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Abstract

The field of high-energy density physics explores the properties of matter at extreme
conditions, crucial for both astrophysical insights and in the pursuit of fusion energy.
However, the complexity of competing forces influencing material behaviour within
this regime necessitates experimental validation of theoretical models. One powerful
experimental technique capable of probing the equation of state is Thomson scattering.

This thesis investigates the use of Thomson scattering across diverse experimental
setups in the high-energy density regime. Bayesian inference techniques are employed
for inferring thermodynamic conditions from experimental observations. Firstly, the
feasibility of using Thomson scattering to discern in-flight conditions within inertial
confinement fusion implosions is presented. Spatially-integrated synthetic scattering
spectra are generated to infer information about the inhomogeneous compressed shell
under various adiabat capsule conditions. Secondly, a multi-messenger platform using
velocimetry and in situ angularly and spectrally resolved X-ray scattering is fielded to
measure the thermodynamic conditions and ion structure factor of warm dense mat-
ter silicon. The observed liquid scattering is used to infer the pressure, density and
temperature state without relying on equation of state models. In addition, the mea-
surements are sufficient to distinguish between and rule out some ion screening models.
Finally, temporally-resolved optical Thomson scattering is utilised to characterise tur-
bulent plasmas generated at two high-power laser facilities. These platforms aim to
understand magnetic-field generation and amplification to reconcile observations in the
universe. Perturbative heating effects induced by the Thomson probe are observed on
one platform, affecting the inferred conditions and influencing the mechanisms driv-
ing magnetic field amplification. The results from these experiments demonstrate the
power of Thomson scattering to benchmark theoretical modelling, in particular when

used in conjunction with alternate in situ diagnostics.
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Chapter 1

Diagnosing High Energy Density Matter

In times de ned by the urgent need to address the escalating threat of global warming,
with the planet inching closer to the critical threshold of 15 C, scientists face the chal-
lenge of devising sustainable, carbon-neutral methods for energy production. In pursuit
of this, attention has turned to harnessing natural processes such as ssion and fusion.
However, despite decades of dedicated research, the realisation of fusion energy remains
elusive, primarily due to the formidable obstacles inherent in generating and sustain-
ing the extreme conditions requisite for fusion reactions. This challenge has sparked
the expansion and training of a new generation of scientists in a multidisciplinary eld

known as high-energy density physics (HEDP).

1.1 High Energy Density Physics

High-energy density physics represents a captivating eld, encompassing plasma physics,
condensed matter physics and material science. At its core, this eld focuses on under-
standing material behaviour under extreme conditions, typically surpassing 100 GPa -
equivalent to 1® times the Earth's atmospheric pressure. Within this domain, tem-
peratures range from 1® 10°K (0:1 10%eV), and densities spanning 1 100 g=cm?.
These conditions push beyond the boundaries of the conventional frameworks of clas-
sical plasma physics or condensed matter physics. Instead, they give rise to a unique
amalgamation of traits, where materials exhibit characteristics of both condensed mat-
ter and plasma physics. This fusion of characteristics makes modelling HED matter
incredibly challenging, necessitating a deeper understanding through experimental vali-
dation and the development of innovative diagnostic techniques tailored to high-energy
density matter.

With the advent of high-power lasers, a laboratory-based exploration into extreme

1
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Figure 1.1: Phase diagram of matter in density-temperature space. The region de ned
as warm dense matter is highlighted in red in the centre. As shown, this regime can
be found at the centre of giant gas planets such a Jupiter (light blue line), and during
the implosion of an ICF capsule (green line). The phase-space trajectories of the Sun
and Jupiter trace the conditions from the outer to inner radii of the objects from left
to right. WDM is often characterised as 1 and 1. This means that common
approximations used in condensed matter (bottom right) or classical plasma physics
(top left) are not valid.

states of matter, such as those found in planetary interiors [1] or during asteroid im-
pacts [2], has been realised. The phase diagram shown in Figure 1.1 illustrates the
variety of conditions encapsulated within HEDP, and its applicability to many astro-
physical objects. This vast phase-space means that many competing physical forces
must be considered in understanding and predicting material behaviour under these
extreme conditions. Such complexity underscores the critical need for experimental
validation to complement theoretical models used in the pursuit of fusion energy [3, 4]
and for modelling planetary phenomena [5{8], where dynamic geophysics processes are

dominated by changes in solid- and liquid-state structure.
2
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However, achieving the extreme conditions characteristic of HEDP has demanded
not only monumental research e orts but also the development of specialised instru-
ments capable of diagnosing these exotic states. Many conventional diagnostics are
unable to probe matter that is either too hot or too dense. For instance, consider a
thermometer made of liquid mercury, which has a boiling point of 630 K. Within the
moderate temperatures ranges we are accustomed to on Earth 800 K), the relation-
ship between temperature and mercury's thermal expansion allows for a near-direct
temperature measurement. However, the “coldest' temperature encountered within the
realm of HEDP often exceeds 1000K, rendering such a conventional temperature
measurement ine ective.

Furthermore, an additional diagnostic challenge lies in the pursuit of accuracy.
Direct measurement of conditions is not always feasible, and instead, metrics with
appropriate dependencies must be utilised. The application of models to diagnostic
measurements, therefore, becomes indispensable for inferring conditions. However, the
implementation of these models introduces uncertainties, which are compounded by the
complexity of material behaviour in these extreme environments. Statistical method-
ologies must therefore be applied to these inferred conditions, with optimal approaches

often involving the integration of multiple in situ diagnostics.

