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Abstract

Detailed understanding of the equation of state of light elements such as the hy-
drogen isotopes in the warm dense matter (WDM) regime is essential for the modeling
of the inner structure of many astrophysical objects, in particular Jovian planets as
well as inertial confinement fusion (ICF) research. In these systems quantum degen-
eracy and strong inter-particle forces play an important role making its theoretical
description extremely challenging.

The Omega laser was used to drive a planar shock wave in cryogenically cooled
deuterium creating WDM conditions [I]. We used a set of independent diagnostics
to measure the thermodynamic conditions of WDM including velocity interferometry
(VISAR), streaked optical pyrometry (SOP) and x-ray Thomson scattering (XRTS).
With a narrow-band x-ray backlighter probe at backscattering geometry the spectrally
resolved XRT'S accessed the boundary of collective and non-collective regimes making
our measurement sensitive to both electron temperature and density.

This work presents a full set of measurements of the thermodynamic properties for
different laser intensity drives creating warm dense deuterium at various degrees of
degeneracy and coupling. The measured electron densities and temperatures ranged
between 0.2 and 2.15x10%* cm™3 and 0.6 — 20 eV respectively. The scattering mea-
surement confirmed the findings from the VISAR and SOP data and together density-
functional molecular dynamics (DFT-MD) simulations provides a novel self-consistent
approach for an accurate characterization of the microscopic structure of WDM [2].

Complementary to the laser compression work, findings from project employing
static compression hydrogen with the use of diamond anvil cells is also be presented.
The first direct measurement of the local field correction to the Coulomb interactions
in degenerate plasma was obtained from inelastic scattering (20 keV probe) at the

Diamond Light Source synchrotron facility [3].
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Chapter 1

Hydrogen isotopes under extreme
conditions

1.1 Introduction

Knowledge of the equation of state of hydrogen and its electronic properties at high
densities, pressures and temperatures are crucial to development in the study of warm
dense matter (WDM). This is an intermediate state of matter on the transition from a
solid to an ideal plasma with characteristic medium-to-high temperatures (1—100 eV)
and solid densities (~ 1 g/cm?) and pressures > Mbar. Such extreme conditions result
in a very peculiar state of matter that stands outside the range of both ideal gas theory,
commonly used to describe low density plasmas, and condensed matter, relevant to
solids at low temperatures. A convenient way to place WDM on the phase diagram
is using the definition of the coupling parameter I', which is the ratio of the Coulomb
and kinetic energies. At the extreme end of the scale at high values of I' we encounter
strongly coupled condensed matter, i.e. room temperature solids with tightly bound
ions often forming crystallic latices. Weakly coupled ideal plasma, where Coulomb
interactions between ions are weak, appears at the top of the phase diagram with I less
than unity. WDM then occupies the region in between, exhibiting properties of both
ideal plasmas and correlated system similar to those found in condensed matter while
ranging over wide span of thermodynamic conditions. Ions in this state of matter are
strongly coupled and fluid-like with no long-range order, whereas electrons are fully
or partially degenerate, i.e. quantum effects, normally neglected in ideal plasmas,
become important in WDM. This state is therefore very hard to define and is poorly
understood by current theory. Figure shows a density-temperature phase diagram
ranging from solid state physics to extreme states of matter over a variety of plasma

conditions found in the laboratory or in astrophysical objects.
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Figure 1.1: Phase diagram for the WDM regime. WDM lies between condensed
matter (CM), hot dense matter (HDM) and ideal plasma (low densities), and overlaps
the planar laser generated shocks in matter as well as the astrophysical conditions.
[' is the coupling parameter (ratio of Coulomb and thermal energy) so the I' = 1
line separates the strongly and weakly coupled regimes and u stands for the chemical
potential where the p = 0 line signifies the area where the Fermi energy equals kgT,
below which we get Fermi degenerate matter.

