation
forces and the ions having greater mass. The channel walls can be used to guide
the remains of the laser pulse that follows. Channel formation is an advantageous
e ect to exploit for some laser plasma elds of research, such as for guiding injection

in laser wake eld acceleration, and guiding the main pulse in fast ignition inertial

con nement fusion [37, 38].

2.5.2 Self focusing

Self focusing is a non linear, self generated e ect where the laser converges to a
point earlier than the natural beam waist as a result of plasma dynamics [39]. The
typical characteristics of this are the steepening of the channel walls, increase in
channel gradient, and decrease in channel width with propagation distance. The two

main causes for self-focusing in plasma are ponderomotive and relativistic e ects.
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Figure 2.4  Graphical representation of the radial intensity pro le about the laser
pulse central axis; the subsequent electron density pro le due to the ponderomotive
force, and the resultant refractive index pro le leading to self focusing of the laser
pulse.

Just as the laser pulse propagation a ects the motion of free electrons, the
movement of the free electrons then alters the behaviour of the propagating laser
pulse. In response to the intensity pro le of the incoming laser pulse, as shown in
Figure 2.4, the ponderomotive force redistributes the electrons to the wings of the
laser pulse increasing the electron densitynf) here [36, 39]. As the electron density
increases, the plasma frequency increaseés ), which in turn a ects the refractive
index ( ):

= 1 P (2.23)

and so the refractive index changes non-uniformly on the laser pro le. This change in
refractive index results in a positive lens e ect when- < 0, where r is the change
in radial coordinate.

Relativistic self focusing is also the result of a non uniform change in refractive
index across the spatial pro le of laser pulse. However, it is induced by the high
intensity pro le of a laser pulse producing relativistic electrons at the centre of the
focal spot. Due to relativistic e ects, the electrons gain relativistic mass and their

oscillations decrease in frequency [40, 41]. This changes the pro le of plasma frequency,
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as it increases towards the outer edge of the pro le. The refractive index changes
with the ratio of the speed of light to the phase velocity, and so the non uniform
refractive index pro le is shaped. This results in the centre of the beam having a
lower refractive index than at the wings, as shown schematically in Figure 2.4. In
the correct environment, relativistic self focusing can also counteract di raction so
that the two competing processes are balanced over many Rayleigh ranges [36]. For
this balance to occur, the laser pulse powePR, needs to be greater than the critical
power, Pc, which can be expressed by:

15

Po>P¢ = 17:43[GW] (2.24)
" p

2.5.3 Filamentation

Filamentation is a non linear transverse instability that causes the laser pulse to
break up into micron scale high intensity branches, known as laments [42, 43].
The onset of lamentation can be seeded by a number of instabilities such as laser
break up which can be due to an extremely strong positive lensing e ect driven
by self focusing, and the electron density build up from the ponderomotive force
becoming too high. These laments can be seen growing during an interaction through
shadowgraphy or interferometry imaging techniques, and are indicative of ine cient
energy coupling between the laser and plasma. It is understood that lamentation
occurs as a result of opposing forces on the electrons from the ponderomotive force
and self focusing. Ultimately this results in a loss of laser intensity which decreases

the energy transferred to the free electrons.
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Figure 2.5 Schematic depicting laser wake eld acceleration as electrons surf on
the wake of a plasma wake accelerated by a laser pulse.

2.5.4 \Wakefield acceleration

Laser wake eld acceleration (LWFA) is an electron acceleration scheme that utilises
the trailing wake from a high intensity laser pulse propagating in underdense plasma,
which ultimately generates a plasma wave [44]. Figure 2.5 shows a simple schematic
of electrons sur ng on a the wake of a plasma wave. As the high intensity laser pulse
drives forward through the low density plasma, the ponderomotive force sweeps the
electrons out of the laser path, leaving behind ions, as already discussed. A strong
charge separation is generated as a result, and in response the electrons accelerate
back to their initial position but overshoot. In overshooting and rebounding, the
electrons oscillate about this point at a high plasma frequency de ned as:

I’]oe2 %

Me o

I, =

(2.25)

- thus forming the plasma wave. The strong charge separation leads to very large
electric elds across the wake eld, which accelerate electrons over long distances. The
electric eld strength made possible in this regime surpasses the maximum acceleration
gradients available in conventional radiofrequency dependent accelerators by three
orders of magnitude [45], making LWFA an even more promising eld. As the

electrons gain momentum f) due to the ponderomotive force E,) pushing them
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forward, the electric eld (E4) experienced by the electrons from the plasma wave

increases as:
ldpe 1 e

2
edt - 4mi 2 p COs( pt) (2.26)

X=

and hence accelerates them to very high velocities [45]. A one dimensional approxi-
mation for the peak electric eld achieved during LWFA was proposed by Dawson
[45, 46]:

