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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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Phase diagram of matter in density-temperature space. The region defined
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 I' ~ 1 and © ~ 1. This means that common approximations
used in condensed matter (bottom right) or classical plasma physics (top
left) are not valid. . . . . . ... oo
Schematic of a fusion reaction between a deuterium, 2H, 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
asagreycircle). . ...
Reproduced from Ref. [3]: Schematic of the four main stages of a direct-
drive inertial confinement 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 reflects 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 heated. (d) At peak compression, a ther-
monuclear burn wave propagates outwards through the fuel from the formed
hot-spot until the target completely dis-assembles. . . . . .. .. ... ..

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 pho-
tons. A weakly bound electron can be photoionised by a incident photon
resulting in a red-shifted scattered photon. . . . . . . ... ... ... ..
Evolution of the free-free inelastic scattering feature from the collective to
non-collective regime. In the a > 1 regime, weakly damped plasmon scat-
tering 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 o < 1 regime, a broad Compton scat-
tering feature is observed. These examples were generated using a carbon
sample with an ionisation Zy = 4 and an incident probe of Ej;, = 2.5keV.

Comparison of the collective free-free scattering feature arising from reso-
nance of the electron plasma waves. (a) Dependence on electron density
for fixed T, = 10eV. (b) Dependence on electron temperature for fixed
Ne = 102 em™3.
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3.2 Scattering parameters, «, as calculated for the densest zone in the com-
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a <1, scattering. . . . . . . Lo 33

3.3 (a) Simulated design for a target with an in-flight adiabat of 2.8. The target
is compressed with the laser profile shown in (b). (c) Density and electron
temperature conditions in the ICF implosion across the shock wave (propa-
gating to the left) when Raplation surface/RVapor, initial = 2/3, T = 2215 ps, as
determined by the LILAC code for the target. The scattering contributions
from the DT in the unshocked fuel (DT Gas), compressed shell (DT Shell)
and coronal plasma (DT Plasma) have been isolated and compared to the
fully integrated spectrum. For a 2keV probe, the contribution from each
region of the plasma to the overall scattering spectrum is shown for both
the forward (40°), (d), and backward (120°) scattering regime, (e). The
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Chapter 1

Diagnosing High Energy Density Matter

In times defined by the urgent need to address the escalating threat of global warming,
with the planet inching closer to the critical threshold of 1.5°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 fission 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 field

known as high-energy density physics (HEDP).

1.1 High Energy Density Physics

High-energy density physics represents a captivating field, encompassing plasma physics,
condensed matter physics and material science. At its core, this field focuses on under-
standing material behaviour under extreme conditions, typically surpassing 100 GPa -
equivalent to 105 times the Earth’s atmospheric pressure. Within this domain, tem-
peratures range from 103 — 103 K (0.1 —10%¢V), and densities spanning 1 — 100 g/cm?3.
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 defined
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 I' ~ 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 efforts 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 (~ 300 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 ~ 1000 K, rendering such a conventional temperature
measurement ineffective.

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 influence the material’s behaviour, rendering
standard simplifications 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 confinement 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 effects, the impact
of inter-particle coupling, and the interplay between collective and non-collective be-
haviours. To quantify the influence of quantum effects, the ratio of the electron’s ther-

mal energy, kgT,, to its Fermi energy, Ep, is determined via the electron degeneracy

parameter,
kpT,
©=1"8¢ (1.1.1)
Ep
Here, kp is the Boltzmann constant and the Fermi energy is expressed as,
k% K2 2/3
Ep=—=L = 2 1.1.2
F 2me  2me ( m ne) ’ ( )

where kp is the Fermi wavevector and n, 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 effect of inter-particle correlations is estimated by a generalised coupling pa-

rameter,
(Vaa)
(Ka)

Toq = (1.1.3)

which compares the mean kinetic energy of free (non-interacting) particles, (K,), with

the mean energy due to interactions, (V). For a charged-particle system in equilibrium
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these are given by,

__ @
(Vaa) = ArcoRug | (1.1.4)
3 F3/2(7a)

where () is the particle charge, Ryq = (3/ 47ma)1/ 3

is the mean inter-particle separation
and F(nq) is the jth order Fermi-Dirac integral of the dimensionless chemical potential,

Na = ta/kpTy. The electron-ion coupling parameter is defined as [11],

[ ]:1/2(776)
r, — -2 1.1.6
Z Fapale) (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,

o, (1.1.7)

where the factor 2s, + 1 accounts for spin statistics. The wavefunction of an individual

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

speed vy, = /kpTa/ma,
27h?
Ag = | ————. 1.1.
“ makBTa ( 8)

In a degenerate plasma 7, — —oo and (K,;) — 3FEp,/5, whilst in a non-degenerate
plasma 7, — 400 and (Kg) — 3kT,/2.

In warm dense matter I';; ~ 1 and © ~ 1. This signifies a state where the plasma
is 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 I';; < 1, allowing atoms to be described solely by their isolated
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motions. In addition, the WDM plasma is moderately degenerate, necessitating the
simultaneous consideration of quantum and thermal effects. 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 Confinement 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 sufficient energy to overcome their Coulomb barrier. While the temperatures
within stellar cores often fall below the required energy, they are still sufficiently hot for
atoms to quantum tunnel through the remaining energy barrier. However, this means
that the fusion efficiency, even within the core of the Sun, is relatively poor. The Sun’s
core only generates ~ 300 W/ m?, 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 inefficiency, replicating these fusion processes on Earth necessitates substantially
higher efficiencies 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 confinement

6
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Figure 1.2: Schematic of a fusion reaction between a deuterium, 2H, 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).

‘He + 3.5 MeV

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 efficiency 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 final pressure. Utilising initial picket pulses allows for a gradual increase in
pressure, preventing a large initial increase in entropy. The entropy increase across

5/ 3 where AP is the pressure jump and p is

a strong shock is proportional to AP/p
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 benefit 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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(a) Early time (d) Peak compression
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Figure 1.3: Reproduced from Ref. [3]: Schematic of the four main stages of a direct-
drive inertial confinement 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 reflects 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 heated. (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 effects are, in part, dependent on the shell
adiabat, af, defined as the ratio of the shell pressure, Py, to the Fermi-degenerate

pressure [14, 15]. For DT fuel, the adiabat is given by [3],

Pgpen[Mbar]

o~ 2 (p [g/cngs/s .

(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 sufficient 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.

Confinement properties of an ICF capsule depend on the areal density, pR (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 adiabat), > 0.2—0.5 g/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 confinement 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 difficulty 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 field 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 x 10 km), and their evolution-
ary timelines extending over billions of years, the intricacies of these phenomena can
still be effectively 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 differing length and time scales can be modelled by
the same governing equations [29]. Therefore, when the relevant dimensionless numbers
quantifying dissipation in the laboratory plasma, such as the Reynolds and Péclet 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 significant 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 scientific interest, yet, to date, a reliable confirmation 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, reflecting the collaborative nature inherent in modern experimental sci-
ence. This section serves to outline the content of subsequent chapters while delineating
the specific 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 offer 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 effectiveness 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 specified 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 significant 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 first 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) effect. 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,
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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 field 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 findings,
implications and contributions to the field. A brief outline is provided with suggestions
for future research directions, identifying potential areas of inquiry that stem from the
findings of this thesis. These suggestions proffer opportunities for further exploration

and expansion of the research domain.
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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 fields, 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 across k-space in a diffraction experiment or
via a Bragg crystal, enabling the resolution of the frequency (w-space) power spectrum
at a finite 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 field
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 field 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 effectively propagate through the HED matter.

The ability of an incident photon to penetrate a plasma is dependent on whether its
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Compton scattering

from free electrons

Rayleigh scattering from
tightly bound electrons

\ Quasi-elastic scattering
®

associated with ion motion

(ion-acoustic wave)

ki Bound-free scattering .

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, w;, surpasses the plasma frequency,

wz o €2na

pa —

(2.1.1)

€Ma

Due to its dependence on mg, the plasma frequency for electrons significantly exceeds
that for ions, wpe > wy;. Consequently, when w; < wpe, the incident wave experiences
strong damping and reflection. It is worth noting that the range of electron densities
that optical Thomson scattering (OTS) can effectively probe is therefore limited in
comparison to X-ray Thomson scattering (XRTS).

For incident photons with an energy fw; < 10keV, the probability of the radiation
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scattering in any direction is given by the Thomson cross section,

8
JTh::?;r%::665><10_29n9, (2.1.2)
where g = e2 / 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],

OKN = OTh

1—2m%+”w. (2.1.3)

MeC?
This very small scattering cross section highlights the necessity for the incident radiation
to possess a sufficiently 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 sufficiently 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 vector k; and frequency w; It is scattered through
an angle 260 towards a distant detector with a wave vector kg and frequency ws. This

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

k =k; — ks, (2.1.4)

W=w; — Ws . (2.1.5)
The scale length accessed by the probe is given by the wave number shift k£ = |k|,

47 w2
k=-—sinf,|1 — £ 2.1.6

where \; = 2mc/w; is the incident wavelength. The factor (1 — wge/wzz)l/ 2 = ¢p, is
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known as the dielectric permittivity. When w; > wpe, ep = 1 and is often disregarded
in equation 2.1.6.

The power spectrum for an incident beam of intensity [; = ceOEi2 /2, where Ej is
the energy of the beam, scattering from a homogeneous volume of plasma ) containing
a number of electrons N = Vne is characterised per solid angle per unit frequency as

[40],
0NOws 27

2
1P (26, 0) <‘“S> NeS (k,w) . (2.1.7)

Wi

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

% (1 + cos? 20) Unpolarised

P (20,¢) = (2.1.8)

1 — sin? 26 cos? ¢ 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 finite bandwidth. Additionally, detectors used to measure the spectrally resolved
power spectrum have a finite frequency resolution, leading to further broadening of the
scattering spectrum. The coupling of these two factor is referred to as the source
function, ¥(w), which is convolved with the scattered radiation to give the observed
power spectrum,

02 P9 (wy)

() * 92 P, (ws
00wy 000wy

) = /_OO dw'S(w — w’)a2p5<w/)

00w’

(2.1.9)

2.2 Structure Factor

The factor S(k,w) 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
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field 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 finite sale the electrons are in fact fluctuating. The scattering
components from these fluctuations 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,w) = Sbb(k,w) +Sff(k,w) +Sbf(k,w) . (2.2.1)

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

or dynamically follow the ions’ motion,
Spo(k, w) = |£i(k) + q(k)[*Sii(k,w). (22.2)

The bound electrons are represented by the ionic form factor of the core, f;(k). The
Fourier transform of the electron screening cloud is given by ¢(k), which here, represents
the response of the free electrons to the low-frequency fluctuations 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,
Spp(k, w) & | fi(k) + q(k)[*Sii (k) (w) = Wr(k)d(w). (2.2.3)

The factor Wg(k) is known as the Rayleigh weight and is the dominate term of interest
in X-ray diffraction 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;;(r),
Sii(K) = 1+ n; / dre~ T [g.(r) — 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,
Sff(k,w) = ZfSee(k’w) . (2.2.5)

This free-free component, which scales with the ionisation Z, can be considered as the
structure of an interacting electron gas, See(k,w), 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 final 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
beneficial to compare the scale length interrogated by the incident beam, k = 27/\, to
the characteristic scale length for correlations between electrons. This comparison is

defined as the scattering parameter [43],

a=—) (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 a > 1 regime, weakly damped plasmon scattering
features are observed. As the transition point o = 1 is reached, both strongly damped
plasmon features and broadening attributed to non-collective scattering is observed. In
the a < 1 regime, a broad Compton scattering feature is observed. These examples
were generated using a carbon sample with an ionisation Zy = 4 and an incident probe
of Epj, = 2.5keV.

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

1 J nee? F_1/2(7e) (2.2.7)

Ke = ~— = .
s kpTeeo ~7:1/2(7Ie)

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

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

ADe = \/% Non-degenerate (7. — —o0)
A = e . (2.2.8)

2¢0ER

Bnc Degenerate (1, — +00)

ATF =
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The effect on the observed inelastic scattering features by changing « is 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 effective temperature, Tog, which
interpolates between the classical and degenerate regimes is often employed [47]. The
scattering parameter is therefore given by,

A e2ne

_ 2.2.9
“ Amsind \ eokpTog ( )

2
Ir
Togg = 1| T2 2.2.10
eff J @+<1.3251—0.1779,/—rs> ’ (2:2.10)

where Tp = Ep/kp is the Fermi temperature and rs = Ree/ap is the ratio of average

inter-particle spacing to the Bohr radius, ag = 47Teoh2 / e2me.

2.3 Collective Scattering

When the scattering parameter o > 1, the power spectrum reflects 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.

2.83.1 FElectron Plasma Wave

At high frequencies, where w 2 wpe, 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 fluctuations 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 fixed

T. = 10€V. (b) Dependence on electron temperature for fixed ne = 10%3 cm ™3,
(© > 1), follows the Bohm-Gross dispersion relation [49],
Why = wae + 3k%0F, (2.3.1)

where vy, = /kTe/me is the mean thermal speed of the electrons. In the regime of

weak degeneracy (© ~ 1), this relation evolves, as demonstrated by Thiele et al. in

Ref. [50], to,

hk2 2
Sow = Whe + 3707, (14 0.088n,A2) + ( ) . (2.3.2)

w
epw 2m€

As illustrated in Figure 2.3, the dominance of w%e(oc ne) in determining the position of
the EPW resonance is evident. The width of the peaks, reflecting the extent of Landau
damping, is heavily influenced 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],

(2.3.3)

For an isotropic and homogeneous system, S(—k, —w) = S(k, —w). 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.

2.8.2 lon-acoustic Wave

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

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

Sii(k,w) ~ S;; (K)d(w) . (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, w < wy;, 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 reflect the ion
velocity distribution. The resonance associated with these waves occurs at the ion-
acoustic frequency, which, in the weak electron-ion coupling limit (Z7¢ > T;), is given

by [55],

ZkgTe + 3kpT;
m; (14 k2A2)
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Figure 2.4: Ion-acoustic scattering features for carbon with Zy = 4, ne = 1021 em =3,
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A;j = 263.25nm (a) Shows the variation with electron temperature for a fixed T; =
100eV. (b) Variation with ion temperature for a fixed Te = 200eV. (c) Variation with
bulk velocity, vy, for a fixed T, and T;. (d) Variation with drift velocity, vq, for a fixed

Te and T; where vy, = \/kgTe/me.

If ZT, < 37T; 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 TAW frequency undergoes an additional Doppler shift,

AWZWQC—k‘Vb.
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The effect of this frequency shift is illustrated in Figure 2.4(c).

The final 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 effect 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 o < 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, reflect the shape of the momentum
distribution.

The scattered frequency experiences a Doppler shift from the incident frequency by
an amount wy o1, 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 frequency ' = w; — 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,

hik?
Wnon-col — —% + k-v. (241)
e

The first 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 energy E,, = 4keV (a) Variation with
electron density for a constant T, = 10eV. The peak of the inelastic feature is given
by the Compton shift Aw = —%k?/2me. (b) Variation with electron temperature for a
constant ne = 1023 cm 3. The scattering from degenerate and non-degenerate systems
are shown as dashed and solid lines, respectively.

scattering process (recoil effect), which induces the Compton downshift in the scattered
radiation. Consequently, non-collective scattering is commonly identified as Compton
scattering. Given that k is dependent on wpe, as demonstrated in equation 2.1.6, for a
fixed probe and scattering angle, the Compton downshift is therefore dictated by the
electron density.

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

or Maxwell-Boltzmann distributions,

22
exp (%) Maxwell-Boltzmann (Non-degenerate)

f(p) . (24.2)

2.2 -1
[exp <2anelfBFTe) + 1} Fermi-Dirac (Degenerate)
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where pp = hkp is the Fermi momentum. For a degenerate system, the width of the
spectrum is therefore proportional to the Fermi velocity, vp = /2Ep/me and hence
né/ 5 na non-degenerate plasma, the Compton scattering spectrum will reflect 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-flight plasma conditions of DT cryogenic implosions”,

Physics of Plasmas 25, 072703 (2022), Poole et al. [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 confinement 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 unverified 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 efforts 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 first 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 profiles 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 flow 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 Ly-a line. Focusing
on compression states with p/pg ~ 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 refined 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 defined 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-flight conditions of the
DT fuel. This timing is typically defined as when the ablation surface reaches two-
thirds of the initial gas radius, Raplation surface/ FoVapor, 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 significant 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, n, =
eomew2 / 62, of optical probes. However, due to its low scattering cross-section, the first
consideration when proposing an XRT'S experiment is ensuring the scattered signal can
be observed above background noise. For a probe laser, with energy E7,, incident on a
foil backlighter, generating X-rays with an efficiency 7,, the total number of photons

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

Er Qplausmau neoThl
N, = | — —_ — 3.1
scatt ( h 7736) ( . TNatt (1+ a)2 5 (3.3.1)

where 7,¢¢ is the attenuation of the probe X-rays through the dense plasma, ja5ma
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-flight plasma conditions investigated, the scattering fraction, neoTy/¢, 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 energy Ej in-
cident on a backlighter target, producing X-rays with a conversion efficiency of 7. The
scattering X-rays are shown incident on the 3-D inferred density profile 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 different zones throughout
the implosion are shown. The scattering geometry is demonstrative and not drawn to
scale.

been taken as ne ~ 1023 em™3 and £ ~ 75 pm. This small scattering fraction presents
a challenge when fielding XRTS on a cryogenic implosion due to the significant self-
emission from the plasma.

A key benefit of fielding 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 reflects the electron velocity distribution, making it sen-
sitive to Te. In contrast, the collective scattering regime reflects the collective motion of
the electrons, which provides information on n.. Designing an experiment where both
regimes are recorded can therefore reduce uncertainty on the inferred conditions.

To model the X-ray emissivity, a 1kJ laser with a 10 ps pulse and a source diameter
of 50 pum is assumed to be incident on a backlighter foil, producing a Gaussian X-ray
source. The conversion efficiency is estimated as 7, = 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 0.5 cm away from the imploding target. Such a close backlighter
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Figure 3.2: Scattering parameters, «, as calculated for the densest zone in the com-
pressed DT shell for each scattering angle and probe energy with the two extreme
adiabats as discussed in Section 3.5. A dashed line is shown at o = 1 which is the
approximate separation of collective, a > 1, and non-collective, o < 1, scattering.

o

distance is possible due to the development of a fast target positioner (FASTPOS) in
cryogenic implosions by Stoeckl et al. [81]. The demonstrative scattering geometry
is illustrated in Figure 3.1. With these laser and plasma parameters, using equation
3.3.1, the total number of scattered photons is ~ 3 x 107. The forward scattering was
collected at 20 = 40° and the backward scattering at 205 = 120°.

Two experimental setups were investigated, one with an X-ray probe energy of
Eyp = 2keV and the other with Ej;, = 3.5keV. Previous experiments conducted at
OMEGA have successfully radiographed cryogenic implosions using a crystal imaging
system with a silicon He,, backlighter at ~ 1.865 keV [82]. This backlighter has reported
X-ray efficiencies similar to those considered in this work, though over a 20 ps pulse [80].
Alternate X-ray sources that could be used include Cl K, at ~ 2.62keV and Cl Ly-a
at ~ 2.96keV [83].

The scattering regimes observed by each detector for the in-flight conditions are
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shown in Figure 3.2. By selecting multiple probes, one can investigate how the inferred
conditions vary depending on the chosen photon energy. These two energies were chosen
as each retain one detector in the collective and the other in the non-collective regime. It
is important to note that the a-values shown in Figure 3.2 are calculated for the densest
region in the compressed DT shell. As the conditions within the capsule implosion are
inhomogeneous, these values are not representative of the scattering observed from the
ICF capsule as a whole. To ascertain the overall scattering signal observed by each

detector, the fully integrated scattering spectra must be calculated.

3.4 Obtaining simulated spatially integrated spectra

The cryogenic DT implosion plasma conditions were calculated using the LILAC code
for 1-D simulations and the DRACO code for 2-D simulations. The LILAC code is
a 1-D spherical Lagrangian, radiation-hydrodynamics code [71] that simulates sym-
metric, laser direct-drive implosions. It includes laser ray-tracing with an inverse
bremsstrahlung model that can also account for cross-beam energy transfer (CBET)
[84]. LILAC also includes a nonlocal thermal transport model that uses a simplified
Boltzmann equation with a Krook collision term [85], multi-group radiation diffusion,
and a first-principles equation-of-state (FPEOS) model [86, 87| and opacity (FPOT)
model [88] derived from molecular dynamics methods.

In comparison, DRACO is an arbitrary Lagrangian—Eulerian (ALE) code employing
a second-order accurate Winslow rezoning algorithm [89, 90]. Tt uses a 3-D ray-based
inverse bremsstrahlung energy deposition model for laser drive and includes CBET.
Similar to LILAC it uses FPEOS and FPOT for material models, but uses the implicit
Schurtz—Nicolai-Busquet (iSNB) for nonlocal electron heat-transport model [91].

The inhomogenity of the plasma produced in an ICF implosion yields diverse scat-
tering signals from various regions within the plasma. The capability to simulate fully

spatially integrated spectra, while considering plasma opacity and self-emission, is cru-
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cial for determining, for a specific scattering geometry, the dominant scattering features.
This provides invaluable insights for experimental designs.

SPECT3D is a spectroscopy code produced by Prism Computational Sciences which
post-processes hydrodynamics code output and simulates high-resolution spectra and
images for LTE and non-LTE plasmas in 1-D, 2-D, and 3-D geometries [69]. It com-
putes a variety of diagnostic signatures that can be compared with experimental mea-
surements including: time-resolved and time-integrated spectra, space-resolved spectra
and streaked spectra. In a SPECT3D simulation, the radiation incident at a detector
is computed by solving the radiative transfer equation along a series of lines-of-sight
(LOSs) through the plasma grid. At each plasma volume element along a LOS, the
frequency-dependent absorption and emissivity of the plasma is calculated. The scat-
tering cross-section is computed using local values of the plasma conditions based on
the formalism originally developed in Refs. [52, 40]. Scattered X-ray photons are added
to the local source function, allowing SPECT3D to utilise the same algorithms as it uses
for plasma self-emission. It is assumed that the radiation from a non-monochromatic,
isotropically emitting point-like X-ray source is scattered within each volume element
of the SPECT3D spatial grid. The source is specified by its photon-energy-dependent
intensity and location in 3-D space. The intensity of the radiation from the source is
adjusted for each volume element based on the distance to the source. It includes atten-
uation due to plasma absorption and the change in the solid angle. The radiation flux
at each pixel in the detector plane is calculated by integrating the scattered radiation
along each LOS. The scattering angle is computed for each volume element based on
the LOS and the line that connects the volume element centre and the source [70].