The equation of state (EOS) of hydrogen and its isotopes is also important for
inertial confinement fusion (ICF) research [4, [5]. The thermonuclear fusion yield is
proportional to the Lawson criterion, which is the product of density and the confine-
ment time [6]. In ICF the objective is to compress the deuterium-tritium (D-T) fuel
down to sufficiently high densities to ignite the fusion reaction, while the confinement
time is determined by the inertia of imploding matter. This is usually done in spher-
ical compression of ablatively-driven capsules using high energy laser facilities such
as Omega at the Laboratory of Laser Energetics, University of Rochester, or the Na-
tional Ignition Facility (NIF) at the Lawrence Livermore National Laboratoy (LLNL)
[7]. The two approaches are direct drive, where laser beams are used to directly ablate
a plastic coating on the surface of the fusion fuel pellet driving a series of fast shock
into the centre of the sphere; or indirect drive, where an external radiation source
(laser or z-pinch) is used to irradiate a surface of a small gold cavity or hohlraum

which heats up generating intense x-rays that will compress the D-T target inside



[4,[8]. Starting from cryogenic conditions the imploding D-T capsules transit through
a range of extreme pressure and temperature states including WDM prior to ignition.
In order to achieve an efficient fusion reaction this implosion is required to be highly
uniform avoiding loss energy and/or confinement, which makes great demands on a
detailed description of all phases during the implosion [9].

WDM is a common state of matter in astrophysical objects, for example: interi-
ors of Jovian planets (also referred to as gas giants, e.g. Jupiter, Saturn, exoplanets),
brown dwarfs, white dwarfs, low-mass stars, or crusts of old stars, all of which are
predominantly composed of light elements such as hydrogen, helium or carbon. A
detailed understanding of the thermodynamics of light elements under extreme con-
ditions is therefore essential for the modeling of the evolution and inner structure of
many astrophysical objects and especially giant gaseous planets and brown dwarfs
[10, 11}, 12} 13]. The current models rely on incomplete information to interpret the
gravitational moments, total mass and spectroscopic measurements from telescopes
and probes sent to Jupiter and Saturn. The full description of the structure of these
planets remains uncertain in the absence of accurate EOS information for the strongly
coupled degenerate matter within [14]. This means that study of hydrogen’s EOS and
structure under extreme conditions are of immense interest for interdisciplinary re-
search including ICF development and laboratory astrophysics [15, [16].

To date, there is no fully consistent theoretical model for WDM. Powerful compu-
tational techniques and analytical theories have been employed to build reliable EOS
tables. Possibly the most widely used EOS table for H/D is SESAME, developed
at the Los Alamos National Laboratory, which is an example of a chemical approach
[17,[18]. For astrophysical applications, these theories must tackle a number of grand
challenges such as the existence of plasma phase transition, metallization, molecular-
to-atomic transition, and melting of hydrogen at very high pressures [14]. However,
to date there are many discrepancies and contradictions between the individual ap-
proaches, especially in the WDM regime which is covered only by interpolation in the
chemical models [9].

A reliable experimental verification of the hydrogen and deuterium EOS is there-
fore of a great importance. WDM can be produced in the laboratory using fast
shocks created by laser ablation [19, 20]. It is created commonly in planar shocks in
laser-plasmas (solid-to-plasma transitions) or as an intermediate state during inertial
confinement fusion (ICF) implosions. These laser experiments are capable of reaching

temperatures of 10’s of eV and pressures up to 100 Mbar, which are the conditions



that can be found in the planetary interiors. Alternatively, static compression tech-
niques that employ diamond anvil cells (DAC) loaded with hydrogen or deuterium
gas were developed to study the phases of solid hydrogen at very high pressures and
lower temperatures under steady conditions forming a complementary study to the
laser-shock experiments [2I]. Both laser and static compression with a wide range
of diagnostic techniques then allow us to probe a full range of thermodynamic and
structural properties of dense hydrogen with a strong relevance to astrophysics and
planetary science.