EVe 96 n, (2.27)

meaning that for a typical plasma density oh, =1 10¥cm 3, thenEV®  96GV=m
When the velocity of the background plasma of densityn¢) exceeds that of the
plasma wave, the plasma wave is said to undergo wavebreaking, whereby some of
the plasma electrons themselves are accelerated beyond the restoring force and the
plasma wave structures is lost. For this wavebreaking condition to occur, it is assumed
that the plasma wave is quasi static with adiabatic propagation [47]. This process
can be thought of as similar to when sea water breaks through a wave which was
originally travelling much faster. In LWFA, wavebreaking ultimately leads to plasma
electrons outrunning and escaping the plasma wave, which is not an ideal accelerating
condition. To avoid electrons escaping the plasma wake prematurely, and to postpone
wavebreaking, the length of the acceleration range [48] (which is dependent on the
Rayleigh length,Zr) can be extended, and the electrons can be "trapped". Electron
trapping is a name given to electrons that are accelerated in the wake of the driving
plasma wave. The Rayleigh length of the laser pulse is dependent on the laser
wavelength and focal spot size whergg = -2, and so the plasma wavelength is
usually longer than the pulse length (, > ). There are various techniques proposed

to enhance the trapping of electrons, such as self injection [49], optical injection[50],

ionistion induced injection [51], but we are going to focus on discussing density
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transition injection [52] as that technique is used in one of the experiments reported
in this thesis.

Density transition injection is a technique based on tapering the density of the
gas jet plume target either upward (called a density "up ramp") or downward (a
density "down ramp") relative to the direction of the incoming laser pulse [52]. It was
suggested by Bulanov [52] that a density down ramp, increases the plasma wavelength
as the density decreases during laser propagation. In turn, this then lowers the phase
velocity that the electrons need in order to be trapped in the wake of the plasma
wave, called the trapping threshold. This technique has been shown experimentally
to aid electron trapping, peak acceleration energies and energy spread [24, 53, 54].
The severity of the density gradient depends on the method implemented to shape
the density ramp. The method used in this thesis, was the insertion of a razor blade
in a supersonic gas jet which created a steep density jump by generating a shock
front for the incoming laser pulse to transition similar to the set up reported by
Schmid in 2010 [54]. In 2017, it was proposed from simulations by Esirkepov [55] that
the addition of a blade in the ow of a supersonic gas jet can control self focusing by

the sharp density jump it generates.

2.5.4.1 BISER

Burst Intensi cation by Singularity Emitting Radiation (BISER) was proposed by
Pirozhkov in 2017 [34], and is a process whereby coherent x rays are emitted from
a relativistic laser plasma interaction. As previously described, in LWFA a plasma
wave is generated as a high intensity laser pulse drives through underdense plasma.
As the pondermotive force continually pushes the electrons away from high intensity
regions, cavity walls are formed as the electrons are swept aside as the plasma wave

moves forward with the laser eld. The multiple streams of the oscillating electrons
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Figure 2.6  Schematic of BISER taken from collaborator [34]. (a) The formation
of a density spike through the convergence of a multi stream ow. (b) Depiction
of the laser pulse propagating through plasma and the emission of x-rays from the
density spikes, which were focused through imaging optics and measured by a lithium
uoride (LiF) plate. (c) A zoomed in section of the density spike region of the plasma
wake from the multi stream ow of electrons sidelined by the laser eld. (d, €) The
density spikes form at regions of density catastrophe point like cusps and folds in
the multi stream ow.

at the cavity walls converge at the intersection of the bow wave and wake wave as
shown in Figure 2.6. This leads to a high density spike emerging from constructive
interference [34, 56]. It is within these point like, high density sources, also called
"singularities”, that odd and even harmonics are generated within the spectral range
of 60 to 360eV (down to 3.5 nm harmonic wavelength) [32, 33]. The harmonic
generation, and location of where BISER occurs, is dependent on the structure of
the wake as this determines where the high density spikes emerge as the interaction

evolves.

2.6 Interactions with overdense opaque targets

This section details the main plasma dynamics which occur when a high power laser

pulse interacts with a solid, opaque target. The interaction dynamics depend on the
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laser intensity, wavelength, spot size, contrast, target material and thickness.

2.6.1 Front surface plasma expansion

Despite e orts to produce a laser pulse with little contamination from pre pulses
or Ampli ed Spontaneous Emission (ASE), an undesirable low intensity temporal
pedestal produced by spontaneous emission in the gain media early on in the laser
chain typically occurs which results in preheating of the incident target surface.
Preheating can lead to plasma expansion on the front side of the target before the
leading edge of the main pulse has interacted with the target. This premature plasma
expansion is called preplasma, and can a ect the e ciency of energy absorption and
ion acceleration [57 63]. In addition to the e ects of ASE or pre pulses, the heating
and pressure gradient as a result of the main laser pulse interaction would induce
plasma expansion from the target into the vacuum. where the density of the plasma
would decline exponentially:

Ne(X) = NeT (2.28)

wherex is the distance away from the front of the target surfacd, is the plasma

scale length as previously de ned, andy is the initial solid density of the target.

2.6.2 lon acceleration mechanisms

Depending on the intensity of the incident laser pulse, a number of mechanisms
can occur which will accelerate ions. Fundamentally, the forces driving these ion
acceleration mechanisms can be categorised as either electromagnetic or hydrodynamic
[64]. Those driven by electromagnetic forces include, target normal sheath acceleration
(TNSA), radiation pressure acceleration (RPA), Couloumb explosion acceleration

(CEA), skin layer ponderomotive acceleration (SLPA), ion solitary wave acceleration
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(ISWA), laser break out afterburner (BOA), and collisionless electrostatic shock
acceleration (CESA) [64]. However, in the experiments discussed in this thesis,
TNSA, RPA Hole Boring and Light Sail modes, are most relevant, and are each

shown in Figure 2.7.