An important part of this work involved the development with Prism of an ad-
ditional feature to SPECT3D which allows for selected plasma cells to be excluded
from contributing to the scattered signal. This enables the contribution of specified

plasma regions to the total scattered spectrum to be isolated. Models for computing
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self-emission and absorption coefficients remain the same in each zone regardless of
whether they have been excluded from the scattering calculation. By comparing the
spectrum from isolated regions to the fully integrated spectrum, a potential dominant
contributor can be identified. For XRTS, as shown in equation 3.3.1, the fraction of
scattered photons is dependent on n.. At the in-flight stage of an ICF implosion,
the compressed DT shell has the highest ne. The DT shell is therefore expected to
dominate the overall scattering signal, and the inferred plasma parameters should be
representative of this region.

At present, SPECT3D does not incorporate any detector considerations into the
modelled scattering signal (see Appendix A for further information on using XRTS
in SPECT3D). To transform it into a synthetic scattering signal, first the number of

detected photons in the free-free scattering feature is calculated as [92],

Q
Ng = Ngcatt ¥ <f§cRcrystamd> = Nscatt X I'det » (3.4.1)

where gy is the fraction of detected photons determined by Repygtal and 7y which are
the crystal reflectivity and the detector efficiency, respectively. The solid angle of a
detector with a crystal of length w placed a distance Dipygpal from the target can be
approximated as,

Qget ~ Y 6o , (3.4.2)

crystal
where 6 is the incident Bragg angle on the crystal. For this work, a I'ge; ~ 1079 is
assumed which gives Ng ~ 300 for the in-flight conditions. With currently available
spectrometers, such as ZSPEC at the OMEGA laser facility [93], a detector efficiency
of Tget ~ 1070 can be readily achieved. Although this efficiency would generate a
marginally detectable signal, boosting the captured photon fraction is within reach.
One approach involves utilising a disposable X-ray crystal closer to the imploding cap-

sule, minimising distance-related losses. Alternatively, next-generation detectors with
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Figure 3.3: (a) Simulated design for a target with an in-flight adiabat of 2.8. The target
is compressed with the laser profile shown in (b). (c¢) Density and electron temperature
conditions in the ICF implosion across the shock wave (propagating to the left) when

R Ablation surface/ BVapor, initial = 2/3, t = 2215ps, as determined by the LILAC code
for the target. The scattering contributions from the DT in the unshocked fuel (DT
Gas), compressed shell (DT Shell) and coronal plasma (DT Plasma) have been isolated
and compared to the fully integrated spectrum. For a 2keV probe, the contribution
from each region of the plasma to the overall scattering spectrum is shown for both the
forward (40°), (d), and backward (120°) scattering regime, (e). The same breakdown
of the plasma has been performed with a 3.5keV energy probe in (f) and (g).

superior quantum efficiency could offer a significant leap in sensitivity.
Furthermore, synthetic experimental noise was incorporated into the spectra. This
involved applying Poisson statistics, which estimates the noise as ~ 1/4/N¢, where Ny

is the total number of photons per spectral resolution element, including self-emission.

The details of each study conducted are detailed in the subsequent sections.

3.5 Resolving extreme adiabats from 1-D simulations

The initial exploration in this feasibility study focused on 1-D simulations of two ex-
treme target adiabats. The target chosen for the high adiabat design was used in the
first phase of the performance optimisation campaign conducted at OMEGA. Whilst
subsequent target designs in this campaign have since set the record neutron yield on

OMEGA [94], the target selected for this study remains a good design reference point
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Figure 3.4: As with Figure 3.3 but for an ICF capsule with an in-flight adiabat of 8.0
at t = 1901 ps.

for a stable implosion. The lower adiabat target design used was part of a campaign to
probe performance right below an observed ‘stability cliff” [15] that is still considered
in modern implosion designs on OMEGA. The details of the two targets chosen for this
investigation are shown in Figures 3.3 and 3.4 with in-flight adiabats of 2.8 and 8.0,
respectively.

The total scattering signal for each detector is shown as a dashed black line in (d)-(g)
of each of these figures. At the in-flight stage, the capsule implosion can be divided into
four primary regions; the DT gas, the compressed DT shell, the DT coronal plasma, and
the CH coronal plasma. Utilising the new feature in SPECT3D, the breakdown of the
spectral contribution from each of these regions is shown in comparison to the overall
scattering signal. As predicted, the spectrum recorded by each detector is dominated
by the contribution from the compressed DT shell.

Following the detector assumptions detailed in section 3.4, approximately 3 photons/eV
contribute to the inelastic scattering feature. Over the timescale of the X-ray pulse,
this signal is observed above the continuum emission for each detector as shown in

Figure 3.5. Assuming a spectral resolution of 3 €V /bin, this provides an inelastic signal

of ~ 9 photons/bin.
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Figure 3.5: Total detected signal per eV, where I'gqt is assumed to be 107°, integrated
over the time of the X-ray laser pulse = 10 ps. The signal is shown for the target with
an adiabat of 2.8 with (a) 2keV and (b) 3.5keV incident photon energies.

The resultant scattering spectra, where the continuum emission has been removed
and synthetic experimental noise added, are shown in Figure 3.6. These figures demon-
strate that for experimental conditions with identical scattering setups, the two extreme
adiabat targets considered here produce notably differing scattering spectra. In the for-
ward detector, using a 2keV probe (shown in Figure 3.6(a) ), the plasmon scattering
from both adiabat’s is observed. However, with the 3.5keV probe (shown in Figure
3.6(b) ), the forward inelastic scattering from the high-adiabat is dominated by Comp-
ton scattering. This is evidenced by the broadening of the inelastic peak and the loss
of a forward shifted plasmon peak. This change in scattering features is evidence of its

higher electron temperature and lower density.

3.5.1  Analysing spatially integrated XRTS

To extract the plasma conditions by fitting the spatially integrated simulated spectra,
the inverse problem instability must first be addressed. This implies that a measured
spectrum can be fitted equally well by a range of different conditions [95]. Bayesian

inference, using Markov-Chain Monte Carlo (MCMC) to sample the multidimensional

39



3.5. RESOLVING EXTREME ADIABATS FROM 1-D SIMULATIONS CHAPTER 3

(b)
- 20 = 40° - | Adiabat 260 = 40°
B 2.8

40— 8.0

—_
(*M)
~—

Scattered Intensity
(photons / bin)

Scattered Intensity
(photons / bin)

0—|\ P T 0—\|\ P |
1950 2000 2050 3450 3500 3550

Energy (eV) Energy (eV)

~
(g)
~
—~
(oW
~

20 = 120° 20 = 120°

= Ja—
o o
\\l\\\\l\\\\l\\\\

(6]

Scattered Intensity
(photons / bin)
Scattered Intensity
(photons / bin)

o

0

B I I I | I I I I 1|
1900 1950 2000 2050 3300 3400 3500

Energy (eV) Energy (eV)

Figure 3.6: Synthetic experimental X-ray scattering data produced with SPECT3D us-
ing 1-D LILAC simulations, assuming 3 eV /bin and Poisson statistics to simulate noise.
(a), (b): Forward scattering spectra using a 2keV and a 3.5keV probe, respectively.
(c), (d): Backward scattering spectra using a 2keV and a 3.5 keV probe, respectively.

space, is a robust approach for exploring the behaviour of the complex multi-parameter
simulations [96] (see Appendix B for further details).

Accurately modelling the inhomogeneous plasma poses a challenge. Ideally multiple
plasma regions would be assumed, though fitting them with MCMC brings complica-
tions. To avoid regions overlapping, their parameter spaces would need to be restricted,
preventing where they can explore during the MCMC analysis. However, such restric-
tions would ultimately bias the converged conditions. The MCMC exploration con-
ducted in this work therefore assumed only two weighted uniform plasma regions, one
containing DT and the other CH. This raises a critical question: can a single-region

model provide meaningful insights into the complex, inhomogeneous reality?

40



3.5. RESOLVING EXTREME ADIABATS FROM 1-D SIMULATIONS CHAPTER 3

The MCMC analysis was setup to explore the ionisation, temperature and density
that best fit the forward and backward scattering spectra individually. The parameter
space for the DT region assumed a uniform distribution with linear sampling for the
electron temperature, 1 < T,(eV) < 103 and ionisation, 0 < Z < 1 (where Z =
(Zp + Z7)/2). A logarithmic sampling was taken for the electron density, 1029 <
ne(cm*?’) < 5x10%%. A large sampling space was used to reduce bias on the converged
conditions.

The MCMC code determines the likelihood of finding a specific set of parameters,

U(Te,ne, Z), given the synthetic experimental spectrum, Iexp(w), at each step using

Bayesian inference,
P(lexp| V) P(V)
P(Iexp)

P (0| Ioxp) = (3.5.1)

Here P(V) is the prior distribution of possible parameters, P(lexp) is the marginal
likelihood of the observed data over all possible parameters and P(lexp|¥) is the likeli-
hood of finding Iexp(w) given the input parameters, U. The forward model likelihood,
P(Iexp|V) = e Peost | is a user defined function that gives an acceptance percentage for
each W. The cost function, Beegt, is selected such that the range of converged MCMC
fits fall within the experimental noise of Jexp(w).

A standard cost function determines the maximum error between the MCMC fitted

spectrum, Ig(w), and the synthetic experimental spectrum as,

(3.5.2)

2
Iy (w) — Lexp(w)
= max :
ﬁcost l \/50

The factor o is the standard deviation representative of the noise of the synthetic
scattering spectrum. Whilst a cost function such as the sum of squares can result in an
overall tighter range of accepted MCMC fits to Jexp(w), this method assumes a perfect
fitting model which can lead to high confidence in false results [95].

For certain spectra, such as those collected by the forward scattering detector, the
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Figure 3.7: The range of accepted MCMC fits, shown in grey, for each simulated scat-
tering spectrum as illustrated in Figure 3.6.

cost function in equation 3.5.2 can preferentially fit the more intense elastic scattering

signal. In cases such as these, a ‘percentage’ cost function is used instead,

I (@) — Iraw(w) 1 17

++ = Inax .
600513 Iraw (w> \/50

(3.5.3)

This more evenly weights the fitting of both the elastic and inelastic peaks. For any cost
function, the value of o is typically not known a priori. It is chosen for each MCMC
exploration such that the synthetic scattering signal falls comfortably within the spread
of the accepted fits. Examples of the range of accepted MCMC fits are shown in Figure
3.7. While each synthetic scattering spectrum may not precisely align with the range

of MCMC fits, this discrepancy is an inherent outcome of modelling an inhomogeneous
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Figure 3.8: Converged parameters from MCMC exploration fitting the synthetic scat-
tering spectra. Variation in DT plasma parameters from; (a) 2.8 adiabat and 2keV
probe, (b) 8.0 adiabat and 2keV probe, (c) 2.8 adiabat and 3.5 keV probe, and (d) 8.0
adiabat and 3.5keV probe. The scatter plots show the correlation between each DT
parameter. The lower quadrant scatter plots are from fitting the 40° scattering data,
whilst the upper quadrant shows the 120° scattering data. The scatter plots have been
coloured to represent the spatial density of points. The diagonal plots show the com-
bined histograms for each parameter from both the scattering regimes. Superimposed
on each histogram is a normal distribution of the fits. The mass-averaged parameter
values from the LILAC 1-D simulations are highlighted as a green dashed line or cross.

scattering event using a single uniform plasma region.

To analyse the MCMC data, the DT parameters were plotted on a combined matrix
shown in Figure 3.8. The scatter plots for each scattering angle are shown separately
and have been coloured to represent the spatial density of points. In Figure 3.8, the

histograms along the diagonal are the combined histograms for both the forward and
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backward scattering parameters. The mean and standard deviation on each parameter
is determined by then fitting a normal distribution to the histograms.

To determine the effectiveness of using a single uniform plasma region to repre-
sent the inhomogeneous conditions, the MCMC parameters are compared to the mass-
weighted parameters from the 1-D LILAC simulations. The mass-weighted simulation

values are calculated using,
<F> . EFZ'pillﬂ'TZZd?“i
X pi47r7"2-2d7“2~

(3.5.4)

where Fj is the desired parameter in zone i. The mass-weighted parameters are deter-
mined for each region of the implosion. It can be seen in Table 3.1 that the converged
MCMUC conditions are in close agreement with the mass-weighted parameters from the
compressed DT shell. As discussed previously, this was an expected result, as the high
density and relative homogeneity of the compressed DT shell region meant it dominated
the observed scattering features.

The MCMC analysis on the forward scattering spectra tend to converge around
lower densities, higher temperatures and broader ionisations. This results in either
broader or slightly skewed distributions on the combined DT parameters. The differing
numerical convergence occurs due to the broadening of the observed plasmon scattering
Table 3.1: Comparison of the DT plasma conditions found at MCMC convergence,
as illustrated in Figure 3.8, with the LILAC 1-D simulations’ mass-weighted values.

The MCMC reported errors are the 1o standard deviations from the histogram normal
distributions.

DT Parameter ‘ Te (V) ne (cm ) Z
Adiabat 2.8

Simulation 25 5.5 x 1023 0.97

MCMC 2 keV 33+8 (5.240.6) x 102 0.94+0.03

MCMC 3.5keV | 3543 (5.040.3) x 1023 0.95+0.03
Adiabat 8.0

Simulation 38 3.7 x 1023 0.97

MCMC 2keV 506  (2.6+0.4) x 102 0.88+0.07

MCMC 35keV | 56+6 (3.240.5) x 1023 0.87+0.05

44



3.6. EXTENDING TO 2-D SIMULATIONS CHAPTER 3

peaks. This broadening is a result of the relatively wide X-ray source FWHM and
contributions from the lower density regions of the compressed shell producing non-
collective Compton scattering features. In this 1-D case, information on the compressed
DT shell can be obtained focusing solely on the backward scattering. As illustrated
in the parameter density maps in Figure 3.8, analysis focusing solely on the backward
scattering would result in closer agreement with the simulation’s mass-averaged electron
temperature.

The MCMC analysis reveals limited information about the CH plasma. This is
because its lower density compared to the DT shell, as demonstrated earlier, makes it
negligible in shaping the observed scattering feature. Consequently, it contributes min-
imally to the overall signal, resulting in a significantly low weighting within the MCMC

analysis. This, in turn, prevents convergence on meaningful CH plasma conditions.

3.6 Extending to 2-D simulations

On many ICF implosions, conducted both at the National Ignition Facility and OMEGA,
asymmetries in the capsule convergence have been observed to severely affect the overall
target performance [97, 98]. These asymmetries can arise as a result of imperfections
in the laser drive and target. They are characterised by their Legendre mode number
| = 2mR/\p, where the perturbation wavelength )\, is measured relative to the initial
target radius R. A low mode perturbation is therefore a result of a large-scale feature
compared to R, such as a misaligned drive beam. Perturbations can be amplified by the
growth of hydrodynamic instabilities, degrading the performance of the ICF implosion
[99].

The limitations of 1-D simulations in capturing hydrodynamic instabilities necessi-
tates a more advanced approach to understand their impact on the scattering spectrum
and inferred plasma conditions. Figure 3.9 illustrates the impact of extending to 2-D

simulations which incorporate some of these instabilities into the simulated dynamics.
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Figure 3.9: 2-D mass-density profiles of the compressed DT shells at two-thirds com-
pression for similar adiabat cases using 1-D, (a), and 2-D, (b), models. The 1-D adiabat
is as described in Figure 3.3 and the 2-D adiabat is as described in Figure 3.10. (c)
The probability density function of the mass density within the compressed DT shell
for both the 1-D (in blue) and 2-D (in red) cases.

The inclusion of 2-D effects diminishes the uniformity of the in-flight compressed shell.
This effectively disperses the DT mass over a broader range, significantly increasing
the volume of dense material encountered by the probing X-rays. Such a deviation
from the ideal, comparatively homogeneous 1-D scenario can affect the MCMC con-
vergence around representative conditions, as a broader range of plasma conditions are
influencing the observed scattering spectra.

The 2-D simulations used in this investigation were run assuming full smoothing
by spectral dispersion imprint up to Legendre mode 50, allowing for the growth of
high mode perturbations. The targets modelled in the 2-D simulations were chosen to
imitate the in-flight adiabat conditions from section 3.5. An additional target with and
in-flight adiabat of 5.4 was studied to provide a bench-mark for distinguishing closer
adiabats. The target designs and in-flight conditions are illustrated in Figures 3.10,
3.11 and 3.12. To determine the mass-weighted parameters from the 2-D simulations,

equation 3.5.4 is altered to,
_ X Fipi2mriA;

F
) > pi2mri Ay

(3.6.1)
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Figure 3.10: (a) Simulated target design, with an adiabat of 2.7. (b) 2-D mass density
conditions in the ICF implosion at two-thirds compression, ¢t = 2121 ps, as determined
by the DRACO code for the target. The region of the compressed DT shell is highlighted
in orange. The dark blue encapsulated within this region is the forming DT hot spot.
The hot DT coronal plasma surrounds the shell and the low density mass beyond that
is the CD plasma. For the compressed shell region, the distribution of the electron
density and electron temperature are shown in plots (c) and (d), respectively. The
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Figure 3.11: As with Figure 3.10 but with an ICF capsule with an adiabat of 5.4 and
at t = 1640 ps.
where A; is the area of cell i.

The interpretation of scattering data produced by the 2-D simulations poses a chal-
lenge due to the wide range of electron densities within the compressed shell. As shown
by equation 2.2.9, the scattering parameter o o< \/ne. At relatively constant electron
temperatures, the presence of a significant portion of low-density plasma leads to non-
collective scattering observed in the forward detector. This effect can be mitigated by
opting for X-ray probes with lower photon energies. The 2-D analysis therefore focuses
on the use of the 2keV X-ray probe, as explored in section 3.5, and yields MCMC

convergences depicted in Figure 3.13.

47



3.6. EXTENDING TO 2-D SIMULATIONS CHAPTER 3
© @
10z T ] N
5 B ! :
g =Zo6 { Z 4
(=] (=]
10'0 85 3)
g A =)
B m S
R 22
1073621 :.; 2 :.;
EA- £ 1
10+ 0 0
1000 200 300 400 1 2 3 4 5 6 0 20 40 60 80 100 120140

0
R (um)

Figure 3.12: As with Figure

Electron Density (cm) 1c23

Electron Temperature (cV)

3.10 but with an ICF capsule with an adiabat of 8.8 and

at t = 164 ps.
Adiabat 2.7 Adiabat 5.4 Adiabat 8.8
(a) ne (102 cm ™) T, (eV) (b) ne (102 em =) T. (eV) (c) ne (102 cm™3) T, (eV)
2 4 6 8 20 40 60 80 2 4 6 8 20 40 60 80 2 4 6 8 20 40 60 80
1L0F T T T T T T T — LOFT T T T T T T — LOF™Tg T T T T T T T =
. I 20 =120° 48 7 - 20=120048 7 20 =120° 48 7
S i ig 5 iz g
ZE i 6 R 6~ ZFE U
£ Eost : £ ost & F Bosh 2
55 4 52 44 2 BE 44 2
Z = P ‘t Z 2& * Z
. ’ v
2 EPI A EPI
0.0 0.0 0.0
80F 20 = 40° 80 20 = 40° 1 80f 20 = 40° i 710
— . n |
= s0f = 60 2E S |
0 S 28 3
o wf ;:40 i PsES E/.o 4 ]
3 = 2 &
20 L ST, S SRR
2 4 6 8 20 40 e 800 2 4 6 8 20 40 e 800 2 4 6 8 0 40 e 800
1, (1022 cm=3) T, (eV) 1, (1023 em=3) T. (eV) n, (1022 cm=3) T, (eV)
@ ¢ (e) sp ®
El—"loe MCMC fits 4 3
4 |[—120°) E 3F
~ _F ~ 3F ~
s 3F 5 F S b
s 5 2F s F
5 2F 5 F 5 .E
~ E ~ 1 = E
21F 2F 2 f
% F s F 2 of
g of 5 °F g F
€ E € L s 2F
o £z =
oL L L Bl i N T T D T

| E———.
1925 1950

L
1975

Lol
2000 2025

1925 1950

1975

2000

2025

1
925 1950

1975

Il
2000

2025

Energy (eV) Energy (eV) Energy (eV)

Figure 3.13: MCMC convergence of electron density and temperature for 2-D simula-
tions using a 2keV probe. The variation in DT plasma parameters are shown for; (a)
2.7 adiabat, (b) 5.4 adiabat, and (c) 8.8 adiabat. The form of the matrix plots are
as in Figure 3.8. Below each matrix the corresponding accepted MCMC fits for the
forward and backward scattering are shown compared to the corresponding synthetic
simulated spectrum.

For the higher adiabat targets, the forward detector converges around lower densi-
ties, indicating a discernible mixture of collective and non-collective scattering features.
In contrast, the 2.7 adiabat target, which has the narrowest density distribution, con-
verges around higher densities for the forward scattering. As detailed in section 2.3.1,
the position of the collective scattering peaks is correlated with the plasma frequency,

Wpe X y/Me. Consequently, a plasma with higher electron density produces a plasmon
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Figure 3.14: Comparison of MCMC parameter convergence for electron density, (a),
and electron temperature, (b) using 1-D, in blue, and 2-D, in red, simulations with a
2keV X-ray probe. The error bars shown are the 20 errors from the normal distribution
fit to the MCMC histograms. The mass-averaged compressed shell values determined
from each simulation are indicated as black diamonds.

scattering peak at a greater energy shift from the elastic signal. As illustrated in Fig-
ure 3.10(c), a significant portion of the compressed shell has an electron density in the
range of 6 — 8 x 1023 cm 3. This region produces the inelastic scattering peak ~ 40 eV
from the central energy in the forward detector. It is therefore not surprising that the

MCMC analysis on the forward scattering for this target converges around densities

Table 3.2: Comparison of the DT plasma conditions found at MCMC convergence,
as illustrated in Figure 3.13, with the DRACO 2-D simulations’ mass-weighted values.
The MCMC reported errors are the 1o standard deviations from the histogram normal
distributions.