1.1.1 Warm Dense Matter

The term warm dense matter (WDM) encapsulates the subset of high-energy density
material with near solid densities and temperatures between 1 and 10's of eV. Within
this regime, multiple forces compete to in uence the material's behaviour, rendering
standard simpli cations inadequate. Neither the ideal gas model, typically applicable
to classical plasmas at low densities, nor condensed matter theory, designed for under-
standing crystalline solids, can fully characterise WDM behaviour. The phase space of

WDM, highlighted in red in Figure 1.1, bears relevance to diverse phenomena, including

3
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planetary interiors [1, 9] and inertial con nement fusion [3, 10].

The warm dense matter regime is often characterised with several dimensionless
parameters, each playing a crucial role in shaping the experimentally observable prop-
erties. These parameters encompass the dominance of quantum e ects, the impact
of inter-particle coupling, and the interplay between collective and non-collective be-
haviours. To quantify the in uence of quantum e ects, the ratio of the electron's ther-

mal energy, kg Te, to its Fermi energy, Eg, is determined via the electron degeneracy

parameter,
kg Te
= : 1.1.1
Er (1.1.1)
Here, kg is the Boltzmann constant and the Fermi energy is expressed as,
Ep=—F=_— 372n ; 1.1.2
F = 2me -~ 2me e ( )

wherekg is the Fermi wavevector andne is the electron number density. In the regime
where 1, implying non-degenerate conditions, classical plasma physics can be
aptly applied, with electrons described by the Maxwell-Boltzmann distribution. Con-
versely, when 1, the electrons become fully degenerate, and their energy levels are
described by the Fermi-Dirac distribution.

The e ect of inter-particle correlations is estimated by a generalised coupling pa-

rameter,
_ hVaal
aa — .
hK al

(1.1.3)

which compares the mean kinetic energy of free (non-interacting) particldsg 5i, with

the mean energy due to interactiondVaai . For a charged-particle system in equilibrium
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these are given by,

WVaal = 7Q‘% , (1.1.4)

4 oRaa
Kai = =k Tg———; 1.1.5
a 2 B aF1:2( a) ( )

whereQj is the particle charge Raa = (3=4 n )1 is the mean inter-particle separation
andF;( a)isthe] th order Fermi-Dirac integral of the dimensionless chemical potential,

a= a=KkgTa. The electron-ion coupling parameter is de ned as [11],

i Fi=2( @)

ei = ?7F3:2( o (1.1.6)

The characteristic radius of the degenerate bulk of electrons near the ion is set by
the chemical potential. This can be related to the comparison of the mean number
density to the volume associated with the mean spatial extent of the wavefunction of

an individual particle,
3

Nga .
F]_:2( a) 25a7+al )

(1.1.7)

where the factor 25 + 1 accounts for spin statistics. The wavefunction of an individual

particle is given by the thermal de Broglie wavelength, 5, taken at a mean thermal
q___

speedvy, = kg Ta=ma,

2 2
Makg Ta

o<

(1.1.8)

a

In a degenerate plasmag ! 1 and hKKai ! 3EE5=5, whilst in a non-degenerate
plasma ! +1 andhKai! 3kgTa=2.

In warm dense matter ;; 1 and 1. This signi es a state where the plasma
iIs moderately coupled, exhibiting both long- and short-range order attributed to ion
correlations, similar to the behaviour of liquids. This contrasts with the behaviour of

ideal plasmas, where j 1, allowing atoms to be described solely by their isolated

5
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motions. In addition, the WDM plasma is moderately degenerate, necessitating the
simultaneous consideration of quantum and thermal e ects. Given these complexities,
it is paramount within the HEDP community to generate well characterised WDM
states in the laboratory. These experimental endeavours serve not only to validate
theoretical models but also to improve the understanding of material behaviour within

this exotic regime.

1.1.2 Inertial Con nement Fusion

One of the most captivating applications of high-energy density research is in the pursuit
of producing ‘clean’, or carbon-neutral, energy. This research aims to replicate the
fusion processes that fuel the Sun. While fusion is a naturally occurring process in
the highly pressurised core of the Sun, emulating these conditions on Earth within a
laboratory has proven to be a formidable challenge. This is in part due to both the
immense energy requirements and the complexity of material behaviour at such extreme
conditions.

For a fusion reaction to occur, as depicted in Figure 1.2, the two colliding atoms
must have su cient energy to overcome their Coulomb barrier. While the temperatures
within stellar cores often fall below the required energy, they are still su ciently hot for
atoms to quantum tunnel through the remaining energy barrier. However, this means
that the fusion e ciency, even within the core of the Sun, is relatively poor. The Sun's
core only generates 300 W=m3, which amounts to approximately a quarter of the heat
produced by a resting adult human [12]. While the sheer size of the Sun compensates
for its ine ciency, replicating these fusion processes on Earth necessitates substantially
higher e ciencies if it is to be used as a practical energy source. As illustrated in Figure
1.1, this means that laboratory-based fusion experiments generate conditions that are
hotter and denser than those within the Sun.

One method employed for producing this energy is known as inertial con nement

6
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Figure 1.2: Schematic of a fusion reaction between a deuteriugH, and tritium, 3H
atom. Once the Coulomb barrier has been overcome, the fusion reaction generates
17:6 MeV of energy, 80% of which is parted in the neutron (shown as a grey circle).

fusion (ICF). In this process, laser energy is focused onto very small spherical targets
(with diameters < 1mm), compressing them to 0:1 times their original size. As
illustrated in Figure 1.3, direct-drive ICF focuses laser beams uniformly onto the outer
surface of the target, inducing heating and ablation of the shell. To optimise this
process, the drive laser pulse is shaped to enhance the e ciency and symmetry of the
target compression. This is achieved using a "picket pulse' design, which consists of
a series of short laser pulses delivered before the main laser compression pulse [13].
To achieve ignition, the drive pressure must reach 10*GPa. However, a steep rise

at the beginning of the drive pulse would create a very strong shock, preheating the
fuel, increasing the shell entropy, and reducing the shell density, which would result
in a low nal pressure. Utilising initial picket pulses allows for a gradual increase in
pressure, preventing a large initial increase in entropy. The entropy increase across
a strong shock is proportional to P= 53, where P is the pressure jump and is

the pre-shock density. As the density increases due to multiple shock compressions, the
entropy increase diminishes, and the compression approaches an adiabatic compression.
Optimal shell compression is achieved when all shocks break out of the shell nearly
simultaneously, minimising decompression resulting from rarefaction waves launched at
each shock breakout. The use of multiple shocks has the additional bene t of reducing
the shell nonuniformity growth factor associated with Rayleigh-Taylor instabilities.