Figure 2.7  Schematic representing the process of particle acceleration mechanisms
in laser solid interactions (a) TNSA, (b) RPA hole boring, and (c) RPA light sail
mode.

TNSA was proposed by Wilks [65] in 2001 and involves the generation of an
extremely strong electric eld sheath (on the order of TV/m) on the target rear
surface. When a high intensity laser pulse (greater thah 10°° W cm 2) interacts
with a foil target of micron scale thickness, relativistic electrons are generated as
a result and driven by the laser eld through to the rear side of the target. The
relativistic electrons collecting at the rear of the target generates a strong electric
eld which accelerates ions to multi MeV energies, typically from a contaminate
layer on the rear side of the target, escaping into the vacuum. Radiation pressure
acceleration is the dominate acceleration mechanism for targets between micrometre
and nanometre scale thickness when the incident laser pulse intensity is greater than

1 10 W cm ? [66]. At these ultra high intensities, the critical density surface
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is deformed due to the extremely high laser pressure driving forward. The critical
density surface bends inward, as if being imprinted upon by the Gaussian shape of
the focal spot. The velocity at which the critical surface recesses due to RPA is
called the hole boring velocity. The motion of the critical surface into the overdense
plasma generates an electrostatic eld, as a charge separation layer emerges. This
electrostatic eld contributes to the ion acceleration as a result. For even higher laser
intensities, the radiation pressure can be strong enough to push through the entire
target. This is called the Light Sail mode and dominates over hole boring RPA at
these higher intensities and for targets of nanometre scale thickness. Light sail mode
is optimised when the radiation pressure is balanced with the electrostatic plasma
pressure, which is dependent on both laser and target parameters. If the target is
not of su cient thickness, charge separation cannot be established and Coulomb
explosion of the ions will follow. However, if the target is too thick, the increase in

plasma mass will lead to sub optimal acceleration.
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METHODOLOGY

In this chapter we discuss the main optical technology behind high power laser
systems and, in particular, the details of the two high power laser facilities used in the
experiments reported in this thesis. The main diagnostic throughout this thesis is the
multi channel optical probe, the development of which is discussed in detail in the
chapters that follow, however, in addition to the multi channel probe, this methods

chapter details how radiochromic Im and an XUV spectrometer were implemented

as supporting diagnostics, and which simulation methods were used.

3.1 High power laser facilities

High power laser systems are of course central to high power laser plasma experiments.
As previously explained in Chapter 1, CPA and OPCPA were the breakthrough
developments that enabled higher intensity laser pulses to be produced [18, 19]. Prior
to the installation of CPA in high power laser systems, the peak intensity achievable

was limited to  10'® W/cm 2. CPA enabled higher energy pulses to be used, and
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OPCPA addressed the undesirable side e ect of bandwidth narrowing caused in the
CPA process [19]. Together, pulse duration and energy could be optimised to push
the boundaries of high intensity laser pulses up td(*® W/cm 2 peak intensity [67].
Another undesirable e ect of the ampli cation process in high power laser systems,
is Ampli ed Spontaneous Emission (ASE). ASE is the ampli cation of low energy
photons, which are produced through spontaneous emission from excited atoms
within the lasing gain medium. It is important to note it is the emission of coherent
photons via stimulated emission that is desired, as opposed to low energy photons
being emitted sporadically in time and space, in any direction. Unfortunately, this
contributes to optical noise which is then ampli ed later on in the laser chain. The
contribution of ASE modi es the ideal Gaussian temporal intensity pro le of the
main laser pulse manifests itself as a plateau shaped, temporal "pedestal” intensity
pro le either side of the main pulse [68], which can be of nanosecond scale duration.
This is undesirable as it causes the early onset of ionisation, pre plasma formation
and can seed instabilities all before the pulse arrives at the target. The severity of
the pedestal can be quanti ed as a ratioR = | ,ca=lp) comparing the peak intensity
(I peak) Of the main laser pulse to the pedestal intensityl(), this parameter is termed
as the laser temporal intensity contrast ratio [68]. The higher the contrast the more
prominent the main pulse is relative to the ASE, which is of course desirable if
ASE e ects are to be minimised. The laser pulse contrast ratio can be improved
by "pedestal cleaning"”, either by the implementation of additional Pockels cells or

plasma mirrors [68, 69].