DT Parameter ‘ Te (eV) ne (cm™3) Z
Adiabat 2.7

Simulation 32 5.8 x 1023 0.97

MCMC 2keV 25+4 (5.1+0.3)x10% 0.91+0.05
Adiabat 5.4

Simulation 42 3.7 x 10%3 0.98

MCMC 2keV 4144 (28+0.2) x 10% 0.92 +0.04
Adiabat 8.8

Simulation 47 3.2 x 10%3 0.99

MCMC 2keV 43+4  (23+0.2) x10%  0.95+0.03
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corresponding to these values, rather than the mass-averaged electron density.

To assess the effectiveness of the XRTS technique developed in this chapter for
discerning plasma conditions within the in-flight compressed shell of ICF targets with
varying adiabats, Figure 3.14 illustrates the range of converged MCMC parameters.
For both the 1-D and 2-D simulations, a noticeable disparity emerges in the inferred
electron density between low and high adiabat targets. Although the shift in electron
temperature across the adiabat range is not as pronounced, this technique adeptly
captures the trend of resolving higher temperatures for higher adiabats. It is worth
noting that the converged temperatures, particularly for the 1-D simulations, may be

improved by focusing solely on the backward scattering analysis.

3.7 Constraints at Peak Compression

Developing a diagnostic capable of probing the conditions at peak compression in an
ICF implosion would unlock invaluable insights into achieving ignition. Current di-
agnostics such as neutron scattering can measure the hydrodynamic properties of the
dense DT fuel, though they remain sensitive to the inferred ion temperature in the
shell [78]. However, implementing a Thomson scattering diagnostic at peak compres-
sion presents challenges not encountered at the in-flight times investigated above. At
this stage, core temperatures within the ICF capsule can exceed several keV, generating
significant self-emission that a fielded X-ray source must overcome to yield a discernible
scattering signal. In addition, as illustrated in Figure 3.15, regions of high density are
no longer constrained to the compressed shell. To identify the plasma within the com-
pressed shell, a density constraint of p > pmax/e has been applied. Unlike the in-flight
stage, the observed scattering signal will therefore be a composite from multiple regions,
complicating data interpretation.

In Figure 3.15, the hot spot of the depicted target exhibits a mass-averaged elec-

tron temperature of ~ 3000eV. This causes a significant influx of background photons
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Figure 3.15: 2-D density, (a), and temperature, (b), conditions at peak compression,
t = 2120 ps, from the target shown in Figure 3.11. On the right of each plot, the
parameters within the compressed shell or hot spot are isolated.

spanning the energy spectrum of existing X-ray sources at OMEGA. Consequently,
addressing the demand for implementing XRTS at peak compression necessitates ex-
ploring novel, higher energy sources. However, the higher energy of X-ray photons
required to overcome self-emission renders it unfeasible to employ a detector in the
collective regime.

One source considered in this work was an X-ray Free Electron Laser (XFEL) [100].
XFELs have proven their efficacy in various experiments by delivering high-resolution
X-ray scattering. The distinct advantages that make it such an appealing source for di-
agnosing plasma conditions during peak compression include the production of narrow-
bandwidth, high-energy photons, and the ability to focus coherent X-rays precisely
over a limited area. Assuming a 50 fs X-ray pulse with 11keV photons and a FWHM of
10 eV, the total energy incident on the plasma was 100 pJ with a spot size of 80 ym. This
spot size was chosen so the incident X-rays encapsulate the entirety of the compressed
shell which, as illustrated in Figure 3.15, has a radius just under 40 ym. However, the
detector is still assumed to observe the full scale of the imploding capsule.

If Tqet is, as before, assumed to be 1079, the total signal observed by the forward

scattering detector is shown in Figure 3.16(a). The signal-to-noise ratio is ~ 1.2 across
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Figure 3.16: (a) Detected signal integrated over the time of the XFEL source, 50fs,
and where T'qy is assumed to be 107°. (b) Breakdown of regional contribution to the
total scattering signal.

the time length of the laser probe with a couple of thousand photons contributing to the
total inelastic signal. In comparison, the inelastic scattering observed on the backward
scattering detector is an order of magnitude smaller.

In Figure 3.16(b), the contribution from each distinct region of the plasma is com-
pared to the overall scattered signal. Unlike the in-flight case, the heightened densities
throughout the capsule result in the hot spot, compressed shell, and DT coronal plasma
contributing nearly equally to the signal. Analysing the data as performed in the in-
flight cases, where a single uniform DT plasma region is assumed, would therefore be
inappropriate at peak compression. Instead, a multi-region plasma must be considered,
necessitating constraints between these distinct regions, as discussed previously. Rely-
ing solely on the analysis of this XRTS signal would therefore prove challenging and
potentially introduce biases into the results.

To mitigate parameter bias, one approach could involve deploying XRT'S during both
the two-thirds and peak compression phases of the implosion. Figure 3.17 presents a
comparative analysis of conditions during the in-flight and peak compression stages,
simulated using the 1-D LILAC simulation code, across varying target adiabats. The

simulated targets all contained a CD ablator, DT ice and DT fuel layer with varying
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Figure 3.17: Comparison of the electron density, (a) and (b), and electron temperature,
(c) and (d), at two-thirds and peak compression of 1-D LILAC ICF simulations. On
the right panel, a linear fit to their relationship is shown as a black dash-dotted line
with an error margin indicated in grey.

thicknesses to alter the measured in-flight adiabat. The mean values represent the mass-
weighted conditions within the compressed shell, and the quoted error is determined
as its variance. Across the target adiabats, an approximate linear trend is noticeable
between the peak compression (bang-time) and in-flight conditions. This observed com-
parability suggests that deploying XRTS at both time points may prove instrumental
in constraining parameters within the compressed shell at peak compression.

Future investigations into peak compression XRTS could also explore the prospect of
integrating the potential scattering signal with alternative diagnostic techniques, such
as neutron spectroscopy [101, 102], to assist in distinguishing between the hot spot and

the compressed shell conditions.
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3.8 Conclusions

This chapter has demonstrated the potential offered by the development of an X-ray
Thomson scattering diagnostic platform for cryogenic inertial confinement fusion implo-
sions in resolving the in-flight compressed shell conditions. Spatially-integrated XRTS
spectra were calculated for 1-D and 2-D simulated conditions of low and high adiabat,
deuterium-tritium (DT) cryogenic implosions at two-thirds convergence.

Markov-Chain Monte Carlo analysis was conducted for two different scattering se-
tups, yielding valuable information on the compressed shell conditions. The spectral
resolution in spatially integrated measurements was exploited to discriminate between
different regions in the plasma. The optimal approach for resolving the compressed shell
plasma conditions, using a realistic laser probe from OMEGA EP, involved performing
MCMC analysis on spectra generated using a low-energy X-ray probe, specifically at
2keV. This methodology successfully achieved the overarching goal of distinguishing
between high and low adiabat implosion conditions, using both 1-D and 2-D simu-
lations. Enhanced agreement between MCMC parameters and simulations could be
attained by employing a narrower bandwidth (FWHM < 10eV) probe beam. This ad-
justment would render the forward inelastic scattering signal more sensitive to electron
density, a feasibility achievable with a Free Electron Laser.

The analysis of potential scattering signals from peak compression, utilising an
XFEL, revealed an equal influence from the three distinct DT plasma regions. Conse-
quently, to mitigate analytical bias, independent sources of constraint on the DT pa-
rameters would be essential. The observed relationship between the in-flight and peak
compression conditions indicates that in-flight data could serve as a valuable means to
constrain the compressed shell conditions.

In addition, research and development on a spectrometer to optimise the detection

of the XRTS signal is required to meet the constraints shown within this chapter.
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Chapter 4
Experimental Probing of Warm Dense Matter Silicon at

100 GPa

The content within this chapter is based on “Multimessenger measurements of the static
structure of shock-compressed liquid silicon at 100 GPa”, Physical Review Research 6,

023144 (2024), Poole et al. [103].

4.1 Introduction

Over the last few decades, high-energy density facilities have generated sufficiently long-
lived warm dense matter sates, enabling the deployment of advanced diagnostic suites
[104-106]. Notably, the Linac Coherent Light Source’s X-ray free electron laser has
facilitated high-resolution X-ray scattering measurements for probing the electronic and
atomic structure of high-pressure states [100, 107]. However, XFELs face limitations
in compression capabilities and achievable WDM volumes, hindering the creation of
macroscopic homogeneous conditions. At kJ- to MJ-class laser facilities, conditions
expected in both Jovian planet interiors [108] and fusion ignition capsules [22] can be
generated. Accurately determining pressure, density, and temperature within these
complex states of matter remains challenging without employing molecular-dynamic
simulations in the data analysis. Furthermore, limitations in applying standard model
approximations at high pressures make equation-of-state development [4, 109] costly.
At such laser-facilities, diagnostic access can be comparatively constrained and prob-
ing shock-compressed matter has often been limited to single diagnostics e.g. X-ray
Thomson scattering [25, 76, 110, 111] or X-ray diffraction (XRD) [112-115] for mea-
suring the electronic and atomic structures, or impedance matching techniques via a
velocity interferometry system for any reflector (VISAR) [116]. Initial efforts to com-

bine scattering and velocimetry observations to infer WDM conditions were undertaken
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by Falk et al. [117], though this required fielding each diagnostic on separate shots.
These efforts highlight the critical need for platforms equipped with multiple in situ
probing diagnostics.

In the work detailed within this chapter, an experimental platform was designed to
investigate the extreme states of matter generated at high-power laser facilities. This
demonstrates a crucial step forward in the endeavour to directly measure pressure,
density and temperature of WDM through a multi-messenger approach. The simulta-
neous in situ structure characterisation provides a unique tool for controlling diagnostic
biases, measurement uncertainties, and selecting models. Reverse Monte Carlo tech-
niques were employed to determine the shock-compressed conditions via measurement
of liquid scattering [95, 118]. For this study, silicon was chosen due to its importance in
the understanding of planetary interiors [119, 120], for its use as a dopant to ablators
in inertial confinement fusion target designs [121, 122] and to mitigate laser-imprint

effects on multi-layer targets [123, 124].

4.2 Experimental Setup

The experiments were conducted at the OMEGA-EP laser facility at the Laboratory
for Laser Energetics [126]. A 51 um thick poly-crystalline silicon sample was shock-
compressed to ~ 100 GPa using a single drive laser beam delivering ~ 440 J over 10 ns
with a ~ 1.1 mm diameter distributed phase plate. The drive laser was incident on a
11 pm polystyrene (CgHg) ablator at a 19.3° angle with respect to the target normal.
The ablator was fixed to the front of the silicon sample using a thin layer of glue
(< 1um). Three additional beams were tightly focused on a 12.5 um thick copper
backlighter with an areal size of 4mm?, generating a 1ns pulse of copper He-alpha
X-rays centred at £ ~ 8.4keV [127]. The X-ray source was placed ~ 17 mm away from
the silicon sample.

The experimental configuration devised to probe the structure of WDM silicon at
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Figure 4.1: Experimental setup at the OMEGA-EP laser facility. The silicon target is
mounted on the front of the PXRDIP box [125] with a 100 gm thick, 0.5 mm diameter
silver or tantalum pinhole. A single beam drives the CH-Si target with a tailored pulse
as shown in the inset figure. The remaining three lasers generate copper He-a X-rays.
The red dashed lines represent the scattered X-ray paths that are collected by the X-
ray Thomson scattering and X-ray diffraction image plates. The raw data shown were
collected from s30967. NB: Not drawn to scale.

OMEGA-EP is shown in Figure 4.1. It employed a variation of the powder X-ray
diffraction image plate (PXRDIP) setup [114]. This consists of an enclosed box which
holds the X-ray sensitive Fujifilm BAS-MS image plates (IP’s) [128] on each inner
surface. Each image plate is filtered with 12.5um copper and 25um Kapton. A circular
hole is cut in the rear of the box to allow diagnostic access for the VISAR laser.

Due to spatial constraints the X-ray diffraction only accessed momentum transfers
up to k ~ 4A_1 at 8.4keV. To extend the capabilities of the PXRDIP diagnostic,
OMEGA’s Bragg crystal spectrometer (ZSPEC) was added to measure scattering at
high momentum transfer, and is capable of resolving the electronic structure of suf-
ficiently ionized systems. The ZSPEC consists of a 25 mm x 50 mm highly-oriented

pyrolitic graphite (HOPG) crystal with a radius of curvature of 27 mm, and was placed
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Figure 4.2: Target sample mounted to the front of the PXRDIP enclosure. The target
is cylindrically symmetric with a total depth of 2mm and width of 10 mm. NB: Not
drawn to scale.

12.8 cm after the sample. As shown in the top inset in Figure 4.1, the ZSPEC was
fielded out of perfect von-Hamos focusing meaning the X-rays were spectrally dispersed
on a curve.

The silicon sample, illustrated in detail in Figure 4.2, was fitted to the front of the
PXRDIP enclosure on top of a 0.5 mm diameter silver or tantalum collimating aperture
pinhole. The pinhole restricts the diagnostics’ line-of-sight to the central planar shock
region. These pinhole materials were chosen to ensure no fluorescence within the ZSPEC

energy range, and to reduce interference between the pinhole and silicon Bragg peaks

on the PXRDIP.
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4.3 Shock-breakout Measurements using VISAR

Velocity interferometry is a well-characterised diagnostic in the study of high-energy-
density matter [129]. Through the use of a coherent laser and interferometers it produces
a 1-D image of the shock spatial profile which can be used to measure shock and particle
velocity. The OMEGA facility uses a frequency-doubled Nd-YAG laser (A = 532 nm) to
produce a 50 ns pulse which is reflected from the back of the shock-compressed target.
This reflection is transmitted through a Mach-Zehnder interferometer which splits the
light down two paths, one containing a chosen UV-grade fused silica delay etalon which
induces a known time delay, 7. An etalon of index n (n = 1.4607 for fused silica) and
thickness h will produce a time delay of 7 = (2h/c)(n — 1/n). When these two optical
paths are recombined, their interference term is constructed from the optical fields
reflected from the target at time ¢ and ¢ — 7. At points of constructive interference
a fringe is formed. The time history of the fringe pattern is recorded on an optical
streak camera which enables transit-time measurements with ~ 1 — 2% accuracy. The
observed fringe shift, F'(t), describes the change in phase difference at time ¢ from
the initial phase difference. Given a known velocity sensitivity, i.e. a measure of the
velocity per fringe (VPF), the fringe shift is used to measure the time-resolved shock
velocity, D(t), of the reflecting surface via D(t — 7/2) = (A\/27)F(t). The VPF can be
Table 4.1: Experimental parameters for all the shocked-compressed silicon shots in-

cluding the total incident energy of the shock-compression drive laser, Egive. The
quoted silicon, hgj, and ablator, hcp, thicknesses are the nominal material values.

Shot | hcy (,um) hg; (,urn) Edrive (J) Ldrive (ns) 1SBO (ns)

Shock-compressed conditions

30964 11+2 51 £1 441.3 —0.049 £0.025 5.35£0.04
30967 11£2 ol +£1 429.0 —0.15£0.025 6.22+£0.06
33538 11 +£2 5l £1 437.9 —0.002 £0.025 5.20 £ 0.04

33541 11 +£2 51 £1 422.5 0.014 £0.025 4.91 £0.03
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calculated as VPF = \/[27(1 + §)], where § (= 0.0318) is a corrective term accounting
for chromatic dispersion within the fused silica etalon.

To optimise the spatial and temporal resolution, the etalon thickness and streak
camera sweep rate is selected based on the predicted shock velocity, which for the con-
ditions investigated here was ~ 10km/s. The chosen etalon thickness was 40.034 mm,
giving a velocity sensitivity of VPF = 1.24km/s, with a sweep speed of 15ns. The
magnification gave a 500 um field of view of the target which covered the space open
to the pinhole.

As silicon is opaque to the VISAR wavelength (A = 532nm) at the investigated
conditions, direct measurements of shock and particle velocity are only made achiev-
able by employing witness materials and pressure windows. A witness material, such
as a-quartz, has well-characterised properties within the investigated regime and is
commonly placed adjacent to the primary target material. This placement allows the
witness to serve as a reference for impedance matching calculations. However, intro-
ducing these materials is unsuitable for scattering measurements due to the significant
contamination they can cause, making it difficult to isolate the scattering signal from
the liquid. Instead, the VISAR was used to measure the shock-breakout (SBO) time,
tspo, from the rear of the sample. The total shock time through both the CH ablator
and silicon sample is t = tgpo — tdrive, Where tqive is the measured laser driver timing.

This total time can be related to the shock speeds in the silicon and CH via,

hsi  hcu
¢ =St NCH (4.3.1)
Dg;  Dcu

where hg; and hcop are the silicon and CH thicknesses, respectively. The measured
timings and target thicknesses for each shock-compressed experiment are listed in Table
4.1.

As a direct measurement of particle velocity, U, cannot be obtained on each shot,
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Figure 4.3: Impedance matching calculation for s30967 using the principal Hugoniot
for silicon from Ref. [116] and CH from Ref. [130] in blue and green, respectively.
The intercept of the secondary CH Hugoniot provides the corresponding silicon shock
state. The lighter red error shown on the secondary Hugoniot captures the Hugoniot
uncertainties for each material and the shock-breakout timing, tggg, uncertainty.

previous experimental data [116] is used to infer the silicon velocity,

Dg; = 10.3(£0.1) + 1.8(£0.1) [U — 4.95] . (4.3.2)

This is valid for 4 < U (km/s) < 6.5 and is based on the explosively driven data
collected by Pavlovski in Ref. [131]. The corresponding linear relationship used for the

CH ablator is [130],

Dy = 21.029(40.057) + 1.305(40.015) [U — 14.038] . (4.3.3)

These equations are used alongside the Rankine-Hugoniot relations, which are derived

from the conservation of mass, momentum and energy across a shock front, to infer the
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Figure 4.4: (a) Raw VISAR data from s30967. The fringes are reflected from the rear of
the 51 pm thick Si sample. Superimposed in red is the laser drive power. The integrated
VISAR intensity is projected underneath. The time of shock-breakout, tgpo, is deter-
mined as the point at which there is a sharp gradient decline in reflected VISAR signal.
(b) Impedance matching CH and Si shock conditions, using equations 4.3.2, 4.3.3 and
4.3.4, to find (shown in the upper right quadrant) the linear relationship between Dy
and Dg;. The statistical errors arising from the CH and Si model uncertainties are
shown throughout as fainter green and blue lines, respectively. The appropriate shock
speed for each material (highlighted as a magenta diamond) is found by substituting
the Dop-Dg; relation into equation 4.3.1. The corresponding 1o error due to both
model and experimental uncertainties are shown as magenta circles. This information
is carried through the remaining plots to find the corresponding P-p space for CH and
Si.

post-shock P-p state,

poD

P=%+WDU,p=D_U,

(4.3.4)

where Py ~ 0 GPa and py = 2.329g/ cm? are the pre-shock conditions. This impedance
matching calculation is illustrated in Figure 4.3. As the shock crosses the interface
between the CH ablator and the higher-impedance silicon crystal, a shock is reflected
back into the CH. The particle velocity and pressure across the interface between the
now shocked silicon and double shocked CH is ‘impedance matched’. The silicon and CH

shock states are therefore given by the blue and green dots in Figure 4.3, respectively.
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The total shock state uncertainty includes the measured error on tggp. An example of
the VISAR diagnostic analysis for s30967 is shown in Figure 4.4. The inferred silicon
shock speed, pressure and density for each shock-compressed experiment are listed in
Table 4.2.

These conditions are compared to HELIOS 1-D simulations which utilised SESAME-
EOS [132] and the drive laser profile. To match the tggo measured with the VISAR
diagnostic, the drive laser energy is scaled by a factor S;. The scaling factors for
each experiment are listed in Table 4.2. An example of the mass density through the
target is shown in Figure 4.5(a). The simulations emphasise the non-uniformity of the
conditions within the silicon during the X-ray scattering event, which is highlighted in
orange. The simulated shock speed through the silicon is determined by tracking the
mass density gradient. An example of this shock tracking is shown as a thick red line in
Figure 4.5(a). As detailed in Table 4.2, the silicon shock speeds, Dg;, inferred from the
VISAR transit time are in close agreement with the HELIOS simulations. This gives
confidence in the utilised impedance matching technique detailed above.

The simulated mass-averaged plasma conditions, (X),, (where X is a plasma param-
eter), within the silicon during the X-ray probe were calculated as the mass-weighted
average in space and averaged over the probe duration in time [68]. This is determined
Table 4.2: Comparison of the inferred plasma conditions for each shot using Rankine-
Hugoniot relations, on the left, and the Si mass-averaged conditions from HELIOS

simulations during the scattering event on the right. The drive laser energy scaling
factor, Sy, is listed for each simulation.

Shot | Dg; (km/s) P(GPa) p(g/em?) | Dg;(km/s) P(GPa) p(g/em®) Sq
VISAR Transit Time HELIOS Simulations

30964 | 11.4+03 146+£9 4.54+0.07| 109+£0.2 M0£7 33£02 0.60
30967 | 9.5+0.2 101+6 4.434+0.08| 94+0.1 48+4 324+0.1 041
33538 | 11.7£0.3 1554+10 456=£0.07| 11.6£02 81£10 3.3+0.2 0.87
33541 | 1244+0.2 1784+10 4.60£0.07 | 120£0.2 82+10 3.2+0.2 1.00
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Figure 4.5: (a) Eulerian HELIOS 1-D simulation, produced by scaling the drive laser
profile to match the measured tggo, for s30967. The silicon shock trajectory is shown
as a thick red line and the timing of the X-ray laser pulse is highlighted in orange. The
subsequent histograms show the normalised probability distribution functions (PDFs)
of the silicon conditions during the X-ray scattering event as predicted by the HELIOS
simulations. The vertical red dashed lines are their respective mass-averaged values,
(X),,- (b), (c) and (d) show the density, pressure and T, respectively, for s30967,

taken before shock-breakout. (e), (f) and (g) as above for $33538, taken after shock-
breakout.

as,

S GOm0
X ) = = Vi) )
(XY = (X 0
jma,x . .
S 0, () s,

Atxray ’

where Vj(t) is the volume in the i-th cell at time ¢ and Atyray ~ 1ns is the X-ray
pulse time length. The inferred P-p states for each shot are listed in Table 4.2. These
mass-averaged values are compared to the overall parameter distributions during the
X-ray scattering event in Figure 4.5. In the pre-shock-breakout data the sharp peaks

corresponding to the low density region indicate the presence of ambient silicon.
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4.4 Spectrally resolved X-ray scattering

To record the spectrally dispersed X-ray Thomson scattering, OMEGA’s Bragg crystal
spectrometer, called the zinc-spectrometer (ZSPEC) as it was designed to be focused
on the zinc He-a emission at 9keV, was used. The central Bragg angle was 13.2°
with an spectral range of +2.5°. Its image plate was protected by a 5mm beryllium
filter and mounted 13.1 cm from the crystal. As previously discussed, this meant that
the ZSPEC was fielded out of perfect von-Hamos focusing, resulting in the spectrally
resolved X-rays being scattered on to a cone. This deliberate defocusing can enhance
the expected spatial resolution of the diagnostic. Had the ZSPEC been fielded in-focus,
the anticipated spatial resolution would have been ~ 50 pm/pixel, with the pixel size
on the image plate being 50 um. However, the chosen defocusing improves this spatial
resolution to ~ 45 pm/pixel.