Due to momentum conservation, as the outer shell ablates, its inner surface begins
7
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Figure 1.3: Reproduced from Ref. [3]: Schematic of the four main stages of a direct-
drive inertial con nement fusion target implosion. (a) At early times the drive lasers
heat the outer surface (ablator) of the fusion target(b) The plasma begins to ablate
which, due to momentum conservation, causes the inner surface of the target shell
to accelerate inwards.(c) Once the main shock wave re ects from the target centre
the shell compression begins to decelerate. The shell's kinetic energy is converted into
thermal energy and the fusion fuel is compressed and heat€d) At peak compression,

a thermonuclear burn wave propagates outwards through the fuel from the formed hot-
spot until the target completely dis-assembles.

to accelerate inward, compressing the fusion fuel, typically deuterium and tritium (DT),
at the centre of the capsule. The greatest concern at this stage is the integrity of the
shell and the growth of instabilities. These e ects are, in part, dependent on the shell
adiabat, ¢, de ned as the ratio of the shell pressurePghg, t0 the Fermi-degenerate
pressure [14, 15]. For DT fuel, the adiabat is given by [3],
Pshei[Mbar]

n I
22 g=cm3

(1.1.9)
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The target compression continues and a "hot spot' is generated within the centre
of the capsule. The central hot spot is sustained by the capsule's own inertia for a
duration su cient to initiate fusion reactions. Energetic particles generated in these
reactions can spread into the outer layers of the target, triggering additional fusion
reactions, creating a self-sustaining thermonuclear burn. If this fuel burn yields more
energy than the laser energy used to compress the capsule, target ignition has been
achieved.

Con nement properties of an ICF capsule depend on the areal densit)® (where
R is the capsule radius), of the compressed shell and hot-spot. The areal density is
controlled by varying the entropy of the fuel, which is determined by the fuel adiabat.
For ignition to occur, a large enough areal density (low adiabaty; 0:2 0:5g=cm?, and
hot enough core, 5 12keV, are required [16, 17]. However, targets imploded on a low
adiabat are susceptible to hydrodynamic instabilities [18] that drive the rapid growth of
non-uniformities. Therefore, an important part of ICF research involves optimisation
of the target adiabat [19{21].

Experimental demonstration of ignition has only been realised in recent years [22],
though with direct-drive designs yet to witness this milestone [23]. This accomplish-
ment was the result of a series of mitigation strategies, complemented by diagnostic
techniques, including neutron and X-ray emission [24], and target development. The
design of inertial con nement fusion ignition targets requires radiation-hydrodynamics
simulations with accurate models accounting for fundamental material properties, such
as the equation of state, opacity, and conductivity. Validation of these models is re-
quired through experimentation. However, direct diagnosis of the physical properties of
dense plasmas produced in ICF implosions is limited due to the di culty in achieving
the required accuracy and spatial resolutions [10, 25, 26], essential for testing various

model predictions.
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1.1.3 Laboratory Astrophysics

A growing application of high-energy density and warm dense matter physics lies within
the eld of laboratory astrophysics. Telescopic observations of astrophysical objects
encounter many limitations [27, 28]. Consequently, the capability to replicate compa-
rable conditions within a controlled laboratory setting provides a wealth of additional
insights into plasma behaviour via the use of diagnostic probes. These insights can
subsequently be compared with numerical simulations, enhancing the understanding of
the underlying phenomena. Despite the vast size of the astrophysical objects, ranging
from hundreds of kilometres to many parsecs (3 10'3km), and their evolution-
ary timelines extending over billions of years, the intricacies of these phenomena can
still be e ectively replicated in a laboratory plasma, operating on length scales ranging
from a few microns to millimetres. This replicability is facilitated by the establish-
ment of scaling relationships that connect laboratory processes with their astrophysical
counterparts.

This scaling capability lies in the well-established principle that, in the absence
of dissipation, two systems with di ering length and time scales can be modelled by
the same governing equations [29]. Therefore, when the relevant dimensionless numbers
guantifying dissipation in the laboratory plasma, such as the Reynolds and Reclet num-
bers, adhere to the same asymptotic hierarchy as the astrophysical plasma of interest,
the experimental results become pertinent to their cosmic analogues [30].

As depicted in Figure 1.1, the conditions within planetary interiors, ranging from
the size of Jupiter and beyond, can be replicated in laboratory settings. This emula-
tion is realised through various means, including high-power laser facilities, z-pinches,
or the use of diamond anvil cells [31]. A signi cant focus of research revolves around
understanding the atomic composition and structure of planetary cores, which informs
planetary formation theories [9, 32, 33]. For example, one theory posits that at the
Immense pressures within Jupiter's core, hydrogen undergoes a transition to a metallic

10
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state [34]. The experimental demonstration of this phenomena has captured consider-

able scienti c interest, yet, to date, a reliable con rmation remains elusive [35{38].
Laboratory research on WDM therefore presents a myriad of applications for im-

proving our understanding of astrophysical bodies by exploring the behaviour of matter

under the extreme conditions that naturally occur throughout the universe.