3.1.1 Vulcan, RAL

The Vulcan laser system is based at the Central Laser Facility (CLF) at Rutherford

Appleton Laboratory, in Oxfordshire. Vulcan is a versatile high power, neodymium
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Figure 3.1 Flow diagram of the key components in the Target Area West (TAW)
laser chain at Rutherford Appleton Laboratory.

glass (Nd:Glass) eight pulse laser system with six long pulse, two CPA, and two
target areas: Target Area Petawatt (TAP) and Target Area West (TAW). The
Nd:glass lasing medium provides a central wavelength emission of 1054 nm [70]. In
the experiments discussed in Chapters 4 and 5, the TAW arm of the Vulcan laser
system was used in dual pulse mode for pump and probing. TAW receives two short
pulse interaction beam lines ( ps), and six additional long pulse beams (ns). As
shown in Figure 3.1, from the mode locked Ti:sapphire oscillator, which is pumped
with neodymium-doped yttrium aluminium garnet (Nd:YAG), the laser pulse is rst
stretched before passing through a series of ampli ers, and then split in two for dual
pulse mode. From here, the main interaction pulse undergoes additional ampli cation,
before both laser pulses are compressed to durations between 0.5 - 1 ps. As a result

of the extensive ampli cation chain built into the laser system, both beam lines have
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the ability to deliver up to 250 J on target. In the experiments discussed in this
thesis, the maximum laser energy is 248 J. The interaction beam achievedl 0
W/cm 2 intensity, in a single 20 ps pulse, focused to a diameter 05.6 m (FWHM)
with a F/3 o axis parabola (OAP), and the probe beam at approximately 10'®
W/cm 2 intensity, in a 2 ps pulse. Where F/3 denotes the f-number of the optical

system, which is the ratio of the focal length and e ective aperture.

3.1.2 J-KAREN-P, KPSI

Figure 3.2  Diagram of the main stages in the J-KAREN-P laser system.

The J-KAREN-P laser system, based at the Kansai Photon Science Institute in

Kizugawa, Japan, is a 0.1 Hz repetition rated, Ti:sapphire, high power laser with
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a central wavelength of 810 nm. Utilising double CPA and OPCPA techniques [71,
72], the system can produce pulses with a maximum on target energy of 30 J in
30-40 fs pulse duration resulting in a peak on target power of 1 PW with a peak
intensity of  10°* W/cm 2, when using an F/2 OAP. In the experiment discussed
in Chapter 6, the J-KAREN-P laser was operated with 0.4 J pulse energy in 27 fs
pulse duration and an F/9 OAP was used to extend the acceleration range during
the interaction, which resulted in a FWHM focal spot of 10 m. In this set up, the
peak laser intensity achievable on target is 10'® W/cm 2.

Figure 3.2 is a simplied owchart diagram of the main components of the J-
KAREN-P laser system [71, 72]. These include saturable absorbers and Pockels cells
to minimise ASE and clean the pedestal in the pulse pro le, and an acousto optic
programmable dispersive Iter (AOPDF) to assist in shaping the pulse pro le. The
laser system uses double CPA architecture to maintain the high intensity contrast
(10%) achieved in the pulse cleaning and shaping stages. A series of Ti:sapphire
ampli ers are used to gradually increase the laser energy from 220 mJ to 60 J, before
compression, after which the high power laser pulse is transported to the target area
[71, 72]. Unlike Vulcan, TAW, there is no dual pulse mode to utilise for pump probing
technique, so a pick o is taken from the main pulse as it enters the target area

before the main pulse is focused down by the OAP.

3.2 Diagnostic Techniques

In addition to the multi channel probe, radiochromic Im and an XUV spectrometer
were key in obtaining the results later discussed in this thesis. The details of both

technigues are described in this section.
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3.2.1 Radiochromic Film

Figure 3.3  Diagram of the composition of (a) HD-V2, and (b) EBT3, RCF used.

Radiochromic Film (RCF) is an ionising radiation sensitive Im that self develops
through the release of dye when ionising radiation is incident on it, and is used in
a range of disciplines for dosimetry. RCF changes colour, as it self develops, due
to polymerization where radiation is absorbed by photomonomer molecules in an
active layer of radiation sensitive organic microcrystal. The two types of RCF used in
the experiment later discussed in Chapter 5, are HDV2 and EBT3, the composition
of both are shown in Figure 3.3. In laser plasma experiments, RCF is typically
used to measure the energy spectra and spatial distribution of electrons and protons
incident on the Im, which have been accelerated from the laser plasma interaction.
In the experiment discussed in Chapter 5, RCF is used to measure the energies of
the protons accelerated from the rear surface of the target. For this use, the RCF
is arranged in a stack consisting of multiple layers of RCF, interspersed with metal
Iters, as higher energy particles travel deeper into the stack. The number of RCF
layers in the RCF stack design should be su cient to capture the full range of the
accelerated protons and electrons - our stack design included in 12 layers. Due to

the characteristic Bragg peak dose deposition curve that ions have, and therefore the
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steep dose fall 0, it is relatively straight forward to extract two dimensional spatial
information about incident ion beams in RCF stacks. The proton ux is determined
by comparing the optical density (OD) calibrated RCF Im exposed to a known

proton dose from a cyclotron accelerator, where:

OD = Iogloll—0 (3.1)
T

lo is the ux of the incident light and 1+ is the ux of light that is transmitted
through the RCF. It is from the OD on each RCF layer that the energy spectrum

can be determined.