The main objective of this work is to examine the thermodynamic and structural
properties of hydrogen and deuterium under conditions relevant to the interiors of
giant gaseous planets like Jupiter. This is a largely experimental project carried out
at the Omega laser facility, where cryogenic deuterium was compressed and heated by
laser-produced shock waves. DAC static compression work was carried out at Oxford
based laboratories and the Diamond Light Source at Harwell Science and Innova-
tion Campus. The primary diagnostic technique used was x-ray Thomson scatter-
ing, spectrally resolved using crystal spectrometers. Complementary measurements
were carried out using VISAR, SOP and Raman spectroscopy. Measurements of the
thermodynamic quantities were then compared with a variety of theoretical models
revealing important findings about the microscopic structure and compressibility of

these highly degenerate systems.

1.2 Basic definitions

Systems created in experiments presented in this work span the full range of plasma
conditions from Fermi degenerate to strongly coupled, even to high-temperature ideal
plasmas. The transient region between solids and classical plasmas, WDM, is very
difficult to define and its description bears elements of statistical plasma physics,
condensed matter theory and atomic physics. It is therefore useful to define a set of
classification criteria to describe these states and the transitions between them. This
section will review some basic concepts and definitions taken from mostly statistical
plasma physics that will be used throughout this work. It will become clear that many
of the concepts from ideal plasma can be expanded to encompass the description of
WDM.

Plasma is defined as a quazi-neutral system of mobile charged particles exhibiting

collective behaviour. This means that the ions are at least partially ionized and as



a collective system, these free electrons and ions are capable of generating and inter-
acting with electromagnetic fields. In ideal plasmas the interaction between the point
particles is negligible and their collisions are ignored, i.e. collisionless weakly cou-
pled plasma can be characterized as an ideal gas, from which we derive its statistical
properties.

The motion of the charged particles in the system is then governed by the Maxwell-
Boltzman velocity distribution. Based on this distribution of free particles it is easy
to derive the screening length A,, over which a Coulomb field of a test particle is

shielded by the charges surrounding it, which in this case is the Debye length for

6()]{?BT€
Ape = 4/ , 1.1
b en, (1.1)

where kg stands for the Boltzmann constant, T, is the electron temperature, n,

electrons:

is the number density of the electrons, e the Coulomb charge, and ¢, stands for the
permittivity of free space [22]. This then defines a radius of the Debye sphere enclosing
a region of Coulomb interaction with potential ¢(r) = (e/4meor) exp(—r/Ape), where
r is the distance from the centre of the sphere. In a sense the Debye length is a
measure of mobility of free particles in the plasma as for distances < Ap. each particle
moves in combined fields of equal numbers of oppositely charged neighbours and thus
experiences no net force, i.e. charges effectively free inside the Debye sphere. At
longer distances beyond the Debye length the interactions are weaker than the bare
Coulomb interactions due to the effect of screening, i.e. the potential drops off more
quickly [22].

Following from the kinetic theory we can derive the characteristic dispersion rela-

tion for the longitudinal Langmuir waves, which is the Bohm-Gross relation [23]:

2 _ 2 2 2 3 hk*\?
w” = w, + 3k vy, (14 0.088n.A7) + 5 : (1.2)

Me
The first term w, corresponds to the characteristic oscillatory motion of the elec-

trons as a response to charge displacement within the plasma, also referred to as the

N.e2
— e 1.
“r \/ £0Me (1.3)

plasmon waves [24], 22]:




This expression bears an immense importance to the experimental investigation
of plasmas. The electromagnetic radiation interacts with the electrons driving Lang-
muir waves within the plasma, which depend on the plasma frequency w,. Incident
electromagnetic radiation with frequency lower than w, cannot penetrate into the
plasma and is reflected back from its surface. As the plasma frequency depends on
the electron density, we can define a critical density for a specific radiation energy
(w) over which the plasma is opaque to the radiation and the system is therefore
overdense, with a critical density n. = w?eome./e? [22].

The second term in equation [I.2]represents thermal oscillations and the third term
includes degeneracy effects from Fermi pressure, introducing important quantities of
the thermal velocity of electrons vy, = \/m and the thermal wave length
A, = h/\2mm kpT, [19]. The last term is the quantum shift [25].