1.2 Thesis Structure and Author Contributions

The research presented in this thesis is built upon the foundations laid by numerous
predecessors, re ecting the collaborative nature inherent in modern experimental sci-
ence. This section serves to outline the content of subsequent chapters while delineating
the speci c contributions of the author. All contributions and references to the work of
others are explicitly acknowledged both within this section and throughout the thesis.

Chapter 2 provides an overview of the relevant theoretical concepts employed through-
out the thesis, drawing from well-established material covered in various textbooks. The
primary diagnostic utilised throughout this research is Thomson scattering. Therefore,
this chapter aims to o er an understanding of the dependencies and challenges associ-
ated with the use of such a diagnostic. The demonstrative scattering spectra presented
in this chapter were generated by the author using the X-ray scattering (XRS) and
Optical Thomson Scattering (OTS) code developed by Professor Gianluca Gregori at
the University of Oxford.

The data analysis presented in the subsequent chapters are all the work of the
author. In many instances, the analysis makes use of the Markov Chain Monte Carlo
modelled developed by Dr. Muhammad Kasim and Dr. Sam Vinko at the University of
Oxford (detailed in Appendix B), alongside the aforementioned scattering models.

Chapter 3 presents research into the feasibility and e ectiveness of utilising an X-ray
scattering diagnostic on a direct-drive cryogenic fusion implosion. This work incorpo-

rates 1-D LILAC and 2-D DRACO cryogenic simulations provided by Dr. Duc Cao at
11
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the Laboratory for Laser Energetics (LLE). These simulations are integrated into the
SPECT3D code developed by Dr. Igor Golovkin and Dr. Tim Walton at Prism Com-

putational Sciences (detailed further in Appendix A). A novel methodology to isolate

scattering from speci ed regions is detailed, and was implemented into SPECT3D by
Dr. Walton. The SPECT3D simulations and subsequent analysis are the work of the
author.

Chapter 4 is the culmination of an extensive experimental campaign spanning several
years, conducted at the OMEGA-EP facility at LLE. The campaign was proposed and
overseen by Dr. Ryan Rygg and Dr. Sean Regan at LLE, with signi cant contributions
from a large group of scientists and technicians within the facility. The experimental
results presented in this chapter derive from two separate shot days. The rst was
conducted by Rahul Saha and Dr. Rygg, while the second was conducted remotely by
the author, with Mary Kate Ginnane working on-site to construct the PXRDIP targets.
The data analysis performed by the author employs the AnalyzePXRDIP code devel-
oped by Dr. Marius Millot at the Lawrence Livermore National Laboratory (LLNL),
and the Multi-Component Scattering Spectra (MCSS) published by Dr. David Chap-
man at the Atomic Weapons Establishment. The determination of pressure from the
MCSS structure, as detailed in Appendix C, builds on the work of Dr. Jan Vorberger
and Dr. Tobias Dornheim at Helmholtz-Zentrum Dresden-Rossendorf. The data analy-
sis was complemented by 1-D HELIOS simulations which were carried out by the author
using the Prism Computational Sciences software.

Chapter 5 provides a detailed exploration of a subset of the extensive collaboration
studying the turbulent dynamo (TDYNO) e ect. This collaboration is spearheaded
by Professor Petros Tzeferacos at the FLASH centre at the University of Rochester,
Professor Don Lamb at the University of Chicago, and Dr. Archie Bott and Professor
Gianluca Gregori at the University of Oxford. This chapter encompasses two experi-

mental shot days, one conducted by the author at the OMEGA laser facility at LLE,

12
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and the other at the National Ignition Facility (NIF), where the author acted as a
trainee responsible individual under the guidance of Dr. Steven Ross at LLNL. Anal-
ysis on the proton radiography to infer magnetic eld information was performed by
Dr. Bott and Dr. Richard Petrasso's research group at the Massachusetts Institute of
Technology. The optical Thomson scattering diagnostics were overseen by Dr. Joseph
Katz at OMEGA and Dr. George Swadling at the NIF. Furthermore, the implementa-
tion of instrument broadening in the OTS system is performed by the author using an
adaptation of the Thomson scattering analysis code developed by Dr. Colin Bruulsema
at LLNL. The X-ray emission analysis performed by the author builds on the work by
Dr. Jena Meinecke at Gettysburg College.

The thesis is concluded in Chapter 6 which provides a summary of the key ndings,
implications and contributions to the eld. A brief outline is provided with suggestions
for future research directions, identifying potential areas of inquiry that stem from the
ndings of this thesis. These suggestions pro er opportunities for further exploration

and expansion of the research domain.

1.3 Author Publications
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3. H. G. Rinderknecht, [...], H. Poole et al., Electron-beam-based Compton scattering
x-ray source for probing high-energy-density physicsPhysical Review Accelerators and

Beams 27, 034701 (2024)

2. H. Poole et al., A case study of using X-ray Thomson Scattering to diagnose the in-

ight plasma conditions of DT cryogenic implosions, Physics of Plasmas29, 072703
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Chapter 2

Thomson Scattering as a Probe for HED Matter

Understanding and predicting the behaviour of high-energy density matter, as outlined
in Chapter 1, is crucial across diverse elds, ranging from fusion research to astrophysics.
However, the development of accurate equation of state (EOS) models for these complex
conditions necessitates knowledge of fundamental system parameters, including electron
density, temperature and ionisation. One powerful tool for investigated HED matter is
scattering techniques, employing either particles or light. Light scattering experiments
illuminate the compressed matter with a narrow energy band of photons. Subsequently,
the scattered photons are captured either acrogsspace in a di raction experiment or

via a Bragg crystal, enabling the resolution of the frequency ¢space) power spectrum

at a nite scattering angle. The resulting spectrum yields valuable insights into the

atomic and electronic structure of the matter under scrutiny.