3.2.2 XUV Spectrograph

Spectrographs employ a di raction grating, to spatially separate light by wavelength;
and a photodetector, to measure the intensity of this spectral light at each wavelength.
Depending on the range and resolution of wavelength the user wishes to measure,
di erent types of spectrographs are needed. In the experiment detailed in Chapter 6,
a grazing incidence at eld spectrograph is used to measure the spectra of XUV
generated by BISER [56]. This spectrograph uses a gold coated collection mirror to
maximise the input light within the XUV range. The collection mirror is followed by

a spherical varied line space grating, leading to a back illuminated CCD camera,
more details of the XUV spectrograph can be found in [56]. The spectrograph is
positioned perpendicular to the rear surface of the target, and magnets are positioned
between the target and spectrograph to de ect electrons away, which could interfere

with the performance of the diagnostic.
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3.3 Numerical Modelling

In laser plasma interactions, although many complex interactions can be produced
experimentally, numerical modelling helps guide experiments and the parameters
used, and also further explain experimental results in retrospect [73]. Numerical
modelling allows us to simulate complex processes by repeating simpli ed calculations
over controlled time steps. Modelling is sometimes the only method in which some
complex processes can be explored on these timescales, as they cannot be created
experimentally due to a lack in resources or physical limitations. In this thesis
simulations are used to compare to experimental measurements. There are many
types of numerical models that can be used to simulate laser plasma interactions,
these can be categorised as hydrodynamic, kinetic, or a hybrid of both. This section
will detail the radiation hydrodynamics code, Helios, and kinetic particle in cell
(PIC) code, EPOCH, used to provide insight into the experimental results later

discussed in Chapters 4, 5, and 6.

3.3.1 Helios

Helios is a one dimensional Lagrangian hydrodynamic model created to simulate the
evolving expansion of radiating plasmas [74]. Helios simulation code can provide
insight into the fast evolving dynamics of high power laser produced plasmas. As with
all numerical models, assumptions are required to simplify and impose limitations on
the simulations. In hydrodynamic codes, like Helios, plasma is assumed to be a uid
and treats the movement of plasma as one entity with a uid velocity, pressure and
density. Data set tables of materials are referenced by Helios to calculate relevant
equations of state to describe the evolving composition of the target material and

plasma during the interaction. In Chapter 5, Helios is used to simulate the front
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target surface plasma expansion and determine the simulated plasma scale length
to input into EPOCH PIC simulations. The table of properties selected for these

simulations was PROPACEOS [75].

3.3.2 EPOCH PIC

EPOCH [76] is a type of particle in cell (PIC) code. EPOCH is an adaptable multi
dimensional kinetic based code that considers plasma to be made of macroparticles
with their own set of variables which in uence one another and e ect the plasma as a
whole [76]. Kinetic models are more realistic to what we understand to be physically
occurring within plasmas, but require higher computational power and time as a
result. The PIC kinetic algorithmic process is summarised in Figure 3.4. The user
initiates the simulation by communicating the initial conditions via an input deck.
This input deck includes details of the simulation duration, time steps, laser pulse
parameters, target material, properties and dimensions. In the simulation results
discussed in this thesis, the input deck has parameters as close to the experiment as

computationally possible, and EPOCH was ran in 2D only.

Figure 3.4  Flow chart of the kinetic PIC process from input to output.



CHAPTER

FOUR

THE MULTI CHANNEL OPTICAL PROBE

In this chapter the multi channel optical probe and proof of concept results are
presented. We begin by unravelling the pathway that was taken in the development
of the new diagnostic from the sources of inspiration to concept, to optical design and
set-up. We will explore the motivation behind the development of the multi-channel
probe, and the reported ndings to date that have highlighted the need for a new
method, such as this, to measure the evolving density structures within a single
laser pulse interaction with plasma. In the results and discussion that follows, we
demonstrate that single shot shadowgraphy of a laser-plasma interaction at one point
in time is not su cient for characterising the propagation and plasma dynamics,
due to their transient and complex nature. To improve upon this current practice,
the multi-channel probe was developed and o ers a reliable means to gain a deeper
insight into the evolving interaction dynamics by making measurements at 4 or more
time steps which has otherwise only been approximated based on simulations of

the interaction physics.
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4.1 Temporally Resolved Imaging and Laser-Plasma
Interactions

Temporally resolved imaging is by no means a new area of interest, and the applications
span far beyond the eld of laser plasma physics. However, as laser pulses became
shorter to achieve greater pulse power for higher on-shot intensity, temporally imaging
the ever faster evolving dynamics continues to pose a challenge. With new multi PW
laser facilities, such as Extreme Light Infrastructure (ELI), now operating relativistic
laser pulses over femto second timescales, the development of diagnostics able to keep
up and provide the temporal resolution required to fully characterise the ultra-fast
dynamics yet to be uncovered in these unexplored higher intensity regimes, has
never been more important. Until recently, the resolution achievable is insu cient
when compared to the resolution desired. Results from the laser-plasma community
continue to demonstrate the need for robust temporal resolving diagnostics to gain a
better understanding of the evolution of newly discovered phenomena, behaviours
and dynamics. Therefore, the growing interest and potential impact of this technique
spans across the entire laser plasma community.