A lot of scientific investigation is focusing on the study of microscopic properties
of the transition from an ideal plasma to degenerate strongly coupled system. In this
state, conventional theories that treat the inter-particle interactions as small pertur-
bations, i.e. ideal collisionless plasmas, are no longer applicable [19]. As mentioned
above, WDM can be characterized in the T, — n, space through the coupling parame-
ter I' [26], which is the ratio of Coulomb to thermal energy (equation and serves
as a good reference to situate WDM between condensed matter and ideal plasma in
the phase diagram (figure . The general definition of the coupling parameter for

plasma obeying classical statistics is:

T, , (1.4)

)

1/3
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where Z is the charge of the particle and a is the interparticle separation for
species o and [, i.e. electrons and/or ions. This definition is applicable to all types
of interactions: electron-electron, ion-ion and electron-ion. The timescales relevant
to this work are all at the hydrodynamic scale, i.e. at ns time scales and steady
conditions (characteristic collision time of both electrons and ions are on the order of
fs), so equilibrium is reached and a single temperature 7, = T; = T' can be used for
all interactions.

The ion-ion coupling parameter I';; is often used as a reference for the state of
matter, i.e. WDM can be defined as a system with [';; greater than 1, which is a regime
also known as strongly coupled plasmas [19]. In the condensed matter regime the ions

are tightly bound so that the ion-ion coupling parameter is large, e.g. I';; > 175 for



Coulomb/one-component plasma (OCP), reaching the crystallization limit [26] [19].
On the other end of the scale we find the low density plasmas that exhibit only
very weak coupling with I';; < 1 and can be fully understood using the ideal gas
law. Coupling of the particles becomes significant at I';; > 1. In such a strongly
coupled plasma or WDM the Coulomb interactions between the particles determine
the physical properties of the system.

As the density of the plasma increases to the point where the particle separation
reaches their quantum oscillation wavelength Apeprogiie the thermal motion of the
electrons reduces and quantum effects become important as the electrons become
degenerate. The Debye length reduces until it is comparable with the DeBroglie

wavelengh of the electrons:

A =A. = h
DeBroglie — {le — \/W‘

At this point the thermal distribution of the electrons begins to follow the Fermi

(1.5)

statistics and equation [1.1] is no longer a correct expression for the screening length
of the system. The highest occupied energy level in a fully degenerate electron gas
system following the Fermi-Dirac distribution of particles is defined as the Fermi

energy:

272 2/3
Ep= T <3") . (1.6)

2me, T
Here T, is the electron temperature, and n. is the electron density, h = 2xh is
Planck’s constant, and m, is the mass of the electron. The Fermi temperature is then
Tr = Er/kp. When the thermal energy of the particles becomes comparable to the
Fermi energy (equation the degeneracy effects come to play [19]. The degree of
degeneracy is described by the degeneracy parameter, a ratio of thermal and Fermi

energies:

(1.7)

This quantity is used to estimate the importance of quantum statistical effects
in the system. In a degenerate plasma, the Fermi energy is larger than the thermal
energy, i.e. © < 1, and most electrons populate states inside the Fermi sea where
the electrons cannot reduce the distance between them any further since multiple
occupancy of those states by fermions is forbidden as a result of the Pauli’s exclusion
principle [19]. The electrons in WDM created in the laser shock experiments with

solid or liquid targets are fully or partially degenerate.

7



In a highly degenerate state the Debye length, the scale over which mobile charge
carriers screen out electric fields in ideal plasmas, is replaced with the Thomas-Fermi

length, which depends only electron density n. [27), 28]:

(1.8)

The Wigner-Seitz parameter r, is another measure of electron degeneracy and
coupling, see equation [1.9] where ag = 5.29 x 107! is the Bohr radius and d =
(3/(47n.))'/? is the inter-particle separation at a given electron density n.. The
values of r, range between 2 and 6 for valence electrons in metals, a typical example

of a fully degenerate electron system [20].