In the raw intensity image shown in Figure 4.6(a), the X-ray scattering cone is
highlighted in black and the scattered photon energy, E,j, increases to its point. The
dispersion of the ZSPEC is [133] AE/Ax ~ TeV /pixel. To extract the spectrally re-

Table 4.3: Experimental X-ray scattering parameters for all investigated shots, includ-
ing the total optical laser energy incident on the copper X-ray backlighter foil, Exray.

Background target - No Silicon
30970 70 Ta 3760.7 - - 260+ 9

Ambient conditions

30968 70 Ta 3618.6 - - 430 £ 10

Shock-compressed conditions

30964 95 Ta 3707.5 ) 5.35+£0.04 61510
30967 70 Ta 3908.4 4.8 6.22 £ 0.06 580+ 10
33538 70 Ag 3778.3 ) 5.20+£0.04 875420
33541 98 Ag 3835.0 5 491£0.03 534£8
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Figure 4.6: (a) Raw intensity of calibration $33544 where the copper foil was placed in
the target holder of the PXRDIP box. (b) In the top plot the XRTS spectrum extracted
after integrating along each energy arc is shown. A further polynomial background fit
(red dash-dotted line) is subtracted from the overall signal to produce the spectrum in
the lower plot. The energy axis is calibrated to the Cu He-alpha peak. The expected
positions of the remaining Cu transitions are shown as vertical dashed lines.

solved spectrum, the total scattering signal along each energy arc is determined. The
pixels falling along an arc, such as those highlighted in red in Figure 4.6(a), have an av-
erage pixel background value (determined from the orange arcs which fall outside of the
X-ray scattering cone) removed, and are then summed. This gives an integrated scat-
tering signal, I(x), for a given spatial position x on the IP. The spectrum is converted

from spatial to energy space using,

he _1 (I(x) + D¢sin 6y + D;, sin 0 he 1
I(E) =— t = — t
(E) 2d CSC[ an < D;p cos by + D cos b 2d ¢ [ an (W}
he 1
_ 1 4.4.1
2\t gz (44.1)

where 2d = 0.67nm is the HOPG lattice spacing, D, = 12.8 cm is the distance from
the source to the HOPG crystal, D;;, = 13.1cm is the distance from the HOPG crystal

to the IP, and 6y = 13.2° is the central Bragg angle on the crystal. In the upper plot
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Figure 4.7: (a) Predicted spectrally resolved X-ray scattering signal using the measured
source function (as described in Figure S1b of Supplementary Material) and the resolved
shock-compressed conditions, p = 4.6 g/ em?, T = 6900 K and Z = 1.5. (b) Comparison
of the spectrally resolved XRTS signal for the post-SBO shots where Vj/Vs > 0.9. The
source function is scaled to the fxprg = 70° scattering signal and is shown as a red
dashed line.

of Figure 4.6(b), the XRTS spectrum from the copper X-ray source is shown. After
a further polynomial fit to the background is removed, the total background removed
spectrally resolved X-ray scattering spectrum is given in the lower plot of Figure 4.6(b).
The energy calibration is performed by aligning the peak signal with the Cu He-«
transition at 8.358keV. It can be seen in the lower plot that the remaining expected
Cu transitions align with the lower intensity peaks observed on the spectrum.

The expected ionisation within the shock-compressed liquid silicon is Z ~ 1.5. As
illustrated in Figure 4.7(a), this relatively low ionisation would not produce a significant
increase in the inelastic scattering signal at each 20xRrTg scattering location. This signal
increase was not observed on the experimental data, shown in Figure 4.7(b), above the
source and diagnostic noise. The spectrally resolved X-ray scattering can therefore
not be used independently to extract the shock-compressed conditions, but can be

qualitatively combined with the X-ray diffraction information.

To compare the XRTS to the angularly resolved X-ray diffraction signal, the XRTS
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Figure 4.8: The XRTS signal intensities focused around the coherent scattering arc for
ambient s30968 (a), pre-SBO s30967 (b) and post-SBO s33538 (c) at 20xgprs = 70°.
The raw scattering image is shown on the right of each plot and their corresponding
scattering signal histograms are shown on the left. Each histogram in grey is the total
observed signal intensity distribution with the black dash-dotted Gaussian fits being
dominated by the background signal. The overlaid blue histograms are the isolated
scattering signal distributions after the background Gaussian has been removed. The
red dashed lines are the mean coherent signal intensities, L.q,. (d) Relative intensity
of the elastic XRTS signal (o< S;;) against the fraction of liquid silicon, Vj/Vg, for all
20xpTs. Highlighted in red are the shots taken after shock-breakout. For these shots
the liquid fraction is greater than ~ 0.9 and the scattering is assumed to be only from
liquid silicon. The liquid fraction of the unfilled diamond points at 95° and 98° are
determined from HELIOS simulations (where T¢ > 0.145¢V) due to insufficient ambient
data at these scattering locations.

must be spectrally integrated to give I(k) = >, I(k,w). However, as only the coherent
scattering signal is clearly observed over the background noise, an integration over all
w-space cannot be performed. Additionally, using the peak intensity of the spectrally
resolved signals shown in Figure 4.7(b) as a measurement of their relative coherent
scattering signal, L.}, would introduce significant uncertainty due to the compounded
error of isolating the X-ray scattering cone and from the integration methods performed

over each energy arc. Instead, as demonstrated in Figure 4.8, their L.}, are determined
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by removing fitted background Gaussian distributions from the overall signal intensities
- isolating the target scattering. The signals are corrected for filtering, polarisation,
backlighter distance and relative thickness of the silicon seen by the X-ray source. The
subsequent Gaussian fits to these scattering histograms yields, Lqop = (s +2 05) — pp,
where s and b denote the Gaussian distributions to the scattering and background
signals, respectively. The coherent scattering intensities are listed in Table 4.3. For
the ambient s30968, where 260xrTg = 70°, the Ta Bragg peak from the (112) lattice
plane is resolved by the XRTS. This pinhole scattering signal is isolated from the silicon
scattering by subtracting the XRTS coherent signal from the reference s30970, where
only the Ta pinhole was loaded in the target holder.

Additionally, the fraction of shocked (fluid) material within the probe volume can be
inferred by comparing the scattering data obtained with varying time delays between
the drive laser and X-ray probe. As the volume of liquid silicon increases, the elastic
scattering signal recorded on the XRTS, fielded in-between Bragg peaks, becomes more
intense. By comparing the L.y, of ambient and shocked silicon, information on the
fraction of shocked (fluid) silicon within the probe volume is obtained. Using a simple
scattering model as described by Pelka et al. [134], which is based on the approach of
Chihara [41], the time-averaged volume fraction of liquid (/) to solid (s) silicon present
during the scattering event is calculated as,

Vi Ly St Lhy Zsi L= Leon(k)/Z3]

= = —ooh , (4.4.2)
Vs Lgoh S‘éot Lgoh [Coh(k)Si’<k)

where Siot are the static structure factors and Zg; = 14 is the nuclear charge. As shown

in Figure 4.8, the volume fraction for the shock-compressed silicon states was found to

be V;/Vs > 0.6.
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Figure 4.9: (a) and (b): Raw images plates for background s30970 and shocked silicon
$30967, respectively. The lines shown are the Bragg diffraction peaks of the Ta pinhole
which are used to calibrate the geometry of the PXRDIP box. Their corresponding
warped 20-¢ signals at the pinhole position are shown in (c) and (d), respectively. The
scattering distributions for the pinhole used a SNIP background removal process [125]
which enhances sharp peaks, improving signal-to-background ratios.

4.5 Extracting Liquid Angularly resolved scattering

At the investigated conditions, as further confirmed by the XRTS analysis, silicon is
expected to be in the fluid state, which occurs when dynamically compressed above
30 GPa [135, 107]. Whilst liquid silicon scattering, up to 30 GPa, has been previously
observed at XFELSs [107] and synchrotrons [135], extracting the contribution from low-Z
liquids at high-power laser facilities is experimentally challenging due to limited X-ray
source brightness, the presence of fluorescence, spurious scattering from the pinhole,
and X-ray emission in the drive ablation plasma. Whilst the PXRDIP platform has
successfully been used to provide information on crystal structure of solids [112], includ-
ing ramp-compressed silicon [115], the extraction of liquid scattering requires careful
consideration of each background contribution.

Using Lawrence Livermore National Laboratory’s AnalyzePXRDIP procedure [125],
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Figure 4.10: Comparison of raw PXRDIP data for (a) drive only s30966, (b) ambient
Si 830968, (c) s33539 which used an Ag pinhole and removed the ZSPEC access slit,
and (d) s30967. The only contamination from the X-ray lasers is highlighted within
the red dashed box around the ZSPEC slit in (d). This area is excluded in subsequent
analysis. The higher signal level in s30968, and s33539 compared to 830967, is a result
of a reflection off a Cu filter placed at the bottom of the PXRDIP box.

@]

the raw X-ray diffraction image plates, shown in Figures 4.9(a) and (b), are warped into
260-¢ by using the tantalum pinhole Bragg peaks as calibrants. The pinhole calibration
for each shot is shown in (c¢) and (d). To isolate the liquid silicon scattering, the
background signal must be removed from the shocked data. Whilst a variant of the
Statistics-sensitive Non-linear Iterative Peak-clipping (SNIP) algorithm is often used
to isolate signal from the background in PXRDIP scattering data [125], this process

is only appropriate when dealing with sharp Bragg peaks, such as shown in Figure
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Figure 4.11: (a) and (b): The warped, intensity corrected signals at the sample position
for background s30970 and shocked silicon s30967, respectively. The superimposed red
and black dashed horizontal lines are the calibrated 20 Bragg diffraction peaks of the Ta
pinhole and the expected ambient silicon peaks, respectively. (c) Shocked Si scattering
after background removal. Artifacts from this removal process are seen at the edges
of the image plates. The region selected for ¢-integration is highlighted in grey. (d)
Shown in blue, the partial-¢ integration of (c¢) to obtain the liquid scattering signal in
260. The purple and green lines show the effect filter thickness uncertainties have on
the inferred liquid shape. The overall signal uncertainty is taken over the grey shaded
region.

4.9. To quantify the background signal a series of shots were performed to isolate each
contributor. Firstly, in s30966, as shown in Figure 4.10(a), the signal intensity recorded
on the TP’s when only the drive laser was present (i.e. no X-ray probe) was measured.
At the investigated pressure, this was found to be negligible in comparison to the data
collected with X-ray scattering events. Secondly, the signal contamination from the
addition of the ZSPEC line-of-sight slit in the PXRDIP box was investigated in 33539,
shown in Figure 4.10(b), by removing the slit. The only contamination region was
found to be around the access slit. Finally, comparison of the scattering recorded on the
PXRDIP using an ambient silicon sample (e.g. s30968) versus for a reference s30970,
where the silicon sample was removed, showed the dominant background scattering

contributor to be the pinhole. Subsequent analysis therefore utilises s30970 as the

background reference.
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The scattering for the background s30970 and shocked s30967 shown in Figure 4.11
(a) and (b), respectively, are obtained by accounting for the filtering (12.5 ym Cu and
25 um Kapton), incident solid angle, polarisation ((1 + cos® 20)/2) and the attenuation
of the scattered X-rays. The background subtracted shocked signal is shown in Figure
4.11(c). Contamination at the edge of the IP’s means a full integration in ¢-space
cannot be performed. The partial-¢ integration region, highlighted in grey, therefore
focuses on the IP centre, and excludes the 260 regions around the Ta Bragg peaks. The
resultant liquid scattering signal is shown in blue in Figure 4.11(d).

The 12.5 ym Cu and 25 um Kapton filters used for the PXRDIP IP’s have a 20%
thickness uncertainty. Propagating this error through the background removal process
results in the purple and olive plots shown in (d). The intensity error of each signal
is given by the standard deviation from the mean signal along the ¢ integration. As
scattering at high-k was not recorded, their absolute signal intensity is not applicable
and they are normalised to their broad liquid scattering peak around 45°. This pro-
cess demonstrates the effect filter uncertainties have on the overall shape of the liquid
scattering feature. The total liquid scattering signal, Ihq(k:), therefore encapsulates the
region highlighted in grey. A 26 error of ~ 0.5° is taken to be the average deviation of
the observed pinhole Bragg peaks from their expected values.

At high momentum transfers the liquid scattering signal is the result of coherent,
I.on(k), incoherent, I,.on(k), and multiple, Iy, (k), scattering events. As the silicon
thickness is small relative to its attenuation length, Iy,(k) is assumed to be negligi-
ble. The experimentally measured I};, (k) is therefore related to the normalised ion-ion

structure factor, Sij(k), via [136, 137],

]liq(k)
Y

= scal(k) :Icoh(k) [Si'(k) - 1]

+ [Icoh<k) + ]incoh(k>] ) (4‘5‘1)
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where I, (k) = |f;(k) + q(k)|?, with f; (k) the form factor of the tightly bound electrons
and ¢(k) that of the free electrons that follow the ion motion [41]. Here, Ijjcon(k) is
obtained using the tabulated values from Ref. [138] and I.., (k) is simulated using
the multi-component scattering spectra (MCSS) code [139], which for a given set of
parameters, W(p,T,7), produces a theoretical diffraction signal, Igi(k). The factor
v is a scaling constant defined such that I, (k — o0) = I.on(k) + Lipeon(k). To
experimentally obtain v, momentum transfers in excess of 10 A_l are required, a regime
not currently accessible at high-power laser facilities. Instead the experimental signal

is scaled to the simulated fit using,

fit (4.5.2)

Iscal(k) = Iliq(k) x I'

where ' is a free random Gaussian scalar with a standard deviation equal to the noise

Imax

fit and

of the raw data, and [firglax are the peak values in the MCSS fit and raw X-ray
scattering data, respectively.

The large parameter space, ¥(p, T, Z), is explored using a Markov-Chain Monte
Carlo (MCMC) procedure similar to that outlined in Chapter 3 [95, 58]. This determines
the likelihood of a set of parameters producing the experimental spectrum based on an

acceptance percentage P [Iy.a1(k)|¥] = e Peost with

(4.5.3)

. 2
ﬁcost = max []ﬁt(ki/zj];calaf)] )

where Y is the error on I ., and ¢ = 0.5 is a scalar chosen to allow acceptance
freedom within data uncertainty. The investigated parameter space assumed a uniform
distribution with linear sampling for the density, 2.33 < p(g/cm?) < 6, ionisation,
0 < Z < 14, and temperature, 10° < T, = T; (K) < 1.1x 104,

Simulating Sji(k), however, is subject to model biases and requires appropriate selec-
tion of electron and ion interactions. An important factor to consider when determining
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Figure 4.12: (a) lon-ion structure factors, S;;(k), for each Vj;(k) for a silicon sample at
p=46g/em? Z =13 and T = 5300K. (b) Comparison of the tabulated incoherent
scattering signal Iincon [138], the bound electron form factor, f;(k), and the screening
cloud, ¢q(k), produced with Debye-Hiickel and finite-wavelength screening models. (c)
The synthetic diffraction signals produced with each Vj;(k), q(k), f(k) and Iipeon, as
shown in (a) and (b), compared to the scaled experimental scattering signal. For this
representative plot, the scaling parameter, I, from equation 4.5.2 was chosen using the
NH I5; (solid red curve).

such models is the effect of inter-particle correlations. This can be estimated by the
coupling parameters given in equations 1.1.3 and 1.1.6. For the conditions expected in
the shock-compressed silicon, 'y, > 1 and I'y,; < 1. As the electron-ion correlations are
relatively weak, a linear response approximation to the screening cloud is justified, and

a Coulomb interaction between the electrons and ions is assumed,

Ze?

(4.5.4)

Model sensitivities for producing synthetic X-ray scattering signals using MCSS are
illustrated in Figure 4.12. This demonstrates how the dominant contributor to the syn-
thetic scattering signal is the chosen ion-ion interaction potential, V;;(k). The screening
cloud models, ¢(k), as shown in Figure 4.12(c), cannot be differentiated within the mea-
sured experimental error. Previous work has demonstrated that at large momentum
transfers in high-density matter the screening has deviated from the simple Debye-
Hiickel (DH) model as a result of finite-wavelength screening (FWS) [64]. The FWS

screening cloud model is therefore chosen for the subsequent MCMC analysis.
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Figure 4.13: Comparison of the ion-ion interaction potentials, V;;(r), using the effective
Coulomb (EC), Debye-Hiickel (DH) and non-linear Hulthén (NH) models. The models
are produced for a silicon sample at p = 4.6 g/cm3, T =5300K and Z = 1.3.

In the partially ionised, low density state, the ion-ion interaction potential is com-
monly modelled using Debye-Hiickel [44]. This work compares the DH model with the
bare (unscreened) effective Coulomb (EC) interaction and a model non-linear Hulthén
(NH) interaction [140]; the latter approximately describes screening beyond the DH

approach. The potentials for each Vj; are illustrated in Figure 4.13 and are given by,

Z2€2
‘/;(Z?C(r) = - 47T€0T ) (455)
VAR (r) = VS (r) e T, (4.5.6)
Rel
VAR r) =VE() i (4.5.7)

where k¢ is the inverse screening length (equation 2.2.7).
The subsequent range of accepted fits after MCMC convergence using the non-

linear Hulthén V;; model are shown in grey in Figure 4.14. The post-shock breakout
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Figure 4.14: The liquid silicon scattering signal, I.,1(k), (in black) is shown scaled to
the theoretical signal, I;(k), (thick red line) produced by the combined VISAR and
converged MCMC conditions using the non-linear Hulthén model, given in Table 4.4.
The 1o error of Ig; (k) is shaded in red. The dash-dotted black line shows I.q,, + lincoh
for these values. The broad range of accepted MCMC fits (in grey) are scaled to the
mean Ig; (k) signal.

XRTS data shots (s30964, s33538 and s33541) — where the fraction of liquid silicon is
greater than ~ 0.9 — are compared in green to the diffuse angularly resolved scattering
recorded on s30967, extending the effective k& range. These L.}, signals are scaled by
fitting the value at 20xpTg = 70° to the range of accepted MCMC fits. As only the
coherent contribution is resolved using ZSPEC, this fitting procedure uses the MCMC
fits, Ig¢, prior to adding the incoherent scattering contribution, Ijcon. The higher
20xgTs signals are then determined by their scattering intensity relative to the 70°
data. The total signal errors are compounded by their respective coherent scattering

uncertainties and the scaling error of L., at 70°. While these points were not included
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Figure 4.15: Probability density functions for the liquid silicon density, pressure and
temperature state using the effective Coulomb (a), Debye-Hiickel (b) and non-linear
Hulthén (c) Vj;(k) models. The lower quadrant plots compare the 1, 2 and 30 parameter
correlations for the MCMC converged X-ray scattering analysis (grey heat maps) and
the combined density functions (red heat maps). The diagonal histograms show the
probability densities for each parameter. The VISAR distributions are added in blue
for density and pressure.

in the MCMC fitting process due to the lack of an absolute signal intensity calibration
between XRD and XRTS, they nonetheless exhibit good agreement with the results.
Under conditions of strongly coupled ions and degenerate electrons, where screening
is expected to be significant, the total plasma pressure can be determined from the
converged parameters using the ‘two-fluid’ framework discussed by Vorberger et al.
[141, 142]. Details of this model are described in Appendix C. The resultant probability

distribution functions for the liquid scattering analysis are shown in grey in Figure 4.15.

4.6 Combining VISAR and XRD Analysis

The information on the shock-compressed conditions obtained using the concurrent
VISAR and X-ray scattering diagnostics can be combined to find the mutually agreed
parameter space. Given the VISAR and MCMC P-p probability density functions,

their subsequent joint probability is defined as,

Pry,(p, P) X Pry(p, P)

Pr0 ) = S Prm(p, P) x Pro(p. P

(4.6.1)
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These 2-D combined density functions are shown as red heat maps in the lower left
plots in Figure 4.15.

Unlike the VISAR diagnostic, the MCMC convergence of the X-ray scattering anal-
ysis is dependent not only on pressure and density, but also on temperature. The com-
bined Pr(P, p) can therefore be propagated into temperature space. This re-distributes
the X-ray scattering Pr(P, p,T) to penalise where the density and pressure disagree
with VISAR. However, as VISAR provides no direct measurement of temperature, its
3-D density function is defined such that Pry(p, P, T;) = Pry(p, P, T};), where i(# j) de-
scribes a position along the temperature axis. By using equation 4.6.1, the 2-D phase

space for pressure and temperature can subsequently be found as,

Zp Prj (p7 P, T)
Spr [, Prj(p, P.T))|

Prj(P,T) = (4.6.2)
This process can be repeated in the ionisation space. The resultant combined probabil-
ity distribution functions are used to find the combined 1o errors of each parameter, i.e.
Prj(p). These are listed in Table 4.4. The simulated X-ray diffraction fits, I, produced
Table 4.4: Comparison of the liquid silicon conditions within 1o for the X-ray scattering

MCMC convergence and the combined VISAR state using each ion-ion interaction
potential.