This section re ects on the milestones in temporal imaging that has brought us to
where we are now. Today, pump probe is a standard technique used in laser plasma
physics and in a range of areas where ultra-fast imaging is required. The pump-
probe approach to illuminate instant reactions was invented by August Toepler in
1864 who used persistence of vision to memorise and depict a blast from an electric
spark while illuminating the event with a second spark. It is from this that the
pump-probe method currently employed in laser-plasma physics was built upon.

Similarly, Eadweard Muybridge in 1877 was the rst to capture multiple images
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from an array of cameras observing the evolution of a horses' gallop on Im that
could be reconstructed into a movie using his device named the Zoopraxiscope. This
breakthrough marked the beginning of temporal imaging within a single event, and
also became a classic example in demonstrating the value that temporal imaging has
by revealing new information that is critical to understanding any evolving process.
With the invention of the laser in 1960 [12], sparks and stroboscopic light sources were
replaced in temporal imaging set-ups by short-pulse laser light. Shortly following this,
in 1969, the invention of CCD cameras replaced Im, which expanded the possibilities
for temporal imaging ultra-fast processes. As a result, scienti c research applications
requiring high temporal resolution in small scale processes such as femto chemistry,
in vivo cell biology and plasma physics all advanced. It is the combination of these
innovative breakthroughs and the advancement of technology that has inspired and
enabled the development of our novel approach to use multi-channel shadowgraphy
to image laser-plasma interactions with picosecond temporal resolution.

Due to laser-plasma interactions o ering an accessible route to exotic states of
matter, including fusion plasmas [77] and as a compact source of radiation [14], it has
been a central aim to experimentally measure the temporal and spatial evolution of the
underpinning plasma density and propagation dynamics which drive the interaction
they depend on. However, the complex dynamics of these interactions evolve rapidly
on timescales less than the laser pulse (femto to pico seconds) and are highly sensitive
to initial plasma conditions and shot to shot variations in the laser pulse parameters
[24]. There have been a number of recent results that highlight the sensitivity
of the radiation source properties to changes in the laser and plasma parameters
within a narrow range [78 80]. By comparing the experimental results to numerical
simulations some of these dynamics can be elucidated, however due to limitations

in the physical processes that can be included in codes and the use of idealised
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input parameters, measurements in the laboratory give the most comprehensive
insights. There presently exists a growing need for the development of experimental
techniques which enable detailed and controlled investigation with high spatial and
temporal resolution in order to better understand the complex evolving laser plasma
dynamics such as self focusing [81] or the propagation of higher-order modes (such
as Laguerre-Gaussian beams) in plasma [82]. Progress in this area will open up a
new dimension of experimental measurement and provide additional capability to
guantify key factors which limit the control of laser plasma driven radiation sources.

To date a number of experimental techniques have been developed which seek
to address this challenge such as proton probing [83, 84] and the use of a streak
camera [85, 86]. Both of these, however, have limitations, in temporal resolution
and versatility [87, 88], and spatial dimensionality [89], respectively. Optical probing
using a chirped laser pulse [90, 91] has also been investigated to provide the temporal
resolution desired, with the dependence on pulse bandwidth, however this approach
does not work well for picosecond scale systems and lacks arbitrary control over the
temporal resolution.

Complementary to all of these, single pulse optical probing is often used over
multiple consecutive shots at varied probe timings in order to construct a temporal
series [23]. The method of building a series of single shot shadowgraphs at staggered
time intervals over repeated shots, while attempting to maintain constant conditions
has been a popular route to measuring the evolution of interactions over very short
timescales. However, due to the di culty in ensuring all other interaction parameters
remain xed this approach can add more uncertainty to our understanding than
it resolves. This method is inherently susceptible to changes in the interaction
dynamics due to shot to shot variations in the laser and plasma conditions [25 28],

including changes in the laser spatial pro le, energy and spectrum. This issue can be
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compounded by the fact that many large laser systems have low shot rates and low
output stability, and therefore poor statistics with which to minimise the impact of
shot to shot uctuation on measurements [25]. This is a critical limitation highlighted
as motivation for the development of alternative temporal measurement techniques,
such as the multi-channel probe [31] and time sequence imaging by two colour probe

[92].

4.2 Muli-channel Probe Design

The multi-channel probe is a pump probe system, that measures the temporal
evolution of a single laser pulse interaction by imaging the same eld of view at
four varied time frames, via four probe lines. The fundamental principle of this
new approach derives from the established wavelength and polarisation division
multiplexing techniques which have been used widely, primarily, in telecommunications
for decades [93]. This concept is adapted and implemented into a design that is
appropriate for a pump probe arrangement in a high power laser plasma interaction
environment.