=L 1.9
== (19)

If the electron spacing becomes very small and r, < 1, situation equivalent to a
very large Ep reaching over the Coulomb potential, the electrons become free and
form a uniform background around the ions. This results in very weak electron-
electron coupling. The electron-electron coupling constant for system of degenerate

electron is then redefined as [20]:
e?/d
Er
To account for partial degeneracy of the electron gas, the inverse of the screening

length k. = 1/As should be calculated as 2 = (4e*m.)/(7h?) [ fe(p)dp, where f.(p)

is the Fermi distribution [29]. It is more practical to use the Debye form with an

= 0.543r,. (1.10)

effective temperature [30} BI]. Gericke et al. suggest the form of:

L] e with  Tef = (T4 4 Th)1/4 (1.11)
T eokpTe! ¢ T '

which interpolates between the Debye and Thomas-Fermi screening length and
yields results with less than 2% error for all densities [29]. More traditional alternative
for the effective temperature (or classical fluid temperature) was proposed by Dharma-
Wardana and Perrot, which was originally designed to bridge the transition regime
between classical plasmas and fully degenerate electron systems by accounting both

for thermal motion and the quantum effects of the electrons [31], 30]:

T

T =\ (T2 + T2 T, = ‘
: (T2 +13), 17 1.3251 — 0.1779,/7,

(1.12)




This approach was shown to reproduce finite-temperature static response of an
electron fluid, valid for arbitrary degeneracy [30, [32]. Due to the larger mass, degen-

eracy effects play no role in ions for the physical conditions concerning this work.

1.3 Outstanding questions on planetary interiors

There has been a remarkable development in the understanding of the composition
of the giant planets, mainly Jupiter and Saturn, during the past two decades. The
chemical make-up of the deep atmospheric planetary layers have been accurately
determined through spectroscopic data from telescopes and in situ measurements
made by interplanetary probes and satellites [33]. Jupiter is composed mainly of
H/He mixture with smaller quantities of heavier elements at pressures reaching ~ 10
Mbar and temperatures of a few eV deep inside its interior. Such conditions fall into
the WDM regime, see figure [I.1]

Constraints on the internal structure of the planet have been mostly derived from
its known mass, equatorial radius and the gravitational moments Jy, Jy and Jg [11],
which were obtained from measurements made by the Galileo and Cassini-Huygens
probes. A three-layer structure with a possible rock core surrounded by metallic and
molecular hydrogen envelopes has been proposed, see figure Jupiter therefore
has a magnetic field generated by a dynamo of metallic hydrogen deep inside its
interior. However, due to the poor knowledge of the EOS for hydrogen in the relevant
conditions the present structural models are burdened with large uncertainties and
many questions including the existence, size and composition of the inner core, the
location and nature of the phase transition from molecular to metallic hydrogen and
the possibility of phase separation of the H/He mixture are still a subject of scientific
debate [34, 12} [35].

Molecular hydrogen at moderate temperatures (< 10° K/10 eV) dissociates and
eventually ionizes undergoing a phase transition to a metallic phase once the pressure
increases beyond ~ 1 Mbar creating a effective barrier between the He-rich molec-
ular hydrogen layer in Jupiter and He-poor metallic hydrogen underneath as shown
in figure [33, B36]. It is however not clear whether the transition is continuous
or discontinuous, first-order plasma phase transition (PPT). The density functional
molecular dynamics (DFT-MD) simulations predict a continuous transition from the
molecular to a dissociated regime in fluid hydrogen under the conditions of Jupiter’s
interior [37, 38 12]. Other widely recognized models predict PPT [39, 40, 35]. Early
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Figure 1.2: Jupiter’s structure, after Ref. [36]. There are many unanswered questions
about Jupiter’s interior. The knowledge of EOS for H/He at the conditions deep inside
the planet would help to answer those.

shock-compression experiments found no evidence of abrupt phase transition conclud-
ing that the dissociation of molecular fluid is likely to be continuous [41], 42}, 43], [44] [45].
Later experimental evidence however supports the existence of PPT in hydrogen and
deuterium [46], [47]. The presence of PPT provides an effective entropy barrier within
the planet’s interior that cannot be crossed by convection [48]. The PPT scenario
therefore strongly supports the three layer model as it predicts a sharp separation of
the molecular and metallic regions.