2.1 Scattering Power

Thomson scattering is the process by which an incident photon applies an electric eld
to an electron, causing it to oscillate and consequently emit radiation. This process is
frequently termed as elastic scattering, as the emitted photon matches the frequency of
the incident photon. While the designation "Thomson scattering' is commonly employed
within the HED eld to encompass all aspects of scattering experiments, it is essential
to note that it is not the exclusive contributor to a power spectrum.

In any scattering experiment, a fundamental consideration involves ensuring that the
probing electromagnetic radiation can e ectively propagate through the HED matter.

The ability of an incident photon to penetrate a plasma is dependent on whether its
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Figure 2.1: Schematic of the sources of scattering from a partially ionised plasma. The
incident photons can scatter elastically from electrons that are tightly bound to the
ionic core, known as Rayleigh scattering. They can inelastically Compton scatter from
free electrons resulting in red- and blue-shifted photons. A weakly bound electron can
be photoionised by a incident photon resulting in a red-shifted scattered photon.

frequency,! j, surpasses the plasma frequency,

| 2 :ezna:

= (2.1.1)

Due to its dependence omg,, the plasma frequency for electrons signi cantly exceeds
that for ions, ! pe ! pj. Consequently, when j <! pe, the incident wave experiences
strong damping and re ection. It is worth noting that the range of electron densities
that optical Thomson scattering (OTS) can e ectively probe is therefore limited in

comparison to X-ray Thomson scattering (XRTS).

For incident photons with an energy~! ; . 10keV, the probability of the radiation
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scattering in any direction is given by the Thomson cross section,
8
Th = ?r(%: 6:65 10 2°m?; (2.1.2)

whererg  e?=mec? is the classical electron radius. For energies beyond 10 keV, higher
order corrections given by the low-energy limit of the Klein-Nishina cross section must

be accounted for [39], #

~1;

KN= Th 1 2meC2+::: : (2.1.3)

This very small scattering cross section highlights the necessity for the incident radiation
to possess a su ciently large number of photons to yield an observable scattering signal.
In numerous scattering experiments carried out at facilities such as XFELs, the number
of scattered photons per experiment can be around the order of unity. In such instances,
it becomes imperative to conduct the experiment at a high repetition rate to accumulate
a su ciently robust signal at observable levels.

An illustration of the geometry in a scattering experiment is shown in Figure 2.1.
The incident radiation has a wave vectok; and frequency! ; It is scattered through
an angle 2 towards a distant detector with a wave vectorks and frequency! s. This

produces an observed shift in the wave vector and frequency given by,

k=ki Ks; (2.1.4)

I =1 lg: (2.1.5)

V
by the
k = —ism 1 ? (2.1.6)
where ; = 2 c=!; is the incident wavelength. The factor (1 ! Fz,e:! i2)1:2 = p.lis
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known as the dielectric permittivity. When'!; 've. p 1and is often disregarded
in equation 2.1.6.

The power spectrum for an incident beam of intensity; = ¢ oEi2:2, whereE; is
the energy of the beam, scattering from a homogeneous volume of plasvheontaining
a number of electrondNe = Vne is characterised per solid angle per unit frequency as

[40], |
© 2

@Ps _ 3 h, _ I s o
@@ 2 iP@: ) T NeS (k;!) : (2.1.7)

This power spectrum is dependent on the polarisation of the incident beam, de ned as,

1 1+cod2 Unpolarised

P@; )= (2.1.8)

W AW 00

1 sin2 co¥ Linearly polarised

It is important to note that the form of scattered power in equation 2.1.7 assumes the
incident radiation is monochromatic. In reality, all sources of electromagnetic radiation
have a nite bandwidth. Additionally, detectors used to measure the spectrally resolved
power spectrum have a nite frequency resolution, leading to further broadening of the
scattering spectrum. The coupling of these two factor is referred to as the source
function, ( !), which is convolved with the scattered radiation to give the observed

power spectrum,

@PIPY! s)

q@Ps(19
@ @% )

0
dr O 1 @b

(2.1.9)

(1) @Ps(!s)zzll

@ @k

2.2 Structure Factor

The factor S(k;! ) in equation 2.1.7 is known as the total electron dynamic structure.
It captures the fact that the scattered power is dependent on the ensemble average
of the spectral electron density. If the electrons within the system were completely

uniformly distributed there would be no net scattering of the beam, as each scattered
18
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eld component in one direction would always have an equal but opposite component
to cancel it. Whilst it is assumed the average electron density is uniform within the
scattering volume, on a nite sale the electrons are in fact uctuating. The scattering
components from these uctuations can combine constructively, giving rise to spectral
features. An approximation of the dynamic structure factor was derived by Chihara

[41] which breaks it down into three main scattering components,
S(k;!') = Spdk;! )+ Sgr (k;! )+ Spe(k;!): (2.2.1)

The rstterm accounts for the density correlations of electrons that are either bound

or dynamically follow the ions' motion,
Sk !) = ifi (k) + a(k)j®Sii (k;!): (2.2.2)

The bound electrons are represented by the ionic form factor of the coffe(k). The
Fourier transform of the electron screening cloud is given lagk), which here, represents
the response of the free electrons to the low-frequency uctuations of the ions. In many
X-ray scattering experiments the dynamic response of the ions cannot be resolved. In
such instances the ions can be approximated as static and the scattering on the time

scales of the ions is therefore assumed to be elastic,

Speki!) J fi(k)+ a(k)i%Si (k) (1) = Wr(Kk) (1): (2.2.3)

The factor Wi (k) is known as the Rayleigh weight and is the dominate term of interest
in X-ray diraction experiments with weakly-ionised warm dense matter conditions.