Vii(k) | p(g/cm®) P (GPa) T (K) Z
MCMC Convergence

EC 550+£0.2 20060 6600+2900 1.3£0.3

DH 49+£0.2 250£90 6900 £ 3000 3+1

NH 52+0.2 19060 6500+£3000 1.5£0.4

MCMC and VISAR Combined

EC 4.72+£0.056 110+£5 4500500 1.01 £0.03
DH 4.514+0.09 104+6 340041000 1.5+£0.1
NH 456 £0.07 106+6 5300+£1100 1.26 £0.04
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Figure 4.16: Probability density functions in the P-p and P-T phase for VISAR (blue
heat maps) and X-ray scattering (grey heat maps) analysis using each Vj;. The corre-
sponding joint distributions are superimposed as red heat maps. In the upper grid the
likelihood, as defined in equation 4.6.3, of each Vj; is shown.
by the conditions inferred when combining VISAR and the non-linear Hulthén MCMC
convergence are shown in red in Figure 4.14. A detailed comparison of the converged
probability density functions Pr(P, p) and Pr(P,T), for each ion-ion potential model,
are shown in Figure 4.16.

The likelihood of each ion-ion potential model given the VISAR information can be

defined as the sum of its joint probability distribution,

L (Vii|VISAR) = > Pry(P, p) x Pry(P, p), (4.6.3)
p,P

where m and v denote the X-ray diffraction MCMC and VISAR probability density

functions, respectively. These likelihoods are indicated in the upper grid of Figure 4.16.
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Figure 4.17: (a) The principal silicon Hugoniot where this work is compared to
SESAME-3810, [132], quotidian equation-of-state (QEOS) [143], PrOpacEOS [144],
ab initio Kohn-Sham DFT molecular-dynamics (KSMD) [145], principle Hugoniot
from DFT [146], and previous experimental work collected via conservation methods
[131, 147, 148]. The bilinear fit [116] used to infer particle velocity is shown as a filled
grey bar. (b) The silicon pressure-temperature phase diagram comparing the combined
lo error for each Vj; to the measured and predicted melt curve [149], the DFT isen-
trope [150] and previous shocked silicon experiments [135] where the temperature was
inferred using molecular dynamics [151].

They show that comparatively, the effective-Coulomb model is a poor representation of
the liquid silicon state. This is expected as it does not account for screening effects.
The limited observed overlap between the VISAR and XRD PDFs can be attributed
to various factors. Firstly, each diagnostic is sensitive to distinct aspects of the shock-
compressed conditions, leading to differences in their observed distributions. Moreover,
it is worth noting that the VISAR Hugoniot measurement is derived from data col-
lected in Ref. [131] where no experimental uncertainty was provided. Consequently,
this results in a narrower uncertainty on the VISAR PDF. However, this constraint
may be refined should more experimental silicon Hugoniot information in this regime
become available, or if advancements are made in experimental platforms that allow for
the inclusion of witnesses and pressure windows without contaminating the observed
liquid scattering. Secondly, the relative simplicity of the screening models investigated
in the X-ray scattering data implies that they are not absolute representations of the
underlying physics. While more refined models may be attainable through the utilisa-
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tion of density function theory (DFT) simulations [152, 153], such methodologies are
computationally expensive and introduce varying degrees of complexity in the models.

Despite these uncertainties, there are parameter spaces common to both diagnos-
tics. By combining their PDFs, we can achieve a more comprehensive understanding of
the shock-compressed conditions by constraining the XRD parameter search to those
consistent with the pressure-density Hugoniot relation established by the VISAR mea-
surement. Furthermore, a discernible difference in the conditions inferred utilising each
screening model can still be observed.

In Figure 4.17 the VISAR and MCMC combined 1o P-p and P-T for each ion-ion
potential model are plotted on silicon’s principal Hugoniot. Despite having the closest
agreement with VISAR in P-p, the temperature predicted by the commonly used Debye-
Hiickel model falls below the Hugoniot state. Instead we find the implementation of
a Hulthén potential [140], which estimates non-linear screening regimes beyond DH,
better describes the thermodynamic conditions. This experimental platform therefore
demonstrates the capability to effectively distinguish between screening models, which

is essential for accurately predicting material behaviour under extreme conditions.

4.7 Conclusions

This chapter presents detailed insights into the extreme states of matter generated at
high-power laser facilities. While previous investigations on liquid silicon have been
confined to pressures around ~ 50 GPa [107, 135], this study explores higher pressures
by leveraging multiple in situ diagnostics in conjunction with MCMC analysis. This
approach effectively mitigates diagnostic biases and yields uncertainties on the shock-
compressed state that are comparable to previous experimental endeavours, without
the reliance on EOS models.

Furthermore, the synergistic integration of various diagnostics facilitated the dis-

cernment of distinct static screening models. The results revealed the necessity of
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incorporating screening beyond the linear Debye-Hiickel approach, advocating for the
adoption of a Hulthén potential to achieve alignment between the measured liquid sili-
con state and Hugoniot predictions.

Future endeavours could aim to develop an experimental platform conducive to
the inclusion of witnesses without impeding liquid scattering measurements. Such a
platform would enable direct Hugoniot measurements, thereby refining the uncertainty
associated with the VISAR result, which presently relies on previous data.

Nevertheless, the development of this platform and the analytical methodology pre-
sented represent crucial steps toward advancing our understanding of the structure of
high-energy density matter produced at high-power laser facilities. These efforts pave
the way for further exploration and deeper insights into the fundamental properties of

extreme states of matter.
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Chapter 5
Investigating the Characteristics of Turbulent Plasmas

through Optical Thomson Scattering

5.1 Introduction

A comprehensive understanding of the processes governing magnetic field generation
and amplification within turbulent plasmas is crucial for interpreting observations of
magnetic fields throughout the universe [154, 155]. While many physical processes,
such as the Biermann battery mechanism [156], are posited to generate seed magnetic
fields in initially unmagnetised plasmas, their predicted field strengths in astrophysical
settings significantly underestimate observed values [157-159]. Instead, the stochastic
motions inherent in turbulent plasmas, appear to stretch and fold an initially weak
magnetic field until it reaches a dynamically significant level.

The amplification of this weak magnetic field can be described in two distinct phases.
Initially, during what is termed the kinematic phase, the magnetic energy undergoes ex-
ponential growth. This phase concludes when the magnetic energy reaches approximate
equipartition with the kinetic energy at the dissipation scale. Subsequently, beyond this
point, the magnetic energy undergoes sustained growth during the non-linear phase un-
til it eventually reaches saturation, roughly one outer-scale eddy-turnover time later.
The magnetic energy is now a fraction of the total kinetic energy of the fluid motions.
This phenomenon is referred to as the turbulent dynamo mechanism for magnetic field
amplification [160, 161].

A stochastic field is characterised by its inherently random behaviour, showcasing
a broad spectrum of values across both time and space. These stochastic motions
and magnetic fields are pervasive in plasma physics, arising from an array of diverse
mechanisms including fluid instabilities and micro-instabilities. Within a plasma, the

velocity, u(x,t), and magnetic, B(x,t), fields at a given position x and time ¢ are
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defined as the sum of their mean and stochastic components,

u(x,t) =ua(x,t) + ou(x,t), (5.1.1)

B(x,t) =B(x,t) + 6B(x,1). (5.1.2)

These fluctuating fields are defined such that their spatial average is (du) = 0. If the
characteristic scale £ over which the fluctuating fields vary is substantially smaller than
the scale [ characterising the variation of mean fields, then the spatial average can be
established over an intermediate scale [, which satisfies ¢ < | < .

The fluctuation dynamo has long be predicted to prevail in instances where a dy-
namically significant field is present, which is characterised by the strength of the root-

mean-square fluctuations,
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(5.1.3)

B = (0B*)'" (5.1.4)

A dynamically significant field is defined as Byms ~ trms+/1p, Where i is the magnetic
permeability, signifying a state where the magnetic energy approaches equipartition
with the energy of turbulent motions. This criterion is established by evaluating the
magnetic Reynolds number, which estimates the relative influences of magnetic induc-

tion (V x (u x B)) versus magnetic diffusion (nV2B),

Urms L

Rm = . 5.1.5
p (5.1.5)

Here, L is the length scale of driving stochastic motions with characteristic velocity
Urms, and 7 is the resistivity of the plasma. When Rm < 1, diffusive processes smooth
out field non-uniformities. Conversely, when Rm > 1, the inductive term dominates,

and the field lines move with the flow. This condition facilitates the stretching of field
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lines, potentially leading to amplification.

If the magnetic Reynolds number surpasses some critical threshold, Rm¢, the fluc-
tuation dynamo can operate; otherwise, magnetic fields decay diffusively. The precise
value of this threshold depends on the Mach number (M = wupps/cs), the driving

mechanism of the stochastic motions, and the magnetic Prandtl number of the plasma,
(5.1.6)

where Re = upmgL/v is the fluid Reynolds number and v is the kinematic viscosity.
These Reynolds numbers are associated with the length scale L of the largest eddies,
with characteristic velocities upms. The rate at which these eddies fragment into smaller
ones is dictated by their turnover rate vy, ~ urms/L, which correlates with the rate
at which field lines are stretched by motions with characteristic scales L. Assuming
Kolmogorov scaling for velocities on length scales ¢ (up ~ urms (£/ L)l/ 3), the rate of
field line stretching can be shown to satisfy 7, o ¢=2/3. This relationship highlights
that field line stretching happens most rapidly at small scales. Consequently, dominant
field growth occurs initially at the resistive scale 5, defined as the length scale where
Uy ~ n/ug,.

In the regime where Pm > 1, the resistive scale is significantly smaller than the
viscous dissipation scale, £ < £, ~ v/uy . Although motions at these scales remain
random, they exhibit spatial smoothness. The field growth rate, v, is therefore driven
by viscosity-dominated turbulence and is determined as the turnover rate of eddies at
the viscous dissipation scale, v, ~ Rel/Zupmg /L. When Pm 2 1 the resistive scale
is €y ~ n/uy,, and magnetic fluctuations at this scale grow exponentially, at a rate
proportional to the characteristic turnover rate of motions at the viscous scale, v} ~
ug, /ly. However, in the vicinity of Pm ~ 1, the scaling has shown to deviate to

asymptotic behaviour [162].
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Comparatively, in the Pm < 1 regime, the resistive scale is characterised by £, ~
n/ U, , and the stochastic fluid motion driving dynamo action adopts a chaotic nature.
However, achieving dynamo action in this scenario demands a significantly higher crit-
ical magnetic Reynolds number compared to the Pm 2 1 case. When Rm > Rmg,
the dynamo growth rate is estimated as the characteristic turnover rate on the resistive
scale 7y, ~ Rm/2umms/L [163, 164].

Comprehensive understanding of the intricacies of the fluctuation dynamo requires
experimental exploration in conjunction with simulation endeavours. Quantifying the
properties of the fluctuation dynamo necessitates experimental techniques capable of
measuring plasma conditions and magnetic field growth rates. This experimental char-
acterisation, employing techniques such as scattering, radiography and emissivity mea-
surements, is used both to detect the presence of dynamo action and to infer transport
properties such as v and 7.

In this chapter, reverse Monte Carlo techniques are employed to infer the temper-
atures and densities of turbulent plasmas utilising optical Thomson scattering (OTS).

Although Thomson scattering directly probes plasma properties, it has been observed

Table 5.1: Governing motions of dynamo action in different Prandtl number (equation
5.1.6) regimes.

Prandtl Number | Resistive scale Driving motion

Viscosity-dominated turbulence. Stochas-
tic motions exhibit spatial smoothness.
Pm > 1 by < by ~v/up, | Magnetic field growth determined by
turnover rate of eddies at ¢,

Similar to Pm > 1 case though the growth

Pm > 1 Op ~ n/uy rate behaviour changes as the Pm =~ 1
Y threshold is reached
Resistivity-dominated turbulence.

Stochastic motions adopt chaotic na-
ture. Higher Rm, required for dynamo
action. Magnetic field growth governed by
Rm.

Pm <« 1 Enwn/wn
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to introduce perturbative heating effects [165]. The conditions observed via OTS are
therefore compared with X-ray emissivity data, a passive diagnostic approach. This
comparative analysis not only facilitates a deeper understanding of diagnostic method-
ologies but also offers insights into effectively characterising the properties of turbulent

plasmas.

5.2 Previous Work

Experimental investigations into turbulent dynamo phenomena have been undertaken
through the use of high-power laser facilities. Initially, work at the Vulcan laser fa-
cility demonstrated the turbulent amplification of magnetic fields by directing a laser-
produced shock through a plastic mesh [166]. This process yielded a turbulent plasma
characterised by a magnetic Prandtl number of Pm ~ 10~% and a magnetic Reynolds
number of approximately unity. The exploration of higher Prandtl regimes, which re-
quires sufficiently large magnetic Reynolds numbers, necessitated the development of a
platform capable of generating turbulent plasmas at higher-power laser facilities [167].

Subsequently, evidence of the fluctuation dynamo in turbulent plasmas with Rm ~
600 and Pm < 1, was successfully demonstrated at the OMEGA laser facility [168].
Here, ten long-pulse laser beams were directed at two opposing chlorine-doped plastic
foils, generating supersonic jets that passed through asymmetric grids before colliding,
creating a turbulent plasma. More recently, experiments conducted at the National
Ignition Facility (NIF) replicated the generation of a turbulent plasma, akin to the
methodology outlined in Ref. [168], achieving a Pm ~ 12 [169]. The magnetic fields
generated on this platform were Byms ~ 800kG, more than 6 times those produced
on the equivalent OMEGA platform in Ref. [168]. In this regime, where the electron
Larmor radius (oc By) is smaller than the mean free path (o< T2/ne), X-ray emis-
sivity data observed the presence of localised temperature gradients for a dynamically

significant time. This observation indicated a remarkable suppression of thermal heat
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conduction, amounting to a reduction by two orders of magnitude.

However, this X-ray emissivity data does not directly measure local temperature
and density conditions. For this purpose, diagnostics such as Thomson scattering are
essential. Previous work conducted at OMEGA utilised a 2w (\; = 526.5nm) laser
to collect spatially-resolved optical Thomson scattering, temporally-integrated over the
1 ns pulse length [165]. Utilising the temperatures derived from the OTS analysis, the
magnetic Prandtl number was determined as Pm ~ 2.7. However, notable observations
indicated significant heating effects within the scattering volume due to the Thomson
laser beam. This heating influences the inferred Prandtl number as Pm o TZ-5/ 2 63 / 2,

To address this effect, this chapter details an experimental campaign identical to that in

Ref. [165], but employing a temporally-resolved, spatially-integrated Thomson probe.

5.3 Experimental Setup

The experiments conducted at the OMEGA laser facility at the Laboratory for Laser
Energetics [74] employed the experimental setup depicted in Figure 5.1. The laser drive
beams, directed onto each 50 um thick CH foil, initiate the formation of supersonic
plasma jets that propagate toward their respective polyimide grids. The intentional
offset between these grids introduces an asymmetry between the counter-propagating
jets, which subsequently collide in the centre approximately 25 ns after the onset of the
driving laser pulses. The initial asymmetry in the plasma-jet density and flow profiles
induces significant shearing motions in the interaction region. This, in turn, facilitates
Kelvin-Helmholtz instabilities, giving rise to significant stochasticity in the flow profile
of the developing interaction region. Within the interaction region, the density and
temperature are markedly higher than those of the individual plasma jets. This, coupled
with a reduction in characteristic speeds (urms), results in subsonic stochastic motions
within the turbulent plasma, M =~ 0.5.

To comprehensively characterise the turbulent plasma, a synergistic approach utilis-
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Figure 5.1: Experimental setup at the OMEGA laser facility. The pictured target
consists of two cones, labelled A and B, each with a CH (50% C, 50% H) plastic foil
attached to its rear. The laser drive incident on each foil, shown in the inset plot, is
composed of ten 1ns, 500J UV (351 nm) beams staggered to deliver a 10ns flat pulse
shape. Attached to the front of each foil are 230 ym thick and 3 mm diameter annular
CH washers with a central 400 um hole. On the front of each cone, polyimide grids
are attached using CH cans. The grids, shown in detail in the top image, are 250 um
thick with 300 um holes and 100 um wires. The grids are offset such that grid A has
a hole in its centre whilst grid B has crossing wires. The separation between the grids
is 4 mm, making the total separation between each CH foil 8 mm. The 4w (263.25nm)
Thomson scattering beam, as indicated in pink on the right, probes on the central
50 pm diameter turbulent plasma. The intersection between the OTS probe beam and
collection volume (shown in light pink) denotes the cylindrical scattering volume. NB:
Not drawn to scale.

ing multiple diagnostic techniques is required. For quantifying the generated magnetic
fields, a proton-imaging diagnostic was employed by fielding a D3He capsule 1 cm from
the centre of the interaction region. The capsule, with a diameter of 420 um, consisted
of 2 um of SiO9 and was filled with 18 atm D3He gas (6 atm Do and 12 atm 3He). It was
imploded using seventeen 500 J UV beams, each with a 1 ns pulse length and a 1.82 mm
defocus. The subsequent DD and D3He fusion reactions generated ~ 10% 3.0 MeV and

14.7 MeV protons, respectively. Previous experimental work on such capsule implosions

90



5.4. OPTICAL THOMSON SCATTERING ANALYSIS CHAPTER 5

have demonstrated an up-shift in the mean proton energy to 3.3 MeV and 15.0 MeV
[170].

The fusion protons uniformly propagate outward from the capsule implosion, with a
finite fraction traversing the turbulent plasma and ultimately reaching a CR-39 detector
[171] positioned 27 cm from the target centre. The detector is designed such that the
3.3 MeV protons are stopped in the first layer and the 15.0 MeV protons in the second.
With no heating effects from the Thomson scattering probe, the measured magnetic
field strength in the turbulent plasma is Brys ~ 50kG [172, 165].

In addition, each experimental shot employed X-ray emission and optical Thomson
scattering diagnostics, timed independently from the proton-imaging. Detailed expla-

nations of these techniques are provided in the subsequent sections.

5.4 Optical Thomson Scattering Analysis

To characterise the properties of the turbulent plasma, as depicted in Figure 5.1, a
dw, \j = 263.25 nm, OTS probe was focused on the central 50 ym diameter interaction
region. The Thomson scattering diagnostic on OMEGA, as illustrated in Figure 5.2,
comprises a reflective collection system coupled to an ion-acoustic and electron plasma
wave spectrometer system. The collection telescope is positioned to collect the 260 =
59.9° scattering, and is constructed using an f /10 off-axis section of a traditional f/1.25
Schwarzschild objective [173]. This configuration results in a collected angular spread,

1
A(20) =2tan! [—————— | =5.7°. 4.1
(26) tan (2 X f—number) o (5.4.1)

The ion-acoustic features are measured using a 1m Czerny-Turner spectrometer
equipped with a 3600 groves/mm diffraction grating which is coupled to a Rochester
optical streak system (ROSS) [173]. This IAW spectrometer covers a spectral window

of 4nm, resulting in a measured spectral resolution of 0.02nm. The pulse front tilt
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Figure 5.2: Schematic of the optical Thomson scattering diagnostic configuration on
OMEGA [54]. As illustrated on the far right, the chosen diffraction grating in the AW
and EPW spectrometers introduces a pulse front tilt as a result of an increased path
difference A [174].

introduced by the IAW spectrometer sets a limiting temporal resolution of 0.2ns [174].
For the electron plasma feature measurements, a 0.3 m spectrometer with a diffraction
grating of 1200 grooves/mm, is coupled to a second ROSS. This EPW spectrometer
records a spectral window of 40 nm with a resolution of 0.5 nm. The EPW spectrometer
introduces a pulse front tilt with a corresponding temporal resolution of 0.02ns. The
overall EPW temporal resolution is ultimately constrained by the streak camera, with

At ~ 0.03 ns.

5.4.1 Ilon-acoustic wave

As discussed in Section 2.3.2, the ion-acoustic wave scattering features can provide de-
tailed information on the electron and ion temperature. The scattering signal observed
by the AW streak camera is dependent on its source function, ¥(w), and the turbulent

plasma’s structure factor,

Ik,w) x ¥(w) x Sk,w) . (5.4.2)

As detailed in Figure 5.3 the [AW source function is found to be well fitted by a Gaussian
function with a FWHM =~ 0.03 nm.

Mlustrated in Figure 5.4 is an instance of the time-resolved scattering signal ob-
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Figure 5.3: (a) Calibration of the IAW streak to locate the 4w probe centre, \; =
263.25nm. (b) Source function, ¥(w), to determine full width at half maximum. (c)
Representative Gaussian and Lorentzian fits to the spectra shown in (a) and (b). The
TAW source function is assumed to be Gaussian with a FWHM of 0.03 nm.

served with a 1ns pulse length Thomson scattering probe at 31 ns after the onset of
the driving laser pulses. To isolate the scattering signal, a time-averaged background
signal, taken after the Thomson probe, is subtracted from the scattering data. Using
the IAW temporal resolution of 0.2ns, Figure 5.4(c) demonstrates an example of the
time-averaged signal extracted at a specific time step.

The structural characteristics of the ion-acoustic resonances are primarily influenced
by the electron temperature, ion temperature and the bulk fluid velocity vy,. During
the OTS measurement, the bulk fluid velocity undergoes variations due to stochastic
motions within the scattering volume, deviating from a constant value. This vari-
ability manifests in the IAW scattering signal as broadening of the resonant peaks,
a phenomenon not adequately captured by simply increasing the ion temperature, as
depicted in Figure 5.5. To account for the impact of velocity gradients, an isotropic
and normally distributed velocity fluctuation is assumed with a mean bulk velocity of

vy = k- Vp and a standard deviation of Avy ~ vpps. The total structure factor for the
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Figure 5.4: (a) Spectrally-resolved IAW feature. The scattering signal is isolated with
the white box and the background signal is extracted from within the green box. (b)
The time-averaged background signal, shown in green, is scaled to an example data
signal, shown in grey, and subtracted. (c) The time-averaged scattering signal for the
highlighted region in (a) is taken as the mean of each contributing background-removed
signal (shown in grey). The signal error is given by the standard deviation.

[AW feature is therefore expressed by [165],

- 2
S(k,w) ~ \/711/2171,/ du exp [—W] x S(k,w,u), (5.4.3)

where u is the explored velocity space. To streamline the analytical process and reduce
computational expenses associated with explicitly determining each structure factor,

an effective approximation can be employed,
S(k,w,u) = Sk,w — dw, 1), (5.4.4)

where 0w = k(v —u). The structure factor S(k,w) for some given conditions is assessed
using a Thomson scattering simulator developed on the formalism in Refs. [175, 176].
The red fit in Figure 5.5 demonstrates that introducing a normally distributed velocity
range provides a robust fit to the observed scattering signal, effectively capturing the
variations present in the bulk fluid velocity.