An interesting phenomenon predicted by theoretical models is H/He phase separa-
tion. Since He requires larger pressure than H to become ionized there is a possibility
of a separation between He-rich and He-poor mixtures within the deep interior of the
gas giants [49]. Although there is no EOS available for H/He, it is mostly agreed that
this phase separation happens around the boundary of the metallic region [50] 51, 52].
Around this region He-rich droplets form within the metallic H fluid, grow rapidly and

consequently fall towards the interior of the planet without being efficiently trans-
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ported by convection [48]. This is also sometimes referred to as helium rain. This
also remains the only viable explanation for the low atmospheric concentrations of
He measured by the probes of the giant planets compared to the protostellar nebula
from which the solar system formed.

Another mystery is the size and composition of the central core of the giant gaseous
planets. Many evolutionary models predict that Jupiter (and Saturn) formed from
a small rocky planetesimal, which acted as a seed for the planet to grow on top of
[53]. Other theories assume that the core formed early in the centre of a very tenuous
non-convective protoplanetary clump [54]. Its composition cannot be derived from
the gravitational moments measurements. In fact its mass heavily depends on the
EOS. Therefore hydrogen EOS determines if Jupiter has to have a rock core or not
[34].

1.4 Laboratory astrophysics

1.4.1 Modeling of astrophysical objects

One of the growing applications of high energy density physics (HEDP) driven by
the ICF research including high power lasers as well as wire array z-pinches is in
laboratory astrophysics. High power lasers and z-pinches can be used as radiation
sources for directly and indirectly driven ICF. Similarly, these experiments can be
adapted to produce x-ray probes for absorption spectroscopy, x-ray scattering and
photo-ionization experiments [19 [55]. Alternatively, plasma created in the HEDP
experiments itself can be used to mimic astrophysical objects.

Both lasers and z-pinches can be used to simulate large scale astrophysical phe-
nomena such as highly collimated outflows of energetic particles from active regions
(e.g. protostars) or jets, collisionless shocks, gamma bursts, interiors of giant planets
or supernova explosions [15, [16]. All these objects can be computationally modelled
and compared with observations, however such numerical simulations and remote
observations using astronomical telescopes have many limitations, and therefore the
ability to recreate the same conditions in the laboratory on Earth and diagnose those
directly with available instruments is priceless.

The actual astrophysical objects are massive spanning over many parsecs or even
light years of distance and their evolution takes billions of years, yet their structure
and evolution can be reliably modeled on length scales of a few ym to mm in a

laboratory. Thanks to the same plasma conditions and dimensionless, i.e. scalable,
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parameters (e.g. Sonic Mach number, Plasma beta, Reynolds number, Peclet num-
ber) gigantic astrophysical phenomena are governed by the same physics as small-scale
experiments on Earth [34]. This work concentrates on the study of microscopic struc-
ture of highly compressed hydrogen isotopes at conditions identical to those found
deep inside planets like Jupiter. The high pressures and temperatures can be recre-
ated through ablative compression and heating using high energy nanosecond lasers.
Complementary to the laser experiments, similar conditions at higher pressures, but
lower temperatures can be achieved through static compression using diamond anvil

cells.

1.4.2 Shock compression

The WDM conditions reaching solid densities, medium-to-high temperatures and
pressures ~ Mbar can be created using high power lasers. The general concept of
such experiments will be outlined in this section. Direct laser irradiation leads to
states reaching solid densities with relatively low temperature 1 — 100 eV, which is
perfect for WDM creation. Thus, a direct drive was chosen for this experiment. The
Omega laser facility was used to provide a laser drive with typical irradiance of 103
and 10 W/cm?. The infrared laser was frequency tripled giving 3w wavelength of
351 nm and consisted of 6 pairs of 1 ns laser pulses staggered in time providing a 6
ns long constant intensity drive.