The static structure factor can be evaluated by the Fourier transform of the pair dis-
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tribution function, g;i (r),

Z
Si(k)=1+n; dre *T[gi() 1]: (2.2.4)

The pair distribution function represents the radially averaged distribution of inter-
atomic distances. The form of the ion-ion structure factor is therefore dependent on
the ionic interactions and conditions.

The second term in equation 2.2.1 gives the contribution to the scattering from the

high-frequency motion of the free electrons, which the ions are unable to respond to,

Ste (Ki!) = Zf SeelK;!): (2.2.5)

This free-free component, which scales with the ionisatiafy , can be considered as the
structure of an interacting electron gasSeg(K;! ), in which the ions are considered as
a static neutralising background. It gives rise to inelastic scattering features associated
with the collective and non-collective motion of the electrons.

The nal term in equation 2.2.1 corresponds to inelastic scattering due to Raman-
like transitions. This phenomenon arises when the incident photons excite tightly bound
electrons to the continuum, a process also referred to as "bound-free' transitions. It is
of particular interest in studies involving partially ionised systems [42]. However, it is
not considered in detail within the scope of this thesis.

To characterise the inelastic scattering features observed on a power spectrum it is
bene cial to compare the scale length interrogated by the incident beark,=2 = , to
the characteristic scale length for correlations between electrons. This comparison is

de ned as the scattering parameter [43],

1
= o (2.2.6)
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Figure 2.2: Evolution of the free-free inelastic scattering feature from the collective
to non-collective regime. In the > 1 regime, weakly damped plasmon scattering
features are observed. As the transition point = 1 is reached, both strongly damped
plasmon features and broadening attributed to non-collective scattering is observed. In
the < 1 regime, a broad Compton scattering feature is observed. These examples
were generated using a carbon sample with an ionisati@ = 4 and an incident probe

of Epp = 2:5keV.

where the electron screening length,s, is determined as,

V
_ lzﬁ nee2 F 1=2( e)

= — : 2.2.7
© s kg Te 0 F1=o( &) ( )

For non-degenerate and degenerate systems, this form returns the commonly known

Debye [44] and Thomas-Fermi [45, 46] screening lengths, respectively,

8 r—
% = okp Te - |
_ < De e Non-degenerate (e! 1 ) : (228

S — r
3 2 oF
T TE = #ee'; Degenerate (¢! +1)
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The e ect on the observed inelastic scattering features by changingis illustrated in
Figure 2.2.

Whilst the screening length can be determined analytically via equation 2.2.7, for
conditions such as those found in WDM plasmas an e ective temperatur&e , which
interpolates between the classical and degenerate regimes is often employed [47]. The
scattering parameter is therefore given by,

\L/J -
i f ene )

(2.2.9)

)

T N

T R .
1:3251 0:1779 rs

Te =" T+ (2.2.10)
where Tg = Ep=kg is the Fermi temperature andrs = Ree=ag is the ratio of average

inter-particle spacing to the Bohr radius,ag =4 g~2=€’me.

2.3 Collective Scattering

When the scattering parameter > 1, the power spectrum re ects the coherent scatter-
ing from the plasma, arising from the collective motion of the electrons. This collective
scattering can be categorised into two regimes, which are distinguished by the ions'

capability to respond to the electron motion.

2.3.1 Electron Plasma Wave

At high frequencies, wheré & ! pe, the ions are unable to respond to the rapid electron
motion. The observed scattering features are therefore dominated by the collective
response of the free electrons. The spectrum exhibits resonances at the characteristic
frequency of the wave-like uctuations in the electron density, commonly referred to as
electron plasma waves (EPW), plasmons or Langmuir waves [48]. The position of this

resonance is governed by the plasmon dispersion relation, which, in the classical limit
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Figure 2.3: Comparison of the collective free-free scattering feature arising from res-
onance of the electron plasma waves(a) Dependence on electron density for xed
Te=10¢eV. (b) Dependence on electron temperature for xede = 1023cm 3.

( 1), follows the Bohm-Gross dispersion relation [49],
L 2w ="! pet 3KAVE, ; (2.3.1)

q_—
wherevy, = kg Te=me is the mean thermal speed of the electrons. In the regime of
weak degeneracy (1), this relation evolves, as demonstrated by Thielet al. in
Ref. [50], to,

~k2! 2

1 2w="5e+3kVf 1+0:08%e 3 + (2.3.2)

2me
As illustrated in Figure 2.3, the dominance of I%e(/ Ne) in determining the position of
the EPW resonance is evident. The width of the peaks, re ecting the extent of Landau
damping, is heavily in uenced by the electron temperature.

In instances where both the red- and blue-shifted plasmon peaks are resolved, an
alternative method for determining the electron temperature emerges. This method is

independent of a detailed formulation of dissipative processes within the system and is
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referred to as the detailed balance relationship [51],

" #
S(k:!) ~1

sSCk ) P kTe

(2.3.3)

For an isotropic and homogeneous syster®( k; !') = S(k; !). This relationship
highlights the higher propensity for electrons to acquire energy during the scattering
process. The availability of lower-energy electron states is comparatively constrained,

especially in the context of degenerate plasmas.

2.3.2 lon-acoustic Wave

In many X-ray Thomson scattering experiments, the ions are frequently treated as

static, allowing for a simpli ed approximation to the ion-ion structure factor [52],

Sii (k;1)  Sii(k) (1) (2.3.4)

This assumption implies that all scattering within the time scales of the ions is consid-
ered elastic. Such a scenario often arises due to the broad source function prevalent in
most XRTS experiments. However, in cases where an exceptionally narrow X-ray [53]
or optical probe [54] is employed, it becomes possible to resolve the collective behaviour
of the ions.