To explore the multi-parameter space, MCMC analysis is employed. At each time
step, the observed IAW signal, I}aw(w), is fitted under the assumption of a uniform dis-

tribution with linear sampling for electron and ion temperatures (10 < 7' (eV) < 550),
94



5.4. OPTICAL THOMSON SCATTERING ANALYSIS CHAPTER 5

—+ Raw Data

---- Form Factor

— No Ay,

— With Av,
No Av, with
T;=400eV,T,=320eV

100 _—

1071}

Relative Scattered Intensity (arb. u.)

1072 1/

\ \ |
PRI LS It
262.9 263.0 263.1 263.2 263.3 263.4 263.5 263.6

Wavelength (nm)

Figure 5.5: Demonstrative fitting of the AW signal shown in Figure 5.4(c). The form
of S(k,w) for a fully ionised CH plasma with T = 400eV and 7; = 200€V is shown
as a dashed green line. This S(k,w) is then coupled with the source function, ¥(w),
to produce the solid blue fit. Introducing a velocity gradient Awvy to this fit transforms
it to the solid red line. An example fit at a higher ion temperature with no velocity
gradient is shown as a yellow dash-dotted line. The electron density is assumed as
ne = 5¢20 cm ™3 throughout.

the average bulk velocity (—300 < v, (km/s) < 300), and the bulk velocity gradient
(0 < Avy (km/s) < 200). Additionally, the exploration extends to include drift velocity
vg (0 < vg(km/s) < 1000) and electron density. Due to the comparatively weaker
dependence of IAW features on electron density, a more stringent constraint is imposed
on its linear sampling, ensuring a range of 519 < n, (cmfg) < 5e20. This constraint is
applied to minimise the computational time of exploring a parameter space that exerts
minimal influence on the resulting spectrum.

The MCMC code evaluates the acceptance percentage of each fit, Ig(w), with a
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Figure 5.6: (a) Temporally-resolved IAW signal as shown in Figure 5.4(a). (b) The
range of converged MCMC fits, shown in green, is compared to the time-step highlighted
in grey in (a). (c) Corresponding parameter probability density functions for the fits
shown in (b). The lower quadrant plots compare the 1, 2 and 30 parameter correlations

and the diagonal histograms show the probability densities for each parameter. (d)-(f)
As above but for a 3.7ns Thomson scattering probe.

cost function defined as,

2

(5.4.5)

+ max

2
Iﬁt(wl) - [raW(W,) 1
w'>1

Igp (W) — Lraw(W') 1
= Imax
Bcost W<l Iraw(wl) \/§U l

Iraw (@) V2o]
where w’ = w/w;. This cost function is therefore designed to assess the appropriateness
of the fit to both the red- and blue-shifted IAW features. This ensures that the fitting
process does not favour the more intense Doppler shifted peak, providing a comprehen-
sive assessment of the fit across the entire spectrum.

Figure 5.6 demonstrates the range of accepted fits and their corresponding converged
parameter spaces for both a 1 ns and a 3.7 ns pulse length OTS probe, each with a total
energy of ~ 40J. Notably, the observed scattering signal for the 3.7 ns probe exhibits
lower intensity, resulting in greater uncertainty in the data signal. This increased

uncertainty manifests as a broader convergence of 7; and Awy, as these two parameters
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Figure 5.7: (a) Source function and calibration of the EPW streak to locate the O
order scattering at 235nm. (b) Representative Gaussian and Lorentzian fits to the

spectrum shown in (a). The EPW source function is assumed to be Gaussian with a
FWHM of 0.3 nm.

collectively adapt to encompass the breadth of the IAW peaks.

5.4.2  Electron plasma wave

The plasmon scattering signal observed by the EPW streak is also reliant on the formu-
lation presented in equation 5.4.2. As illustrated in Figure 5.7, the EPW source function
is accurately represented by a Gaussian with a FWHM =~ 0.3nm. The characteristics
of the plasmon scattering structure factor, as detailed in equation 2.3.2, predominantly
depend on the electron density and electron temperature.

The resolved EPW signal corresponding with the shot illustrated in Figure 5.4 is
shown in Figure 5.8. A similar background removal process is performed, employing
the lower wavelength as a scaling region. This scaling approach prevents any potential
contamination from the EPW feature, which extends from its peak resonance, Aepw, to
A; = 263.25nm - Given the relatively minor pulse front tilt induced in the EPW streak,
a reduced binning strategy is applied to compute the time-averaged signal at each time
step.

In many instances, the EPW features are effectively characterised by simply fitting

electron temperature and electron density conditions. Under such circumstances, the
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Figure 5.8: (a) Spectrally-resolved EPW feature from the same shot shown in Figure
5.4. The scattering signal is isolated with the white box and the background signal is
extracted from within the green box. (b) The time-averaged background signal, shown
in green, is scaled to an example data signal, shown in grey, and subtracted. (c) The
time-averaged scattering signal for the highlighted region in (a) is taken as the mean
of each contributing background-removed signal (shown in grey). The signal error is
given by the standard deviation.

width of the EPW peak is governed by the electron temperature. However, as evi-
denced, particularly during the early times of the OTS probe in Figure 5.8(a), there
is a broadening of the EPW signal that cannot be adequately explained solely by a
temperature measurement. Similar to the bulk velocity influence on the TAW signal,
the presence of density fluctuations within the scattering volume contributes to the
observed broadening of the EPW signal. Much like the IAW, the impact of density gra-
dients can be accommodated by assumed an isotropic and normally distributed density
fluctuation with a mean of 7, and a standard deviation of An.. The total structure for
the EPW feature is therefore expressed as [165],
1 (n — ﬁe)2
Sk,w) ~ \/m/ dn exp [_Me?] x S(k,w,n), (5.4.6)
where n is the explored density space.
There is, however, no effective approximation for relating the structure factor at
each investigated density. Consequently, each S(k,w,n) must be explicitly calculated,
resulting in a computationally demanding process to determine equation 5.4.6 with the

required resolution. To address this challenge, the EPW structure is instead evaluated
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Figure 5.9: Demonstrative fitting of the EPW signal shown in Figure 5.8(c). The form
of S(k,w) for a fully ionised CH plasma with T, = 4006V and ne = 2.35¢20 cm™3 is
shown as a light dashed green line. This S(k, w) is then coupled with the source function
to produce the solid blue fit. The incorporation of a density gradient An,. necessitates
the computation of form factors across a representative density range, depicted by dark
dash-dotted green lines. A Gaussian fit to the peak of each form factor, illustrated as
green diamonds, is followed by the integration with the source function, resulting in
the generation of the solid red line. An example fit at a higher electron temperature
with no density gradient is shown as a yellow dash-dotted line. The ion temperature is
assumed as T; = 200 eV throughout.

at a representative range of densities sampled from the normal density fluctuation
distribution. Subsequently, a Gaussian function is fitted to the peak position of the
EPW feature for each calculated S(k,w,n). This Gaussian fit is then compared to
the experimental signal. It is important to note that while the Gaussian fit may not
perfectly capture the entirety of the EPW signal, it offers a satisfactory description
of the observed signal whilst ensuring that computational costs remain manageable,
allowing for effective exploration of the parameter space. An example of this fitting

procedure is illustrated in Figure 5.9.
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Figure 5.10: (a) Temporally-resolved EPW signal as shown in Figure 5.8(a). (b) The
range of converged MCMC fits, shown in green, is compared to the time-step highlighted
in grey in (a). (c) Corresponding parameter probability density functions for the fits
shown in (b). The lower quadrant compares the 1, 2 and 30 parameter correlations
and the diagonal histograms show the probability densities for each parameter. The
electron density values are given in 1019 cm™3.

In contrast to the diagnostic comparisons outlined in Chapters 3 and 4, the MCMC
exploration of the EPW parameter space is not conducted in isolation from the TAW
analysis. This integration is necessitated by the collective influence of electron temper-
ature and density fluctuations, which contribute to the broadening of the EPW feature.
Therefore, to accurately extract information on the density gradients, it is essential to
utilise an independent constraint on the temperature conditions, as provided by the
[AW analysis.

At each time step, the observed EPW signal, I4w(w), is fitted using MCMC assum-
ing a uniform distribution with logarithmic sampling for the electron density (1e19 <
fie (cm™3) < 5¢20) and density gradient (1e18 < Ane (cm™3) < 3¢20). The exploration
of electron and ion temperatures assumes a linear sampling, constrained by the mean,
Tiaw, and standard deviation, ot derived from the IAW analysis at the corresponding
time. The temperature exploration is therefore defined as, —2o7, < T—Tiaw < 20,
This restricted exploration meant that there was no convergence in the temperature
space. Therefore, only the density results are presented for the EPW MCMC analysis.

The MCMC code evaluates the acceptance percentage of each fit, Igi(w), with a
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Figure 5.11: (a) Temporally-resolved EPW signal for a Thomson probe at tots = 36 ns.
A double EPW feature is observed at early times. (b) The range of converged MCMC
fits, shown in green, is compared to the first time-step highlighted in grey in (a). (c) As
in (b) for the later time-step highlighted in grey in (a). (d) Corresponding parameter
probability density functions for the fits shown in (b). The lower quadrant compares the
1, 2 and 30 parameter correlations and the diagonal histograms show the probability
densities for each parameter. The lower and higher density fitting regions are delimited
with a (1) and (2), respectively. The electron density values are given in 10 cm™3.

(e) As in (d) for the fits shown in (c).
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cost function defined as,

/BCOSt = Z [ﬁt (w/) — IraW(w/) 2

’ \/50 ’

(5.4.7)

w

where ' encapsulates the region where Ig;(w’) > 0.15 x max [I5;(w)]. Whilst a soft
boundary cost function, similar to the one employed for the IAW feature, was explored,
it became apparent that the convergences tended to favour fitting the lower wavelength
region. This tendency can be attributed to the inherent limitations of using a Gaussian
function, which fails to accurately capture the lower wavelength tail, to describe the
observed EPW feature. Therefore a cost function which assessed the overall fit to the
scattering signal above 15% was found to produce a more appropriate range of accepted
fits, such as illustrated in Figure 5.10.

Since the EPW signal is comparatively weaker than the IAW, successful observation
occurred only in two of the investigated shots. The second EPW signal, which probed
the turbulent plasma at a later time, revealed a double feature at the onset of the
Thomson probe, as illustrated in Figure 5.11. The presence of this double feature is
attributed to the Thomson probe initially scattering from the edge of the interaction
region, which is at a lower density. As the probe heats the plasma, the interaction region
begins to expand into the Thomson scattering volume and an increasing scattering
signal is observed from the higher density interaction region.

Within this region, obtaining good fits to the EPW feature required fitting two
weighted plasma conditions. Although these conditions are assumed to be at the same
temperature, they are independently fitted for n. and An.. To prevent the crossing over
of the two conditions, tighter restrictions were imposed on their density explorations.
As a consequence of these restrictions, the probability density functions of the converged
parameters, as shown in Figures 5.11(d) and (e), do not consistently resemble normal

distributions. Whilst this form of convergence is less than ideal, it becomes inevitable
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in fittings of this nature where the conditions are closely situated and their respective
scattering signals, especially at later times, are intertwined.
The electron density information inferred from the electron plasma wave analysis

can subsequently be used to improve the accuracy of the X-ray emission analysis.

5.5 X-ray Emission Analysis

An X-ray framing camera (XRFC) was fielded perpendicular to the colliding jets to
measure the spatially-resolved X-ray emission profile. The configuration consisted of
a pinhole array situated 91.4 mm from the target centre and a charge-coupled device
(CCD) camera placed a further 182.9 mm away, resulting in a 2x magnification. The
pinhole array comprised two pinholes, each with a diameter of 50 ym and spaced 6 mm
apart. This arrangement produced two distinct images on the CCD camera which
were recorded on separate strips. Each strip had a time-gating of 1 ns and were timed
dependently.

The emission observed by the XRFC is used to infer the spatially-resolved line-of-
sight-averaged density-weighted electron temperature profile [169]. At the expected
densities and temperatures (ne ~ 1020 em=3, T, 2 50eV) the plasma can be as-
sumed to be fully ionised, and the X-ray emission is therefore dominated by free-free
Bremsstrahlung radiation. Assuming a thermal distribution of particles, the spectral

density, eg, for a CH plasma is dependent on [177],

1 Fioo
el & Zogn? T, 2 exp <_k ) . (5.5.1)
BTe

where the effective ionisation Z.g = (Z% +272)/(Z¢ + Zy) = 5.3. Since the plasma in

the interaction region is optically thin to X-rays detected by the XRFC, the measured
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Figure 5.12: (a) Frequency-sensitive response of the XRFC for each filter. The detec-
tor response is found by multiplying the filter transmissions by the microchannel plate
(MCP) response [178]. (b) Expected frequency-resolved signal measured by the XRFC
for a plasma at ne = 102%cm ™3 and T, = 3006V. The X-ray spectrum is simulated
using SPECT3D [69] and PrOpacEOS tables with non-local thermodynamic equilib-
rium atomic transitions. This means that the atomic level populations are determined
by solving a coupled set of atomic rate equations, such as collisional ionisation and
excitation, spontaneous emission and radiative recombination.

intensity, I(ne, T,), on the CCD camera therefore satisfies,

_1 .
I(ne, Te) oc/dsngTe 2 /dwR(w)exp (— i ) , (5.5.2)
kBTe

where the signal is integrated along the line-of-sight, ds, and }A%(w) denotes the frequency-
dependent response of the XRFC [178]. An example of the frequency-resolved intensity
for one set of plasma conditions is shown in Figure 5.12.

To infer information about the temperature profile of the turbulent plasma, unique
filters were applied to the two pinholes of the framing camera. Consequently, at each
time instance, the distinct attenuation of the X-ray plasma emission facilitated the

characterisation of the electron temperature. This is achieved by determining the ratio
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Figure 5.13: Evolution of the plasma within the interaction region as observed by the
1 ns time-gated X-ray framing camera. The top row shows the emission data recorded
by the thinner filter pack (1 gm Mylar + 0.2 ym vanadium). The plasma region, denoted
as a white boundary in each image, where the signal is > 0.2 X [pax, is isolated via a
2-D Gaussian window function. The bottom row shows the corresponding ratio maps,
as defined in equation 5.5.3.

between the observed intensity at each discrete spatial location,

]1 (nea Te)

R(TL@, T@) = m .

(5.5.3)

The ratio is defined such that I1(ne, T¢) represents the intensity from the thinner filter
pack, composed of 1 um Mylar and 0.2 ym vanadium, and I(ne, T¢) is produced by the
thicker filter pack, composed of 2 ym Mylar and 0.2 ym vanadium.

To overlay the X-ray emission profiles from each distinct filter, a 2-D Gaussian
smoothing function with a FWHM of 50 um is first applied to each image. This is set
by the spatial resolution of the XRFC in the used configuration. The most probable
point of overlap between the emission profiles of each filter is then determined using a

cross-correlation function of the normalised intensities in space,

Clx,y) = (W) * (IQ(Zy)> : (5.5.4)
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Figure 5.14: X-ray ratio curves, as defined by equation 5.5.5, for a 1 pm Mylar + 0.2 ym
vanadium and 2 gm Mylar + 0.2 gm vanadium filter pack. The effect of the chosen
electron density on the resultant ratio curve is shown for three different densities.

Here, the intensity signals are normalised to ensure equal weighting between the two
images. Once the two emission profiles are spatially superimposed, the ratio map, as
defined in equation 5.5.3, can be calculated. The emission region below 20% of the
maximum signal intensity is excluded from the subsequent ratio maps shown in Figure
5.13. These regions, on the edge of the interaction plasma, are excluded as their lower
signal results in a larger uncertainty in their ratio value and because they will be at a
lower density than the bulk plasma in the centre, meaning they would require a different
ratio curve.

To infer temperature information from the produced ratio maps, the frequency-
resolved signal measured by the XRFC, as shown in Figure 5.12(b), is determined for
a range of temperatures and densities. By assuming a fixed density, the ratio curve is
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Figure 5.15: The inferred spatially-resolved line-of-sight-averaged density-weighted elec-
tron temperature profile, (T¢),, for the ratio maps shown in Figure 5.13 using ratio
curves such as shown in Figure 5.14.

given by,
S dwi(w, Te)

R(Te) = [ dwIs(w,Te)

(5.5.5)

Figure 5.14 shows the calculated ratio curves for the selected filter pack across various
electron densities. As the chosen electron density significantly influences the ratio curve,
having an independent measure of plasma density, such as Thomson scattering, is vital
for reducing uncertainties.

An ideal ratio curve has its peak at the lowest expected temperature within the
plasma, and a direct correlation between ratio and temperature. However, in the cal-
culated ratio curves, particularly at the higher electron densities, a secondary peak
becomes apparent around T, ~ 80eV. Below this threshold the ratio value does not
have a direct one-to-one relationship with temperature, leading to a notable uncer-
tainty in the temperature estimation within this range. This lower temperature range
is therefore excluded from the final temperature distributions.

However, in order to calibrate the ratio curves with the inferred ratio maps, it is
necessary to utilise the lower temperature region as the maximum value of the ratio
curve is required. This calibration process takes into account the uncertainty in the
filter thicknesses. Each filter material has a thickness uncertainty of ~ 20%, while the
vanadium coating has an uncertainty of ~ 10%. To determine the actual thickness from

the shot day, the X-ray emission data captured at the latest time is utilised, where the
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Figure 5.16: The normalised probability density functions of (1), from the 2-D maps
shown in Figure 5.15. The low temperature region, below the secondary peak in the
ratio curve, has been excluded.
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plasma will be coolest and the ratio value at a maximum, as illustrated in Figure 5.13.
By examining the various potential thicknesses, the most probable filter thickness is
identified by aligning the peak value in the ratio curve with the corresponding peak
value in the ratio map. The filter thicknesses are determined to be 0.85 ym and 2 ym of
Mylar in the thin and thick filter packs, respectively, with a 0.21 gm vanadium coating.

The resulting 2-D line-of-sight-averaged density-weighted electron temperature pro-

files, (T¢)., are shown in Figure 5.15. The average electron density assumed for each

2
ratio map is listed above each figure. The corresponding temperature distributions are
illustrated in Figure 5.16, where the lower temperature region, T, < 80¢€V, has been

Y

excluded.

5.6 Plasma Heating from the Thomson Probe

In Figure 5.17, a comprehensive comparison of the plasma conditions as observed by
the Thomson scattering probe and X-ray framing camera are illustrated for the shots
listed in Table 5.2. These conditions are also compared to three-dimensional radiation-
magnetohydrodynamic FLASH simulations [179, 168]. It should be noted that, in all
the investigated shots, the XRFC observed the turbulent plasma prior to the Thomson
probe.

Table 5.2: Experimental timings for the start of the X-ray framing camera, ty,f., and

Thomson probe, tots. The duration, Atqtg, and energy, Eotg, of the Thomson probe are
also listed.

Shot |ty (n8) tots (ns)  Alots (ns)  Eots (J)
104468 31.0 34.5 1 26.1
104469 29.5 33.0 1 33.4
104470 28.0 31.5 1 32.3
104471 32.5 36.0 1 31.7
104476 34.0 35.0 3.7 37.9
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Figure 5.17: Converged plasma conditions from Thomson scattering analysis for the
shots listed in Table 5.2 compared to the X-ray emission analysis and FLASH simu-
lations. The temperature and velocity information is obtained from the TAW fitting
and the density from the EPW. The quoted error on the mean electron density, ne, is
Ane + / a%e + U2Ane' In the later EPW shot, within the region where two weighted
plasma regions are fitted, both conditions are shown with a visibility equal to their
respective relative weighting.
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The data presented reveals a significant disparity in temperature estimations, with
the 4w Thomson scattering probe indicating markedly higher temperatures compared to
those observed by the XRFC or predicted by the FLASH simulations. This discrepancy
provides compelling evidence of the perturbative heating effects of the Thomson probe.

To further investigate the heating effect of the Thomson probe, the OTS data col-
lected on shot 104470, where tots = 31.51ns, is utilised. The internal thermal energy

density of the plasma can be approximated as,

; 3nek T;
€th = € + €y R % (Te + <ZZ>> : (5.6.1)

where the average ionisation (Z) = ne/n; ~ 3.5, and e and i denote the electrons and
ions, respectively. At the onset of the Thomson probe, the temporal evolution of the

electrons’ internal thermal energy can be approximated as,

0
S ™ Qe (562

where Qpeat is the heating of the electrons induced by the Thomson probe,

Eot
= kglots = o) 5.6.3
Qheat Ralots Ka (AtotsAT> ( )

Here, Eqg is the energy of the scattering probe over the Thomson area, Ap = (50 X
70) ,umz. The absorption coefficient, x, of the Thomson probe is well approximated

by inverse Bremsstrahlung absorption in a fully ionised plasma,

16my/2mel Zog n2 log\

- 3 3/2 ’
30(4%60\/7716]{23) Te/ w%\/l—wge/w%

(5.6.4)

Rq
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Figure 5.18: (a) Rate of electron heating by inverse Bremsstrahlung absorption, equa-
tion 5.6.6, as a function of electron temperature. The mean electron density is taken
as 2.4 x 102V cm™3 with an error of 2 x 1019 cm™3. (b) Evolution of the carbon ion
temperature equilibration time with the electrons, as given by equation 5.6.7, over the
duration of the Thomson probe.

where the Coulomb logarithm is given by [165],

,/ne cm™
logA = 23.5 — log

e [eV]) 5/4

\/10 5 4 (ogTeleV] - 2)° (5.6.5)

16

~3/2

The proportional relationship of the absorption coefficient to T, implies that lower
energy electrons are preferentially heated, contributing to the process of bringing the
turbulent plasma closer to thermodynamic equilibrium.

By rearranging equation 5.6.2, the internal electron energy at early times can be

approximated as,

E‘(Eh(t) ~ Egh(t = tots) + QheatAtheat . (5-6-6)

This form of the equation provides insight into the rate of Bremsstrahlung heating of
the electrons at the onset of the Thomson probe, Atyeat 2 €}, (t = tots)/@heat- Prior
to the Thomson probe, the electrons and ions can be assumed to be in equilibrium.
The electron temperature at t = tys can therefore be approximated by the initial

temperature observed for the ions, which closely aligns with the (Tp), distributions
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derived from the XRFC analysis.