When an intense laser is focused upon a solid/liquid target a fraction of its energy
is immediately absorbed creating a hot, highly ionized plasma, which rapidly expands
away (timescale of a few picoseconds) from the solid surface into the vacuum. This
process is referred to as ablation. This plasma further absorbs laser energy and is
heated reaching very high temperatures. This low density hot plasma (corona) ex-
pands away from the solid surface into the vacuum creating a steep density gradient
and ablation pressure against the cold material, which drives a strong single shock
into the target. The rest of the laser energy propagates through the plasma, where
it is being absorbed, until it reaches the critical density (n.., see section 1.2) surface,
into which the light can no longer propagate and is reflected back. The absorbed
energy propagates further into the target through electron thermal conduction (low Z
materials) heating the material within the propagating shockwave to WDM tempera-
tures [56]. For the conditions relevant to this work, the inverse bremsstrahlung (IB) is
the main process of absorption of the laser energy [57]. During this process the laser
beam interacts with the electrons moving within the Coulomb field of the ions and

causes them to oscillate. Since the electrons have some thermal energy and associated
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velocity distribution they undergo random motion and collide with themselves and
the surrounding ions. During these collisions, laser energy is transferred into thermal
energy of the electrons as the extra laser-induced ordered oscillatory velocity gets

randomized.

Ablation surface Critical surface (n )

-

Distance

Figure 1.3: Diagram of interaction between a solid/liquid target and a laser show-
ing ablation of the surface material. The laser light can only propagate through the
plasma up to the critical density n. at the critical surface, where it is reflected. The
absorption of the laser energy increases with the density. Thus, the highest tempera-
ture is to be expected at the critical surface. The temperature then drops between the
critical surface and the solid target. Heat from the critical surface is conducted down
the temperature gradient towards the solid surface, where it generates more plasma,
keeping the ablation process going. The cooling process due to the rapid expansion
is balanced by laser energy deposition keeping the temperature of the low density
corona roughly constant. The region between the ablation and critical surfaces is
often referred to as conduction zone.

This collisional absorption mechanism dominates if the irradiance is kept below
the limit of I7(W/em?) = 3 x 10T, (eV)/N?(um) ~ 4 x 10" W/em? [58, 59]. This
limit determines whether the electron thermal distribution is perturbed or not by
the incident electric field, which in turn affects electron-ion collision frequency [59).

IB occurs mainly near the critical density and is therefore enhanced for shorter laser
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wavelengths. At a given intensity, the plasma is much denser and cooler and hence
much more collisional enhancing the IB process. Moreover, collective processes in the
plasma are dampened due to the increased collisionality and are more weakly driven
by short wavelength light [57]. Hence, shorter wavelengths are more advantageous as
the laser light can propagate further into the plasma, closer to the cold material, and
deposit its energy more efficiently. Laser absorption efficiencies reaching 80% can be
expected in such experiments [60].

If the laser irradiance reaches over the limit of I, the nature of the laser plasma
coupling changes and the incident radiation starts driving plasma waves within the
target [60]. If the temperature increases too much, the efficiency of the collisional ab-
sorption is reduced [57]. Other absorption mechanisms such as the resonance absorp-
tion near the critical density n. also take place [57, [61]. However, those interactions
are a source of of many instabilities that can decrease the efficiency of laser light ab-
sorption by reflecting the incident radiation away from the target surface preventing
it from reaching the critical surface, e.g. stimulated Brillouin and Raman scattering
[57]. At higher intensities, generation of hot electrons can preheat the target region
prior the arrival of the shockwave, reducing the shock pressure. Experimental evi-
dence suggests that these effects are negligible when the irradiance is kept below [},
[62], 63].