In the low-frequency regime,! !'pi, the scattering spectrum results primarily
from the Doppler shift due to scattering from electrons that are screening the ions.
These scattering features are known as ion-acoustic waves (IAW) and re ect the ion
velocity distribution. The resonance associated with these waves occurs at the ion-
acoustic frequency, which, in the weak electron-ion coupling limiZTe  T;j), is given

by [55],

\
kﬁ ZkBTe+3kBTi .

(2.3.5)
mj 1+ k2 2

jaw — : ac
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Figure 2.4: lon-acoustic scattering features for carbon witd; = 4, ne = 1021cm 3,

i = 263:25nm (a) Shows the variation with electron temperature for a xedT; =
100eV. (b) Variation with ion temperature for a xed Te = 200€V. (c) Variation with
bulk velocity, vy, for a Cf<ed TeandT;. (d) Variation with drift velocity, vq, for a xed

Te and Tj wherevy, = kg Te=me.

If ZTe < 3T; then the ion-acoustic resonance is strongly damped and typically not
resolved. Figures 2.4(a) and (b) illustrate that in instances where the plasma ionisation
is known, the frequency shift of the IAW features is roughly dependent on the electron
temperature, while their width correlates with the ion temperature.

If a plasma exhibits a bulk velocity,vy, relative to the scattering wavevector, the

observed IAW frequency undergoes an additional Doppler shift,
I =1

'ac k Vp - (236)
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The e ect of this frequency shift is illustrated in Figure 2.4(c).

The nal dependence of the ion-acoustic features arises from the relative drift of
electrons and ions [55]. The emergence of resonant oscillations, such as ion-acoustic
waves, within a plasma, is constrained by electron and ion Landau damping. The
degree of damping is directly proportional to the gradient of the velocity distribution
functions, assessed at the phase velocity of the waves. When there is a relative drift
in the electron velocity, vq, with respect to the ions, it alters the phase velocity of
the waves, consequently diminishing the damping e ect on the red- or blue-shifted ion-
acoustic peak. In Figure 2.4(d), the impact of no relative drift between electrons and

ions is compared to scenarios with positive and negative drifts.

2.4 Non-collective Scattering

The non-collective scattering regime is characterised by 1. In this regime, the
incident probe undergoes scattering due to the motions of individual particles, as the
length scale probed is smaller than the characteristic screening length. The free-free
scattering features, as illustrated in Figure 2.5, re ect the shape of the momentum
distribution.

The scattered frequency experiences a Doppler shift from the incident frequency by
an amount! non-col» Which is proportional to the component of the electron velocity in
the direction k. This frequency shift arises as a result of two contributions. Firstly, as
the electrons observe the incident probe at a Doppler-shifted frequenty= !, k;

v, and secondly due to the electron's velocity component in the observer's direction.
Consequently, the frequency shift of a scattered photon by a free electron is given by,
k2

non-col = 5— K v (2.4.1)

|
' 2Me

The rst term in equation 2.4.1 arises from the transfer of momentum during the
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Figure 2.5: Free-free scattering features in the non-collective regime for carbon with
Z¢ =4 and an incident probe with a photon energyEpy = 4keV (a) Variation with
electron density for a constantTe = 10eV. The peak of the inelastic feature is given
by the Compton shift ! = ~k2=2me. (b) Variation with electron temperature for a
constantne = 1023cm 3. The scattering from degenerate and non-degenerate systems
are shown as dashed and solid lines, respectively.

scattering process (recoil e ect), which induces the Compton downshift in the scattered
radiation. Consequently, non-collective scattering is commonly identi ed as Compton
scattering. Given thatk is dependent onl pe, as demonstrated in equation 2.1.6, for a
xed probe and scattering angle, the Compton downshift is therefore dictated by the
electron density.

The second term accounts for the Doppler e ect and gives rise to the scattering
spectrum's dependence on the electron momentum distributioh{p). For a system in
thermal equilibrium the distribution function is given by either the Fermi-Dirac [56, 57]

or Maxwell-Boltzmann distributions,

8
2 /2
Eexp 2B Maxwell-Boltzmann (Non-degenerate)
f(p)/ etB Te . (2.4.2)
(P) 5 . 1 ,
exp z%ekpBFTe +1 Fermi-Dirac (Degenerate)
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wherepg = ~kg is the Fermi momentum. For a degenerate system, the width of the
spectrum is therefore proportional to the Fermi velocityvg = ! 2EF =me and hence
ntla:?’. In a non-degenerate plasma, the Compton scattering spectrum will re ect a
Maxwell-Boltzmann distribution, and the width will therefore yield a measurement of

the electron temperature.
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Chapter 3

X-ray Thomson Scattering for Fusion Capsule Diagnostics

The content within this chapter is based on \A case study of using x-ray Thomson
scattering to diagnose the in-ight plasma conditions of DT cryogenic implosions",

Physics of Plasmas 25, 072703 (2022), Poefeal. [58].

3.1 Introduction

As outlined in Section 1.1, the theoretical modelling of the extreme matter properties
reached during the implosion of an inertial con nement fusion capsule is a challenging
task. This stems from the need to incorporate a quantum mechanical treatment of
degenerate electrons, alongside considerations of moderately strongly-coupled ions and
intricate many-particle correlations [4, 59{61]. The uncertainty in the equation of state
within this regime results in unveri ed calculations for transport properties, ionisation
balance, and energy and temperature equilibration [62{66]. Consequently, experimental
validation is vital for benchmarking and developing models that can be integrated into
radiation hydrodynamic codes which are utilised for ICF capsule design.