The dependency of Atpeqt on electron temperature is illustrated in Figure 5.18(a),
showing that at the initiation of the Thomson probe, the rate of Bremsstrahlung heating
is Atpeat = 1ps. This rapid electron heating explains why the initial T, inferred by
the OTS analysis is significantly higher than its unperturbed value, given the inherent
temporal resolution of the IAW is 200 ps. Conversely, the ions will equilibrate with the

electrons on a timescale given by their rate of collisions,

(5.6.7)

~ (4meg)? Bmemy; (kBTe+kBTi>3/2

Toq =
“4Tg 27Te4Zi2nelogA

Me my

C

Given the significantly smaller mass of hydrogen (m{{ ) to carbon (mj’) ions, this equili-
bration time is primarily governed by the behaviour of the carbon atoms. The temporal
evolution of 7eq throughout the Thomson probe is illustrated in Figure 5.18(b), indi-
cating an equilibration of ~ 0.5ns at early times. Consequently, the heating of the
ions progresses at a substantially slower pace compared to the electrons, allowing for
its discernment over the duration of the Thomson probe.

By the second time step resolved by the ion-acoustic wave data (At ~ 400 ps), the
electron temperature has peaked whilst the electron density has remained relatively
constant. This constancy in density indicates that, at this stage, cooling effects result-
ing from the expansion of the heated volume can be disregarded. Consequently, the

temporal evolution of the internal energy, as described by equation 5.6.2, can now be

expressed as,

0
QESh R Qneat T Qrad — Qei — Qe - (5.6.8)

The second term on the right-hand side of equation 5.6.8 accounts for X-ray emission,

primarily dominated by free-free Bremsstrahlung radiation,

16127k geb

3h (47reoc\/m_e)
113
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Figure 5.19: Relative strength of the heating (black), electron-ion equilibration (blue)
and Bremsstrahlung radiation (green) contributions to equation 5.6.8.

where the velocity-averaged Gaunt factor grp ~ 1.2. The third term, Qej, denotes
the electron-ion balance, representing the energy exchange between electrons and ions

through collision processes,

Sne k;B

Qei = (Te — T3) . (5.6.10)

2Teq

The relative contribution of each term to the change in the electrons’ internal thermal
energy is shown in Figure 5.19. This illustrates that both the Bremsstrahlung radia-
tion and electron-ion balance terms are comparatively small compared to the heating
induced by the Thomson probe.

The final term in equation 5.6.8 is a result of the heat flux, qe, within the Thomson
scattering volume,

Qe=-V-de=—V (=K VTe) . (5.6.11)

Assuming Spitzer thermal conductivity [180], the coefficient of heat conduction is ap-
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proximated by,

3
K/C ~ inekBXS P (5612)
where the thermal diffusivity is [30],

5/2

T
—921x108¥ ¢ 5.6.13
Xs x Zofine log A ( )

The timescale over which the heat front generated by the Thomson probe propagates
can be estimated as, 7, ~ Ap/xs =~ 20 ps. This timescale is compared to the dynamical
timescale, T, during which the plasma expands due the presence of a pressure gradient.

Assuming the heat front travels at the sound speed of the plasma, given by,

kp ((Z)Te + 5T;/3

¢ = | FBUA T +5T3/3) (5.6.14)
(mi)

the expansion timescale can be approximated as m ~ 2rp/cs &~ 300 ps. This order of

magnitude difference in timescales justifies neglecting expansion cooling effects during

the initial half of the Thomson probe.

Assuming cylindrical symmetry equation 5.6.11 can be expressed as,

Co 5/20Te
~—— 5.6.15
Qe r Or (T © or )’ ( )
where the constant C = HC/TE / 2. To estimate the magnitude of the temperature

gradient, ATg, over the Thomson heating region Ar = rp & 25 um, equation 5.6.15 is

simplified to,

(5.6.16)
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Here, the temperature at the Thomson volume boundary is approximated as,

Te(r=rp) =~ : . (5.6.17)

The second time step in the IAW data marks a transition point. The electrons have
reached their peak temperature due to the heating from the Thomson probe, while
the cooling expansion phase has yet to fully commence. At this juncture, the plasma
heating has therefore reached an equilibrium with conduction. Assuming a momentary
negligible change in the internal electron thermal energy, defy /0t ~ 0, substituting
equation 5.6.16 into equation 5.6.8 provides an estimate on the temperature gradient
induced by the Thomson heating. The temperature gradient over the Thomson beam
is AT, ~ —200¢eV.

Beyond this stage, the adiabatic expansion of the heated Thomson volume must
be considered alongside the spatial evolution of the internal electron thermal energy.

Equation 5.6.8 is therefore extended to,

0 5
aefh +ueV - €y & Queat + Qrad — Qei — Qe — §pev " Ue , (5.6.18)

where pe = 2¢f; /3 is the electron pressure, and ue is the fluid velocity. Notably, the
spatial information on the internal thermal energy, which will have both density and
temperature dependants, was not obtained with the data presented here. Therefore,
forthcoming experiments are planned to acquire spatially-resolved Thomson scattering
data with a short pulse length, Atqyis &~ 100 ps, to reduce the temporal integration.
The heating effect induced by the Thomson probe is also evident in the proton
radiography data illustrated in Figure 5.20. Without the Thomson probe, by ¢t ~ 31 ns
the plasma has cooled, causing a significant drop in the magnetic Reynolds number,
Rm. The relatively homogeneous proton flux data shown in Figure 5.20(b) indicates a
decay in the magnetic fields, suggesting that Rm has fallen below the critical Reynolds
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Figure 5.20: Raw 15 MeV proton flux images taken at ¢ = 31.7ns. Larger amplitude
proton flux inhomogeneities are observed in the data taken 1.2ns after the end of the
Thomson probe, (a), as opposed to the same time with no Thomson probe, (b). The
path of the Thomson beam is indicated in (a) with red-dashed lines.

number, Rm¢, rendering the turbulent dynamo inactive. Conversely, with the influx
of the Thomson beam prior to the proton radiography, Figure 5.20(a) exhibits greater
fluctuations in the proton flux. This observation implies that the Thomson heating has
elevated the magnetic Reynolds number to Rm > Rm, thereby enabling the turbulent

dynamo to operate once again.

5.7 Turbulent plasma generated at the NIF

To further investigate the properties of turbulent plasmas, a platform able to generate
stronger magnetic fields is required. This is performed by replicating the platform
shown in Figure 5.1 on the National Ignition Facility at Lawrence Livermore National
Laboratory. The NIF experimental platform, identical to that detailed in Ref. [169],
used two doped, 100 um thick, polystyrene foils (48.3% C, 49.6% H, 1.2% O, 0.6% N,
0.1% Mn, 0.1% Co). Each foil was ablated using 48 frequency-tripled (A = 351 um)

laser beams with a 1 mm spot diameter. The total laser illuminated onto each disk was
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~ 125kJ over a 15ns square pulse length. The polyimide grids which generated the
asymmetry between the counter-propagating plasma jets had 300 gm holes and 300 pym
thick wires.

The turbulent plasma was observed by a gated X-ray detector (GXD), oriented
perpendicular to the propagating jets. This detector comprised of an X-ray framing
camera, differential filtering and a pinhole array. The X-ray framing camera employed
4-strips, each with a time gating of 100 ps, and implemented differential filtering to
capture the X-ray emission profile at two distinct times. The pinhole array consisted of
four 25 pm diameter pinholes, staggered to prevent image overlap onto the four camera
strips. The array was positioned to enable a 2x magnification of the interaction plasma.
A 1 pm thick copper filter covered half of the camera and two staggered pinholes, while
a 2 pm thick vanadium filter covered the remaining pinholes.

Previous experiments using the NIF’s dynamo platform demonstrated a strong sup-
pression of heat conduction within a turbulent plasma where Rm ~ 3500 [169]. This
suppression was attributed to the existence of substantial temperature fluctuations, oc-
curring on a scale of ~ 50 um, as observed in the line-of-sight-averaged density-weighted
electron temperature distribution captured by the GXD. However, for a comprehensive
understanding of the thermal conduction suppression, direct measurements of the local
temperature fluctuations are required. This is achieved through the measurement of
time-resolved ion-acoustic and electron plasma wave scattering, using an optical Thom-

son scattering 3w (A\; = 351 nm) probe.

5.7.1 Optical Thomson scattering

The OTS probe consisted of a beam quad which was positioned equidistant from each
grid and situated 500 pm away from the centre of the plasma interaction region. Each
beam had a 150 um diameter focus and delivered ~ 30J/ns over a 15ns square pulse

length. The total area of plasma illuminated by the OTS quad was therefore ~ 300 x
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Figure 5.21: (a) Spectrally and temporally-resolved ion-acoustic wave scattering feature
observed for the NIF turbulent plasma. The scattering signal is indicated within the
white box and a mean background value, B = p,+0y, is extracted from within the green
box. (b) Probability distribution functions of the signal intensity within the scattering
signal box, shown in grey, and the background box, shown in green. The background
value, indicated with a dashed red line, is taken as the mean plus one standard deviation
of the background distribution.

300 pm?2. The Thomson scattering was collected at 20 = 44.3°, with an angular spread
of A(20) ~ 10°. The OTS probe was timed to start at tots = 18ns after the drive
lasers, 2ns prior to the expected collision of the jets and subsequent formation of the
turbulent region.

The ion-acoustic wave scattering observed over the 15ns probe is illustrated in
Figure 5.21, with the scattering region highlighted by a white box. Despite the OTS
probe remaining on beyond the point where the scattering signal disappears (¢ 2 23 ns),
the presence of increasing density fluctuations within the plasma refract the Thomson
probe away from the scattering volume, ultimately leading to its disappearance from
the diagnostic observation. The observed IAW signal, depicted in Figure 5.21(a) with a
logarithmic scale, is predominately weak except for a few discernible bright hot spots.
Given this characteristic, employing a background removal process similar to the one

performed on the OMEGA platform in section 5.4.1 is not suitable here. Instead, a
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Figure 5.22: The early, (a), and late, (b), temporally-integrated IAW scattering fea-
tures for the data shown in Figure 5.21. Each time step is fit assuming two plasma
conditions, one with a high (green dash-dotted line) and the other a low (blue dashed
line) electron temperature. The fitted conditions are listed in Table 5.3. These two
IAW features are combined to produce the red line fit which is compared to the raw
data in black.

mean background value, determined away from the IAW feature as illustrated in Figure
5.21(b), is subtracted from the entire scattering feature.

As a result of the low signal, a large temporal integration is required to improve the
signal-to-noise. The IAW feature is therefore separated into two time steps, each with
a temporal integration of At &~ 1.2ns. The signal at each time is shown in Figure 5.22.
Despite the inherent error in each signal, valuable insights into the temperature fluctu-
ations within the scattering volume can still be obtained. Utilising MCMC analysis in
this scenario is not suitable, mainly owing to the sub-optimal signal level but also due to
the diverse range of plasma conditions contributing to the overall signal. In contrast to
the OMEGA turbulent plasma, the NIF TAW structure factor can not be well described
by the straightforward addition of velocity or temperature gradients. This complexity
arises from the uncertainty regarding whether the temperature distribution adheres to
a normal, isotropic distribution.

Instead of employing MCMC analysis and parameter gradients, the IAW analysis

focuses on the objective of demonstrating the presence of a substantial temperature
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variation within the Thomson scattering region. Consequently, an effective approach
involves fitting a weighted combination of two distinct plasma conditions: one with the
electron temperature set to its lowest feasible value and another where it is set to its
highest. The IAW scattering features produced by these two conditions at each time
step are illustrated in Figure 5.22 and their corresponding parameters listed in Table
5.3.

This analysis of the IAW feature effectively demonstrates that a broad range of
electron temperatures are present within the Thomson scattering volume. During the
early time period, the mean electron temperature is T, = 790eV with a distribution
of AT, = 1020eV. In contrast, during the later stage, the mean electron temperature
decreases to T, = 5756V with a distribution of AT, = 610eV. These mean electron
temperatures are subsequently used in the electron plasma wave analysis.

The corresponding EPW signal is illustrated in Figure 5.23. Although the back-
ground could be removed from the EPW signal by fitting a broadband blackbody emis-
sion at each time, it is apparent in Figure 5.23(a) that the signal sensitivity across
wavelength is not normalised, resulting in a streaked appearance. To address this is-
sue, an alternative approach is employed whereby a background signal over time is
determined by averaging across a low-wavelength scattering region, beyond the ob-
served EPW scattering feature. This A-averaged background signal is then scaled to

Table 5.3: Fitted parameters of the high and low 7, conditions for the early and late
time ion-acoustic wave scattering features as shown in Figure 5.22.

(t) =21.2ns (t) =22.5ns

Parameter
Low Te High Te | Low Te High Te

Te (eV) 280 1300 270 880
T; (eV) 200 600 330 390
vp (km/s) 460 430 470 400
Ratio 0.1 0.9 0.5 0.5
ne (em™?) 2 x 1020 2 x 1020
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Figure 5.23: (a) The corresponding electron plasma wave scattering feature observed
for the same shot as shown in Figure 5.21. (b) The upper panel depicts the temporal
uniform background signal (represented by the dashed green line), derived through the
averaging of background signals at low-A. The lower panel shows the process of scaling
this A-averaged background signal, using the highlighted blue region, to the scattering
signal at a specific wavelength. (c) The final EPW scattering signal is found by per-
forming the background removal process demonstrated in (b) across all wavelengths.
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Figure 5.24: (a) The temporally-integrated EPW scattering feature at one time step
for the data shown in Figure 5.21. The EPW feature resulting from the mean Tp, ne
conditions is illustrated as a dash-dotted green line. By fitting a Gaussian, shown as
a red line, to the raw data the distribution of contributing electron temperatures, (b),
and densities, (c), can be found by assuming the pressure, P o« Tphe, remains constant.

the scattering at each wavelength, as illustrated in Figure 5.23(b), and subtracted. The
resulting EPW signal is shown in Figure 5.23(c).

The electron plasma wave scattering feature exhibited good signal-to-noise, facilitat-
ing the application of the temporal integration, set by the streak camera, of At = 0.1 ns.
An example of the inferred EPW signal at one time step is shown in Figure 5.24(a).
Despite the range of plasma conditions produced, it is evident that the EPW structure
derived from a single set of conditions falls short of capturing the observed signal’s

breadth. In the same figure, a green dash-dotted line is shown as an example of the
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Figure 5.25: Distribution of electron temperatures and electron densities, inferred from
the EPW data. The region utilising the early time IAW fit is highlighted in green, and
the late time in blue. The turbulent structure time scale, 7i,,},, indicated in pink, is
measured as the persistence of one of the density structures.

scattering signal produced by a single set of plasma conditions. For simplicity, the
signal Iepw(ne,Te) can effectively be treated as a delta function at Aepw(ne, Te) (see
equation 2.3.2).

To determine the range of conditions required within the scattering volume to gen-

erate the observed EPW signal at each time step, the mean electron temperature infor-
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mation obtained from the IAW analysis, Tp, is utilised. Assuming that the condition
T, represents the bulk average temperature and is the primary contributor to the EPW
signal, the corresponding electron density, ne, required to produce the scattering signal
at the peak intensity wavelength can be determined. Subsequently, as the turbulent
plasma can assumed to be isobaric, a mean pressure is determined as P ~ kBTeﬁe.
The assumption of an isobaric plasma is supported by the X-ray emission data. The
presence of a broad distribution of temperature fluctuations on the scale lengths of
~ 100 pum would not be evident if the plasma were not isobaric.

To mitigate the impact of random noisy fluctuations in the signal influencing the
inferred parameter distributions, a Gaussian is initially fit to the raw data. Finally,
the distribution of electron temperatures and densities required to produce the Gaus-
sian fit of the EPW signal can be found by ensuring the pressure remains constant.
Figures 5.24(b) and (c) show examples of the resulting distributions at one time step.
Extending this analysis across the entirety of the observed EPW scattering produces
the temperature and density distributions shown in Figure 5.25.

A prominent feature observable in both the raw EPW data and the inferred electron
density distributions is a distinct ‘jump’-like behaviour. This rapid change in density
can be associated with the time for turbulent structures to persist. Given the measured
time scale for a turbulent structure, 7,1, = 1.2 ns, and considering the Thomson scale
Lt ~ 300 um, an approximate value for the turbulent velocity within the Thomson
volume can be determined as tuyms ~ L1 /Tiyeh & 250 km/s. This is notably higher than
that observed in the OMEGA turbulent plasma where uypmg ~ 70km/s, as illustrated

in Figure 5.17.

5.7.2 Gated X-ray detector

The GXD analysis for the NIF turbulent plasma follows a procedure similar to the one

outlined in Section 5.5. The X-ray detector, depicted in Figure 5.26(a), captured the
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Figure 5.26: (a) Raw gated X-ray detector from the NIF platform. The two X-ray
framing camera strips on the left on the image were taken at 23 ns, whilst the other
two were taken at 25ns. The top half of the framing camera was covered with 1.05 ym
copper and the bottom half with 2.1 um vanadium. (b) X-ray ratio curves, as defined
by equation 5.5.5, for a 1.05 um copper and 2.1 ym vanadium filter pack. The relatively
small effect of the chosen electron density on the resultant ratio curve is shown for two
different densities.

plasma’s X-ray emission at 23 ns and 25 ns. At these later times, however, the electron
plasma wave scattering is no longer observable within the Thomson scattering volume
due to the increased density gradients. It is therefore not possible to directly infer the
mean electron density in the plasma at these times.

Nevertheless, at 23ns, the EPW analysis indicates a gradual increase in electron
density towards 3x 1020 cm™3. Figure 5.26(b) shows ratio curves for the 1.05 um copper
and 2.1 pm vanadium filter pack corresponding to two predicted densities. Remarkably,
these ratio curves exhibit minimal sensitivity to density variations. Given its proximity
to the EPW data, subsequent analysis primarily concentrates on the 23 ns time step.

Unlike the X-ray framing camera analysis performed on the OMEGA platform, the
NIF gated X-ray detector requires a more careful background removal process. This
requirement arises due to the presence of streaking, hot-spots, and a distinct background
signal associated with each filter at both time steps. The method for isolating the

plasma interaction region using the copper and vanadium filters at 23 ns is detailed in
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Figure 5.27: Background removal process for isolating the X-ray emission observed
by the 1.05 um copper filter at 23ns. The raw image is transformed into the second
panel by having a 2-D Gaussian smoothing function with a FWHM of 50 ym applied
and a horizontal kernel to remove the streaked background. In the third panel the
background emission around the plasma interaction region is isolated as the lower 10%
of the observed signal. As shown as a red vertical line in the lower panel, a mean
background value, iy, is then subtracted from the Gaussian smoothed image. In the
fourth panel the plasma interaction region is isolated using a 2-D Gaussian window
function.

Figures 5.27 and 5.28, respectively. Subsequently, these two images are overlaid using
the cross-correlation function defined by equation 5.5.4.
The resulting ratio map is shown in Figure 5.29(b). To infer the line-averaged mass-

weighted electron temperature map, the ratio curve corresponding to a mean electron
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Figure 5.28: Utilising the background removal process outlined in Figure 5.27, the X-
ray emission observed by the 2.1 um vanadium filter at 23 ns is isolated. Additionally,
the raw image undergoes outlier removal to eliminate the two hot-spots situated at the
centre of the interaction region, which would effect the subsequent analysis.

density of 3 x 1029 cm ™3 is utilised. The resulting temperature distribution is shown in
Figure 5.30(a) and compared to data reported in Ref. [169] and distributions derived
from conduction-on and conduction-off FLASH simulations. Despite employing the
same experimental platform, the inferred distributions exhibit substantial disparities.
This discrepancy is attributed to the chosen X-ray framing camera filter pack. As
shown in Figure 5.30(b), the polyimide-vanadium filter pack utilised in Ref. [169] has a
much gentler gradient, thereby increasing its sensitivity to higher plasma temperatures.

In contrast, the copper-vanadium filter pack employed in this data exhibits limited
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Figure 5.29: (a) X-ray emission image observed by the gated X-ray detector using a
1.05 um copper filtering at ¢ = 23 ns. The isolated plasma region is highlighted within
the white boundary. (b) The ratio of the X-ray emission for the 1.05 um copper and
2.1 pm vanadium filter pack. (c) Two-dimensional map of the electron temperature
averaged over the line of sight, (T¢) ThlS is produced using the ratio curve as shown
in Figure 5.26(b) with ne = 3 x 1026

sensitivity to plasma conditions surpassing 1000 eV.

Furthermore, both temperature distributions closely resemble their corresponding
synthetic (T¢), distributions derived from the FLASH simulation with the conduction
turned off. This highlights that the X-ray emission analysis serves merely as a metric
for inferring the temperature distributions and does not yield absolute values. Hence,
it is critical to utilise diagnostics such as Thomson scattering to obtain direct tem-
perature measurements. The electron temperature range inferred from the late-time
ion-acoustic wave data is indicated as a grey bar in Figure 5.30(a). While this range
appears to encompass the temperatures observed by the copper-vanadium filter pack,
it is important to note that the Thomson probe only observes a limited region of the
plasma. Consequently, there may be higher temperature regions not captured by the
Thomson scattering. Additionally, the low-temperature range observed in the OTS data
cannot be inferred from the gated X-ray detector data, as both ratio curves exclude the
Te < 400 eV range. Nevertheless, the agreement between the FLASH conduction-off and
experimental temperature distributions derived utilising each filter pack are indicative
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Figure 5.30: (a) The normalised probability density functions of (T¢), from the 2-D
maps produced utilising the copper-vanadium (Figure 5.29(c)) and polyimide-vanadium
(Ref. [169]) filter packs, shown in the upper and lower panels, respectively. Both
are compared with analogous distributions derived from the conduction-on (green his-
tograms) and conduction-off (purple histograms) FLASH simulations. The FLASH
simulations are post-processed to infer synthetic (7¢), maps for each filer pack. The
region highlighted in grey corresponds to the Tp range inferred by the late-time ion-
acoustic wave scattering. (b) Normalised ratio curves of the X-ray emission, with
e = 3x1020 ¢cm ™3, for the copper-vanadium filter pack utilised here, and the polyimide-
vanadium filter pack from Ref. [169].

of the NIF platform being in a regime where thermal conduction is suppressed.