A process ow diagram of the optical probe system is shown in Fig. 4.1, which is a
culmination of the classic pump-probe concept from August Toepler, multiple imaging
via camera array systems from Eadweard Muybridge, and the encoding of laser pulses
inspired by multiplexing methods in telecommunication systems. The multi channel
optical probe system consists of one input channel and four temporally separated
and encoded output channels which enables four separate images (via interferometry
or shadowgraphy) to be taken of the same spatial location, with independent timing
control. The multi channel probe consists of six main parts: the pulse generator,

encoding, delay control, multiplexer, demultiplexer, and the imaging system. The



CHAPTER 4. THE MULTI CHANNEL OPTICAL PROBE 45

Figure 4.1  Process ow diagram of multiplexed optical probe concept. A single
ultrashort laser pulse is divided into four separate laser pulses which are uniquely
encoded by frequency and polarisation. The four pulses are independently delayed
in time and then spatially multiplexed (MUX) to propagate co-linearly in order to
optically probe a given point in space and time. The inverse process (DMUX) is
then applied to spatially separate and form an image for each of the channels. This
enables 2D spatial and picosecond temporal resolution over multiple frames with a
single laser pulse.

pulse generator is where four individual pulses are generated from an initial single seed
probe pulse. The encoder then assigns an identi able wavelength and polarisation
key to each pulse so they can be easily distinguished. The delay control station adds
additional path lengths, speci ed by the user, to each probe line to achieve the desired
time delay ( t). The multiplexer is where the separate encoded pulses can be made
co-linear to ensure the probe system maintains a xed eld of view when incident
on the object. The demultiplexer then spatially separates the four pulses (using the
identi able wavelength and polarisation keys) into individual imaging set-ups. The
imaging system consists of focusing lenses and an individual CCD camera per probe
channel to maximise image resolution.

A detailed technical schematic of the optical system design for use on a high power
laser experiment is shown in Fig. 4.2. By splitting the initial P-polarised pulse in
two, one output can be frequency doubled by passing it through aBarium Borate

(BBO) crystal of 50% conversion e ciency. This generates 1 (1054 nm) and 2 (527
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nm) channels which can both be divided again by a beamsplitter (BS), after which
one of each harmonic is passed through a half wave plate to gived@ polarisation
rotation, to produce 1! S and 2 S. The nal result is four laser pulses (henceforth
referredtoas 1S, I P, 2! S and 2 P) with uniquely distinguishable combinations
of wavelength and polarisation. To enable independent timing control of each of the
laser pulses a time delay slide is included along each beam path. A time delay stage
consists of two mirrors positioned 90 degrees to one another attached to a motorised
platform so that the path length to the mirrors can be extended or reduced as the
motorised platform moves. A change of 1 cm to the path length translates to a 33.3
ps change to the arrival of the probe pulse. The individual delay stages facilitate
both ne and coarse control of the intervals between imaging, providing exibility
to observe developments at arbritrary timesteps over a few picoseconds and at later
stages of the remnants of the interaction with larger steps of hundreds of picoseconds.
After the timing stages, the four encoded pulses are made co linear using a
multiplexer arrangement. The 1 S and 1 P pulses are spatially overlapped using a
polarising beamsplitter (PBS). These two pulses are then spatially overlapped with
the 2 S pulse viaa 1/2! dichroic beamsplitter (DBS). The nal optic in the system
for recombining is a non-polarising beam splitter (BS) which enables thé P pulse
to overlap with the other pulses. The co linear, temporally separated pulses are then
directed transversely, across the interaction of an intense laser pulse with a plasma,
as a single optical probe line. The transmitted probe light is then directed to the
demultiplexer external to the vacuum chamber, where the co linear probe pulses
are spatially split into four separate channels. Here the demultiplexer consists of a
dichroic beamsplitter and a pair of polarising beamsplitters which enables the pulses
to be split by wavelength and then by polarisation, spatially separating the four

individual pulses by their encoded keys.
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Figure 4.2  Schematic of the experimental set up within the vacuum chamber
where a high power pump laser pulse is focused into a gas target and a low intensity
probe pulse is passed through the internal multi channel system and the demultiplex
arrangement external to the chamber. The diagram details the optical system used
in the multi channel probe to generate the four uniquely encoded laser pulses, delay
them in time, spatially multiplex and then demultiplex after the interaction point
(object) to image the individual channels.

The initial design of the imaging system consists of a Normarski type interferom-
eter [21] by passing each pulse through a Wollaston prism and a polariser to produce
an interference pattern [22]. Each of the channels is then imaged into a separate
Andor Neo sCMOS camera. The use of interferometry is intended to give a direct time
resolved measurement of the evolving plasma electron density [94]. The multi-channel
probe system can be adapted for both interferometry and shadowgraphy.

In designing the optical set-up important considerations had to be made to ensure
the spatial and temporal resolution desired were optically achievable. To minimise
energy loss, the number of optics that each probe pulse was to travel through was
reduced. This consideration also included con guring the order of optics that splits the
probe pulse energy as equally as possible between each of the 4 probe channels, while

keeping the set-up compact. To ensure the spatial information between the channels
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were not easily exchanged, hence disrupting the temporal resolution, polarisation and
wavelength encoding parameters were chosen that were not closely related. This is a
limiting factor in extending the multi-channel encoding concept beyond four channels,
as quarter wave-plates and third harmonics would diminish the clarity between, and

imaging quality of, the probe channels.

4.3 Proof of concept

The new optical probing technique was rst tested in an intense laser plasma inter-
action experiment. The multi channel optical probe enables direct measurement of
the propagation of a relativistically intense laser pulse in a high density sub critical
[95] plasma medium during a single pump pulse interaction. The experiment was
performed at the Rutherford Appleton Laboratory, Oxfordshire, UK, using the Vulcan
Nd:Glass laser system in a dual short pulse beam con guration - one used for the
interaction and other for the probe. The probe beam used was picked o from the 20
cm diameter probe beam with a total energy of 30 J and a pulse duration of 1
ps. The resultant picked o probe beam was 2.54 cm in diameter with 480 mJ total
energy.