Over the past couple of decades, concerted e orts have been directed towards the
development of new diagnostics capable of resolving isolated regions within the im-
ploding capsule. Multi-keV spectrally resolved X-ray Thomson scattering (XRTS) is
one of these techniques [51, 67, 68]. This chapter details the case study investigating
the feasibility of deploying such a diagnostic in ICF implosion experiments conducted
at OMEGA. The analysis is performed by constructing synthetic, spatially integrated,
spectra using the collision-radiative code SPECT3D [69], including the X-ray scattering
simulator [70], which is a post-processor of the radiation hydrodynamic codes LILAC

[71] and DRACO [72].
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3.2 Previous Work

The rst experimental observation of non-collective, inelastic X-ray scattering from
shocked liquid deuterium is discussed in Ref. [25]. This demonstrated the ability to
infer critical parameters such as the electron temperature, ionisation and electron den-
sity from the elastic (Rayleigh) and inelastic (Compton) components in the scattering
spectra in ICF dense matter. However, the scattering data lacked spatial information,
and the subsequent analysis failed to isolate contributions from distinct regions.

Spatial temperature and ionisation pro les were determined from a near-solid den-
sity foam using a collimated X-ray beam in Ref. [73]. Using the Imaging X-ray Thomson
Spectrometer at the OMEGA laser facility [74, 75], this study determined the temper-
ature and ionisation states along multiple positions along the ow axis of the carbon
foam. Overall good agreement was found between the experimental data and theo-
retical predictions with the exception of the high-temperature, low-density rarefaction
region of the blast wave.

Simultaneous collective and non-collective scattering data for dynamically com-
pressed deuterium was collected in Ref. [76] using the 2keV Si Lyline. Focusing
on compression states with= o 2:8 4:05, this study employed VISAR shock veloc-
ity measurements to determine mass density, guided by current equation of state (EOS)
data. This diagnostic integration enabled a more re ned parameter space restriction
when determining ionisation from the XRTS data.

To date, successful experiments at the OMEGA laser facility have provided valuable
insights into the conditions of spherical CH implosions [77, 42]. However, no endeavour
has yet been undertaken to deploy an XRTS diagnostic on a laser direct-drive ICF
implosion of a layered, cryogenic deuterium-tritium (DT) spherical target. In addition,
direct measurements of the fuel adiabat (as de ned in equation 1.1.9) and densities
are not yet achievable, instead they are inferred from the neutron yield and X-ray

self-emission [78, 79]. To assess the feasibility of using XRTS, this work focuses on
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generating and analysing X-ray scattering data obtained from ICF targets with varying
adiabats.

The primary objective of this research was to resolve the in- ight conditions of the
DT fuel. This timing is typically de ned as when the ablation surface reaches two-
thirds of the initial gas radius, Rapjation surface=Rvapor;initial = 2=3. During this time,
Rayleigh-Taylor instabilities are growing on the outer shell surface due to inherent
target and laser non-uniformities. One concern as the capsule approaches the end of
its acceleration phase is ensuring the integrity of the shell structure. Developing a
diagnostic capable of inferring the density and temperature of the shell during this

critical stage therefore holds signi cant value for informing future capsule designs.

3.3 Proposed Experimental Setup

As detailed in Chapter 2, X-ray Thomson scattering is a powerful diagnostic tool used
to determine plasma conditions when their densities exceed the critical density =
ome! 2=€, of optical probes. However, due to its low scattering cross-section, the rst
consideration when proposing an XRTS experiment is ensuring the scattered signal can
be observed above background noise. For a probe laser, with enegy, incident on a
foil backlighter, generating X-rays with an e ciency , the total number of photons

in the free-free (inelastic) scattering featureNgcatt, can be estimated as [51]

! N
E\L y plasma Ne Th ) (3.3.1)

Nscatt = 4 att m

where ait is the attenuation of the probe X-rays through the dense plasma,pjasma
is the solid angles subtended by the plasma, is the scattering parameter (equation
2.2.6) and’ is the path length of the photons through the plasma.

For the in- ight plasma conditions investigated, the scattering fraction,ne 1, IS

approximately equal to 10 4, where representative values for the compressed shell have
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Figure 3.1: A sketch of the proposed experimental setup, with a laser of enefgy in-
cident on a backlighter target, producing X-rays with a conversion e ciency of x. The
scattering X-rays are shown incident on the 3-D inferred density pro le from SPECT3D
using the 1-D simulation data produced by the LILAC code. Schematic of the scat-
tering events, recorded on the detector by SPECT3D, from di erent zones throughout
the implosion are shown. The scattering geometry is demonstrative and not drawn to
scale.

been taken amne 10°3cm 3and® 75 m. This small scattering fraction presents
a challenge when elding XRTS on a cryogenic implosion due to the signi cant self-
emission from the plasma.

A key benet of elding XRTS as a plasma diagnostic is that it has two distinct
scattering regimes, the collective and the non-collective. In the non-collective regime,
the scattered power spectrum re ects the electron velocity distribution, making it sen-
sitive to Te. In contrast, the collective scattering regime re ects the collective motion of
the electrons, which provides information ome. Designing an experiment where both
regimes are recorded can therefore reduce uncertainty on the inferred conditions.

To model the X-ray emissivity, a 1 kJ laser with a 10 ps pulse and a source diameter
of 50 m is assumed to be incident on a backlighter foil, producing a Gaussian X-ray
source. The conversion e ciency is estimated asxy = 0:01% [80], and the spectral
spread of the X-rays have a full width at half maximum (FWHM) of 10eV. The
backlighter foil is placed 05 cm away from the imploding target. Such a close backlighter
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