5.7.83 OMEGA vs NIF

The turbulent plasma conditions, as inferred through the optical Thomson scattering
analysis, for both the OMEGA and NIF platforms are summarised in Table 5.4. These
values are representative and focus on the early time Thomson probing, where the
unperturbed electron temperature is assumed to be equivalent to the early time ion
temperature.

As previously discussed, the Thomson probe induced perturbative heating on the
OMEGA platform. However, this same level of perturbation was not evident on the
NIF platform. Instead, analysis from the NIF ion-acoustic wave scattering indicated a

cooling trend of the plasma over the observed timescale of scattering. This disparity in
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heating effects on the two platforms can be attributed to two factors. Firstly, the re-
duced intensity of the NIF Thomson probe, Iy, and secondly, the NIF plasma’s higher
electron temperature, which effectively reduces the inverse Bremsstrahlung absorption
coefficient, k.

The persistence of the temperature and density fluctuations within the Thomson
scattering volume on the NIF platform, indicates a regime where thermal conduction
has been suppressed. This suppression can be assessed by initially calculating the
Spitzer thermal diffusivity, as defined in equation 5.6.13. In the absence of conduction
suppression, any temperature gradients within the Thomson volume (ignoring Thomson
heating effects) would be expected to dissipate over a timescale 7, ~ Ar/xs. As
Table 5.4: Experimental parameters for the OMEGA and NIF turbulent plasma plat-
forms as derived through this chapter. It should be noted that the OMEGA Thomson
probe focused on the centre of the interaction region, whilst the NIF probe was fo-

cused 500 um from the centre. The average timing of this data is (t) = 31.5ns and
(t) = 21.2ns for the OMEGA and NIF platforms, respectively.

Parameter OMEGA NIF
Thomson parameters
Aots (nm) 263.25 351
L (pm) 50 300
Iots (W /cm?) 9x 10 | 1x 1014
Plasma parameters
Te (eV) 150 790
ne (em™?) 2x 1020 | 2 x 1020
Zoft 5.3 5.7
urms (km/s) 70 250
Inferred parameters
Ka (cm™1) 3.9 0.8
xs (cm?/s) 0.1 x 105 | 6.5 x 10°
Ty (ns) 0.2 0.1
Péclet 0.2 0.1
Magnetic Prandtl 0.02 6.8
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indicated in Table 5.4, this timescale is expected to be 100 — 200 ps for the NIF and
OMEGA plasma, respectively. The OMEGA X-ray emission data corroborates this
expectation, as it only observes temperature variations of ~ 30eV over a temporal
integration of 1ns. This temperature variation closely mirrors that observed in the ion
temperature during the initial 200 ps of the Thomson probe.

However, significant temperature fluctuations persist in both the NIF X-ray emis-
sion data and over the duration of the Thomson probe. This discrepancy with the
expected dissipation timescale strongly implies that thermal conduction has indeed
been suppressed. As demonstrated in Figure 5.25, turbulent structures within the NIF
Thomson scattering volume persisted over a timescale 7¢,,1, ~ 1.2ns. This indicates a
reduction in the effective conductivity, x, by a factor of x/xs ~ Ty/Teup S 0.1

This suppression is further supported by evaluating the dimensionless Péclet num-
ber, which describes the ratio between convection and conduction processes within the

Thomson scale, L,
urms L7
Xs

Pe = (5.7.1)

Given that conduction is not the dominant process in the NIF plasma, the Péclet
number must be greater than unity. However, under the assumption of Spitzer conduc-
tivity, the Péclet number is Pe ~ 0.1. Consequently, the extent of thermal conductivity
suppression is estimated as y/xs < Pe ~ 0.1.

A less conservative approach to assess this suppression involves calculating the con-
duction timescale, 7y, based on the length scale of localised hot and cold patches in the
gated X-ray detector, 1 < 100 um. Since these patches are still observable at 23 ns
(approximately 3ns after the jet collision and subsequent generation of the turbulent
plasma), they must have persisted for a dynamical time 7,1, ~ L/cs = 4ns, where
L ~ 1mm is the spatial extent of the interaction region. This approach yields a thermal

conductivity suppression of x/xs < 0.004.

~Y
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5.8 Conclusions

This chapter has detailed the inference of turbulent plasma characteristics generated
by experimental platforms at both the OMEGA and NIF laser facilities. The condi-
tions were determined utilising both temporally-resolved optical Thomson scattering
and the spatially-resolved X-ray emission data. Significant heating induced by the
Thomson probe was observed on the OMEGA platform, an effect not observed at the
NIF attributed to its substantially lower heating power (approximately two orders of
magnitude less than that at OMEGA). This finding highlights the intricate interplay
between diagnostic observations and their potential perturbative effects on the experi-
mental system.

By integrating temporally-resolved ion-acoustic and electron plasma wave scattering
data with MCMC analysis, the local plasma characteristics prior to perturbative heating
effects could be inferred. As a result, the magnetic Prandtl numbers obtained differ from
previous work conducted on identical experimental platforms. On the NIF platform,
Pm ~ 6.8, roughly half that reported in Ref. [169]. However, it is important to
acknowledge that the Thomson probe only observed a ~ 300 um region of the plasma.
Considering the plasma’s inherent inhomogeneity, as evidenced by the X-ray emission
data, there may by regions with higher temperatures and, consequently, larger Prandtl
numbers.

On the OMEGA platform, the magnetic Prandtl number was estimated as Pm ~
0.02, a significant two orders of magnitude smaller than the value reported in Ref.
[165]. This disparity can be partially attributed to the timing of the data acquisition.
In Ref. [165], the data captured the turbulent plasma conditions at t = 27 ns, when the
plasma is considerably hotter compared to the ¢ = 31.5ns observation presented in this
work. The Thomson heating does, however, induce an increase in the magnetic Prandtl
number, reaching a peak of around Pm ~ 0.2. This notable discrepancy in the Prandtl

number before and after the Thomson beam heating can have significant implications
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concerning the growth rates of the magnetic field.

Research on the turbulent dynamo platform remains ongoing, with future endeav-
ours focusing on resolving the spatial evolution of heat front propagation induced by
the Thomson probe on the OMEGA platform. Additionally, forthcoming experiments
on the NIF are planned to enhance the signal-to-noise ratio of the ion-acoustic wave
scattering, paving the way for the implementation of a more robust analytical procedure
than the one outlined in this work. These developments hold promise for improving the
characterisation of inferred experimental conditions and furthering the understanding

of the mechanics behind the turbulent dynamo effect.
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Chapter 6

Conclusion

6.1 Summary

This thesis has presented the development of diagnostic analysis for inferring tempera-
ture and density conditions across diverse experimental platforms. The research focused
on integrating Thomson scattering with various experimental techniques to enhance di-
agnostic capabilities.

Chapter 3 explored the feasibility of utilising a dual-channel X-ray Thomson scat-
tering diagnostic platform for a direct-drive fusion implosion. This was achieved by
generating synthetic forward and backward spatially-integrated XRTS spectra using
both 1-D and 2-D cryogenic simulations. The focus of this chapter was on resolving
the in-flight conditions of targets with varying adiabats, which is a crucial design pa-
rameter in the development of ICF capsules. The integration of an X-ray scattering
model with Markov-Chain Monte Carlo analysis yielded valuable information regarding
the compressed shell’s inhomogeneous conditions. Despite challenges posed by reduced
shell uniformity in 2-D simulations, leading to increased electron density distributions,
this methodology successfully distinguished between high and low adiabat implosion
conditions. Furthermore, this research highlighted the considerations involved in the
preparation of experimental campaigns and emphasised the significance of such endeav-
ours in advancing our understanding of ICF processes.

The first experimental data was presented in Chapter 4. This campaign developed a
novel experimental platform to investigate the equation-of-state of high-energy density
matter produced at high-power laser facilities. By leveraging in situ scattering and
velocimetry diagnostics, in conjunction with MCMC analysis, this study inferred the
pressure, density and temperature state of liquid silicon at 100 GPa. Furthermore,

the synergistic integration of these diagnostics facilitated the discernment of distinct
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static screening models. The results revealed the necessity of incorporating non-linear
screening beyond the Debye-Hiickel approach to achieve alignment between the shock-
compressed state and Hugoniot predictions. These findings emphasised the complex
dynamics underlying the behaviour of high-energy density matter, and the role that
models can play on the inferred conditions.

Finally, Chapter 5 detailed the diagnostic approaches utilised to infer the charac-
teristics of turbulent plasmas. This chapter focused on two experimental campaigns,
conducted on the OMEGA and NIF laser facilities. Comparison between the spatially-
resolved X-ray emission data and temporally-resolved optical Thomson scattering eluci-
dated the significant heating induced by the Thomson probe on the OMEGA platform.
Nevertheless, by integrating MCMC analysis with the ion-acoustic and electron plasma
wave scattering data, the local plasma characteristics prior to perturbative heating ef-
fects could be inferred. Consequently, the magnetic Prandt] numbers obtained through
this approach differ from those reported in previous studies conducted on identical
experimental platforms. This chapter therefore highlighted the intricate interplay be-
tween diagnostic observations and their potential perturbative effects on the experi-
mental system, emphasising the necessity of leveraging multiple diagnostic to garner a

comprehensive understanding of plasma behaviour.

6.2 Future Research Paths

This thesis has demonstrated the critical significance of leveraging experimental mea-
surements of thermodynamic conditions to benchmark theoretical models. Such analy-
sis serves as the basis for advancing our understanding of the interactions and behaviours
inherent in high-energy density matter. In future work, there are several avenues in
which this research can be extended.

Chapter 3 illustrated the challenges associated with resolving an observable X-ray

Thomson scattering spectrum above the self-emission of a fusion implosion. Addressing
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this challenge would necessitate research and development efforts focused on enhanc-
ing spectrometer capabilities. In particular as limited diagnostic access on a full-scale
direct-drive inertial confinement fusion implosion poses a significant obstacle to fielding
a spectrometer sufficiently close to the capsule. Therefore, exploring alternate X-ray
sources with higher fluence than those investigated in this research would also be valu-
able. This is particularly true if the relatively weaker collective scattering features are
to be resolved.

Enhancements in X-ray spectrometer design would also significantly benefit the
research conducted in Chapter 4. In this work, substantial challenges pertaining to
signal-to-noise ratio in the spectrally-resolved X-ray scattering inhibited its use as an
independent measure of the shock-compressed conditions. This challenge was further
compounded by the relatively broad bandwidth of the X-ray source employed. To ex-
tend this platform to investigate phenomena like ionisation potential depression, lever-
aging the X-ray Thomson scattering measurement becomes crucial. Furthermore, to
explore materials at higher pressures, a substantially higher fluence X-ray source would
be necessary to overcome self-emission and observe liquid scattering signals. Although
the presented work did investigate silicon at 750 GPa, no observations were made above
the target fluorescence. Therefore, improving the X-ray spectrometer efficiency and en-
hancing the X-ray source is imperative.

Additionally in Chapter 4, a re-design of the experimental platform to accommodate
the employment of witnesses without impeding the liquid scattering signal would be
invaluable. This modification would facilitate direct measurements of the shocked ma-
terial’s Hugoniot state, reducing reliance on previous data and decreasing uncertainty
in inferring the pressure-density state via velocimetry measurements.

In the near future, several experimental campaigns are planned to advance the
characterisation of turbulent plasmas, as detailed in Chapter 5. Initially, a campaign

is scheduled on the National Ignition Facility to replicate the experiment outlined in
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this chapter, with a focus on enhancing signal acquisition in the ion-acoustic wave
scattering. This endeavour aims to facilitate a more robust analysis of the temperature
distribution within the Thomson scattering volume and potentially reduce the required
temporal integration for the IAW data. Additionally, the gated X-ray detector will
utilise the polyimide-vanadium filter pack, enabling direct comparison with previous
work. It will also capture the plasma X-ray emission earlier in time when the Thomson
scattering signal is still observable. Furthermore, this platform will be applied to a
pure CH target, where thermal conduction suppression is expected to be significantly
reduced.

On the OMEGA turbulent dynamo platform, future work aims to mitigate the
heating effects of the Thomson probe by employing an initial heating laser prior to the
Thomson analysis. Elevating the temperature of the turbulent plasma will diminish the
thermal absorption coefficient, thus reducing the perturbative effects of the Thomson
probe. The Thomson scattering will observe the spatial evolution of the heat front
propagation induced by the heating laser, by observing the plasma at increased time
delays. As this Thomson scattering will be temporally-integrated, the pulse length is
reduced to a minimum of 100 ps. These experiments, based on the framework outlined in
this thesis, will contribute to enhancing our understanding of the fundamental physical

processes governing the turbulent dynamo phenomenon.
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Appendix A

Using X-ray Scattering in SPECT3D

The spectral radiance of an X-ray source at a brightness temperature 7' is described by

Planck’s law,
2hv3 1

c? exp (k};yT) 1

By(v,T) = (A.0.1)

Assuming a Gaussian X-ray source with an incident frequency v; = ¢/\; = Epp, /h, the

source function, as illustrated in Figure A.1, is defined as,

2
v — v,
Gy = Bu(v;, T) x exp l—(2022)] : (A.0.2)
where the o can be found from the defined full-width at half-maximum (FWHM),

FWHM
V2In2

(A.0.3)

20 =

If the X-ray source is placed a distance Dy from the plasma, the solid angle is given

by,

Apl
Qplasma = pl;i)s%ma ) (A'O'4)

where Apjasma is the area of plasma the X-ray source is incident on. The total X-ray

energy incident on the plasma is therefore,
Ein = / dv Gy % (Qplasma Ax tx) ) (A-O-5)

where ty and Ay are the pulse length and area of the X-ray source, respectively.
If the X-ray source is produced by a laser incident on a foil, then the required laser
energy is,

B =—om (A.0.6)
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Figure A.1: Spectral intensity of an X-ray source with E,;, = 1000eV, FWHM = 50eV
and source brightness T = 500¢€V.
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where v, is the X-ray conversion efficiency.

Using a SPECT3D detector placed a distance Dgq¢ from the plasma, the resul-

scattered intensity (photons/eV) via,

where the detector solid angle is,

hv)t A
I(h) = V) beAs ”g)zdx x
hueTﬂ‘?t
Adet
Qdet = Te’
Ddet

and Aget is the area of the detector where the scattered signal is observed.
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Appendix B
Markov-Chain Monte Carlo for Inverse Problem Instability

In experimental data analysis, the inverse problem instability refers to the generation of
similar outputs produced by a wide variety of parameter inputs, leading to significant
uncertainty in the true parameter space. This challenge is effectively addressed with a
Bayesian inference employing Markov-Chain Monte Carlo (MCMC) algorithms, which
efficiently sample large dimensional spaces [95]. Bayesian inference implies that the
likelihood, P, of encountering a specific set of parameters, ¥, given an observed outcome

Texp s,
P(Lexp| V) P(Y)

P(¥|Iexp) = P(loxp)

(B.0.1)

Here, P(V) is the prior distribution of possible parameters, P(/exp) is the marginal like-
lihood of the observed data over all possible parameters and P(lexp|¥) is the likelihood
of finding lexp given the input parameters V.

An illustrative depiction of the MCMC algorithms employed to sample the posterior
distribution of the parameters is shown in Figure B.1. This methodology offers an
efficient means of sampling potential parameters that generate outcomes closely aligned,
within a specified uncertainty, with the experimentally observed results. The level of
uncertainty is dictated by the forward model likelihood, P(lexp|¥) = ¢~ Peost . This cost
function is user-defined to establish an acceptance percentage for each W.

A standard likelihood function, commonly referred to as a ‘soft-boundary’ [95], de-
termines the maximum error between a fitted spectrum, I, generated using parameters

¥, and the experimental results,

2
Ifit(w) — Lexp(w)

¢ = max : B.0.2

5005‘5 l \/50 ( )

The factor o is the standard deviation representative of the experimental noise. Typi-

cally, this value is not known a priori but chosen to ensure that the range of converged
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Figure B.1: Adapted from Ref. [181]: Sampling algorithm for a normal one-dimensional
posterior probability distribution. The method generates a random walk, or Markov
chain, to assess the parameter space W. At each iteration, a new step (going from left
to right) is proposed based on the state of the current sample. This proposed step is
then either accepted (marked by filled circles) or rejected (denoted by unfilled dashed
circles) depending on the value of the probability distribution function at that position.
Upon achieving convergence, the parameter posterior distribution, P(¥|/exp), exhibits
self-similarity.

MCMC fits falls within the experimental uncertainty.

The impact of the chosen ¢ on the MCMC exploration is demonstrated in Figure
B.2. In this illustration, experimental data is generated using a Gaussian function, char-
acterised by Wraw(Amplitude = 1, u = 0.5, FWHM = 10), compounded with random
normal noise with a scale of 0.05. As ¢ increases, the range of accepted fits and corre-
sponding posterior distributions exhibit a significant broadening. Notably, at o = 0.1,
the span of fits surpasses the noisy experimental data, indicating a poor convergence
to the observed data. Conversely, at o = 0.005, the exceptionally narrow range of fits
fails to effectively capture the data. Such a small o consequently yields mean fitting

parameters that deviate substantially from the original values, highlighting its inade-

quate assessment of the noisy data. For o values on the order of the added experimental
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Figure B.2: Effect the chosen sigma cost value has on the converged MCMC parameter
space. The upper panel shows the range of converged fits in grey compared to the noisy
Ioxp(X) data in black. The lower panels show the posterior parameter distributions
using each sigma. The original Gaussian fitting parameters, WU 4w, and spectrum are
shown as red dashed lines throughout.

noise (o = 0.01 — 0.05), similar fitting and parameter convergences are observed. This
demonstrates that within this range, the chosen o does not significantly impact the
quoted parameters.

While employing a cost function such as the sum of squares for the example depicted
in Figure B.2 would lead to a tighter convergence around the W;,w parameters, it is
essential to recognise that such a cost function assumes a perfect fitting model. While
this assumption might be suitable in the example case explored here, it often does not
hold true for the data presented within this thesis. Utilising such a cost function could
therefore potentially yield high confidence in false results, as the fitting model may not
adequately account for the complexities and uncertainties inherent in real experimental
data. Therefore, cost functions must be selected to align with the characteristics of the

actual data being analysed.
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Appendix C

Determining Pressure from Static Structure

For general equation of state calculations of a single-temperature plasma, the pressure,

P, from the total free energy, F', can be estimated via the Maxwell relation

OF

Pzi 3
8VN7T

(C.0.1)

in which the particle (ion) number, N, and temperature, 7', are held constant, and the
derivative is taken with respect to the volume, V. This expression can be related in
the form of a partial derivative with respect to the mean number density n = N/V/,

_ 291

= ,
8nT

(C.0.2)

where f = F'/N is the free energy per particle. Considering a ‘two-fluid” model [141,
142], the total free energy can be decomposed into three contributions; electron fe,

ionic f;, and electron-ion interactions f;, i.e.

f=fe+fi+ fei- (C.0.3)

This provides the pressure of the plasma according to,

P = —n%% —n%afei —n?%
=P+ P+ F. (C.04)

C.1 Electron-electron contribution

The electronic pressure, P, from a density ne = n;/(Z;), in which (Z;) is the mean

ionisation of the plasma, can be broken down in to a non-interacting, ideal gas-like
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contribution, féd, and a corrective exchange-correlation contribution arising from the

interacting electron gas, f§<C.

P, = it 4 pXC

o OfXC

F3/2(7e)
7

S AN
< Z> neA2/2 7

, (C.1.1)
T

where Ao = (272 /mekpT.) /2 is the thermal de Broglie wavelength, F; denotes the

complete jth order Fermi-Dirac integral and 7, is the dimensionless chemical potential

. 1 neh?’ 2 3/2
e = 1/2[ 5 <mekBTe> : (C.1.2)

The exchange-correlation can be approximated using a finite difference and Groth et

of the free electrons,

al. [182] parametric representation of fgic,

pXC o, nzfggc(”z’(l +0),T) = fXC(ni(1 - 9),T))
‘ ' n;(1+0) —n;(1 —9)

= = Dm0+ 0, T) - X -0, T . (C13)

C.2 Electron-ion contribution

The pressure contribution arising from electron-ion interactions is determined in linear

response,

2
n; 0

M 9 42 off /1112
P = ) on; (/O dk k Xee(k,O) [Vez (/{7)} )’T , (C.2.1)

where the electron-ion interaction is taken as Coulombic using Z7, the effective ion

charge ‘seen’ by the free electrons,

Zxe2k
‘/-el(kl)% —4m ZkQ C>

(C.2.2)
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and the static electron density response function, xee(k, 0), is taken in the random phase
approximation (RPA). The static electron density response function can therefore be

written,

) 11, (1,0
xeeh 0) = T2 5 = Ge, 0TI, (. 0)

_ IBMFC,0)

"1 = Ve (R)IISLFC (K, 0)
112, (k,0)

1+ Vee(k)Gee(k, 0)I1Y, (K, 0)

(C.2.3)

LF
M C (K, 0) =

(C.2.4)

where Vee (k) = —4me?ke /k? is the bare electron-electron Coulomb interaction, T1Y, (k, 0)
is the static electron-electron polarisation function in RPA and Gee(k,0) represents the
static local field correction which can be treated using the effective static approximation
[183]. In the highly degenerate limit, the polarisation function can be approximated

using the Lindhard form,

3 3 1—-¢. |1
lim 110, (k, 0) — — Sre 9ld0) __3ne <q +-—10 ln‘ + %0
T—0 2

2EF 2q0  4q0EF 1—qo

) , (C.2.5)
in which qy = k/2kp and kp = (2Epme)Y/2 = (372ne)Y/3 is the Fermi wave number.

C.3 Ion-ion contribution

As with the electronic contribution, the ionic pressure, P;, decomposes into ideal and

interaction (due to ionic correlations) components,

Pi :led _I_ PZ'COY

o ft, P
=n; kT — 27m%/0 drr? {gii(r; Vﬁﬁ(r)) — 1} Vet(r), (C.3.1)
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in which the effective ion-ion interaction potential for the evaluation of the excess ion

pressure is defined as

f.P r o0 0
Vi (r) = (38r - "zan) ViEi(ry. (C.3.2)
(3

The pair distribution function, g;;, of the ions [184] can be evaluated via the static

structure factor using a consistent effective ion-ion potential,,

gii(r: VEi(r)) — 1 = %217%2 [ bk [tk Vi) - 1 sin (). (C33)
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