The intense laser plasma interaction was driven by a 1054 nm laser with 150 J
pulse energy and 20 ps duration at full width at half maximum (FWHM). The laser
pulse was focused to 5.6 m (FWHM) using an F/3 o0 axis parabola, reaching a
peak intensity of 1 10® W/cm?2. The laser pulse was focused to the centre of
a helium gas jet target, which was operated at pressures of up to 100 bar, reaching
electron densities of up tal  10?° cm 2 (0.1 n. [95)).

The optical probe was timed relative to this high intensity laser pulse using a

streak camera, as described in Chapter 2. Although the streak camera could reach
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sub 2 ps temporal resolution, the timing resolution between the optical probe and
the high intensity pulse was found to be 10 ps. This was due to jitter in the
electrical signal used to trigger the streak camera. The time delay for each pulse
was adjusted using a time delay slide which had 2 ns (60 cm) maximum range
of motion in a double pass con guration. A magnescale encoder was used with a
position accuracy of 10 m (30 fs). Initially all four optical probe pulses were
overlapped in time with the high intensity pulse and then moved in time to provide
measurements at de ned points in time during the interaction. As shown in Fig. 4.2,
a combination of transmissive and re ective optics were used, after the time delay
system, to achieve spatial overlap between the four pulses. This process resulted
in signi cant energy losses in some of the channels. The transmission through the
multiplexer was calculated to be 0.125; (1! S), 0.2%; (1! P), 0.06E; (2! S), and
0.0€E; (2! P), where E; is total input laser energy of the initial single probe pulse.
After the optical probe passed through the plasma and the individual pulses were
spatially separated in thedemultiplexer system, the remaining sections of the optical
probe were set up to act as a Normarski type interferometer for each of the pulses.
Although interferometry was tested and demonstrated to work during the experiment,
the reduction in signal caused by the introduction of a polariser and Wollaston
prism was found to reduce the signal-to-noise ratio, noise being predominantly self
emission, to an unacceptable level during high power laser shots. In future set ups
the temporal gating of the CCDs could be reduced to minimise the contributions
from self emission. The data and analysis presented in the following sections is
therefore limited to shadowgraphy measurements only. The eld of view of the optical
probe imaging system was 0:6 mm 0:5 mm with a resolution of 7 m at 1!
and 3.5 mat 2!, in both dimensions, and magni cation of 29, for each of the

channels.
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Fig. 4.3(a) 4.3(d) shows example measurements of the interaction of the intense
laser pulse with a helium gas target at a gas pressure@f= 99.7, 98.1, 95.1 and 41.1
bar respectively. From left to right in Fig. 4.3, each of the separate output channels
of the probe are shown for xed timings relative to the peak of the laser ¢f= 0, 12,
167 and 217 ps, respectively. In these images the temporal evolution of a laser driven
plasma channel is clearly observed. The formation of such a channel is expected
around the focal region due to the time averaged ponderomotive force [36, 96], which
acts to accelerate electrons away from regions of locally high intensity [23, 36]. This
depletion of electrons from the focal region results in an intensity dependent change in
the refractive index [97]. For the approximately Gaussian focal spot distribution used
in this experiment, the wings of the spatial intensity pro le of the laser propagate
faster in the plasma than the intense centre due to the higher electron density at edges
of the channel, resulting in a rapid self focusing of the beam [81]. The peak laser
intensity in this experiment is only slightly above thel:24 10'® W/cm ? relativistic
threshold for the 1.054 m wavelength used here. In this regard, the plasma electron
Lorentz factor is close to unity and so we expect ponderomotive self focusing e ects
to dominate at early times. However, given su cient ponderomotive self focusing,
relativistic e ects could play a role near the peak of the pulse [81].

The most salient point to be taken from these proof of concept measurements
is the observed variability in the channel evolution due to the large dependence on
initial conditions, despite there being only small uctuations in the laser and gas
target parameters. Across the three examples of repeated laser shots Fig. 4.3(a)
4.3(c) the average gas pressure (88 2) bar ( 2%) and the average laser energy
is (158 5)J( 3%). In this range we observe the early evolution of the channel
to change substantially. While in all cases there is a small region of plasma which

forms at early times and then rapidly evolves into a full channel within 12 ps, in Fig.
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Figure 4.3  Shadowgraphy measurements of each probe output channel from the
experiment for (&) E = 162.2 J,P =99.7 bar (b) E = 158.9 J,P =98.1 bar (c) E
=152.2 J,P =95.1 bar, and (d) E = 148.9 J,P = 41.1 bar. (e) Averaged half-angle
divergence of the plasma channel wall evolving at 0, 12, 167 and 217 ps measured
directly from the sets of images (a) (d).

4.3(a) and 4.3(c) we observe an earlier onset of the full channel. This variation in
the channel growth does not appear correlated with higher laser energy and plasma

density alone, as in Fig. 4.3(c) both of these parameters are lower than in 4.3(b)
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