The strength of the shock is often measured by the ablation pressure. A simple
scaling expression can be obtained from basic principles to calculate the approximate

value of the expected ablation pressure [34]:

P,(Mbar) = 8.0(I/10"*(W/em?))*3X\=%3(um), (1.13)

which yields values of 3.5 Mbar and 16 Mbar for irradiances of 10'® and 10
W /cm?. These values are however likely to be slightly too high. A better estimate
of the ablation pressure can be obtained using scaling expressions obtained in past
experiments [64], 65] 60}, 67, [68]. Considering that inverse bremsstrahlung is the dom-
inant process of laser energy absorption in this experiment, the following expression
has been used [58]:

P,(Mbar) = 11.6(I/10"(W/em?))>*N\=Y4(Z;t/3.5)"/8(A)22)7/C, (1.14)

where A = 2 is the mass number of the compressed material (deuterium), Z = 1
is its atomic number, Z; = 1 the ionization degree, A = 0.35 pum is the wavelength

of the laser and ¢ = 6 ns is the laser pulse duration. The introduction of parameter
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t accounts for the IB process in under-dense plasma in front of the critical surface.
Given this expression we should expect ablation pressures of 2.5 Mbar and 14 Mbar
for 10* and 10 W/cm? laser drives respectively.

The main techniques used for the measurement of thermodynamic properties in
such dense systems are x-ray scattering [19], shock velocity measurements made by
velocity interferometer system for any reflector (VISAR) [69] [70] as well as temper-
ature measurement inferred from streaked optical pyrometry (SOP) [71]. Additional
diagnostic techniques such as x-ray absorption spectroscopy [72], femtosecond elec-
tron diffraction [73], proton and hard x-ray radiography are also being pioneered to
improve the density measurement accuracy and to access high-Z materials [74] [75].

The temporal evolution of thermodynamic conditions in laser experiments de-
scribed in this work is at the order of nanoseconds. Following from the Spitzer model
[76] within this timescale the electron and ion temperatures are considered already
equalized, since the electron and ion collision times are orders of magnitude smaller

than the temporal resolution of the probes as well as the duration of the experiment:

Te ~ 1/ve =T3?/(2.91 x 10™%n,InA) ~ 8.1 x 10716 , (1.15)

7/ 1y = T2 /(480 x 1078 Z*n; In A) ~ 70 fs, (1.16)

where T, = T; ~ 15 eV, n, = n; ~ 1.0 x 10?* cm ™3, ionization Z ~ 1 and pu =
m;/m,, = 2 for the deuterium experiment at the Omega laser facility. Here, In A stands
for the Coulomb logarithm. Even if more sophisticated models such as the Fermi
Golden rule or the Coupled-mode energy-relaxation rate model by Dharma-wardana
and Perrot [77] are used the equilibration times are of the order of 100’s of ps [78]. The
density and temperature gradients within the shocked material are also important to
consider since the x-ray scattering signal is collected over the entire volume of the
sample. The laser profile was smoothed with phase plates to avoid creation of hotspots
that would result in instabilities in the shock (Chapter 3). Extensive 1-D hydro-
simulations were carried out using the LILAC code [79, 80] prior the experiment to
optimize the laser parameters that would generate an uniform shock.

There are other methods to generate WDM using high power lasers. Worth men-
tioning are experiments where laser-produced x-rays or protons are used to isochor-
ically heat solid samples to WDM [81]. Similarly as in indirect drive ICF, high-Z
material hohlraums can be used to efficiently convert incoming laser radiation into x-

ray radiation due to a large number of allowed electronic transitions. These x-rays are
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then used to create WDM conditions through shock compression instead of a direct
laser drive [82]. Extreme conditions have been achieved by coalescing shocks within
solid targets providing an excellent platform for x-ray scattering measurements [83].
Other high power facilities such as fast z-pinches and x-ray free electron lasers have
been used to generate and probe WDM [44] [72], [84].

1.4.3 Static compression

Static compression experiments employing diamond anvil cells (DAC) form the basis
of fundamental physics study and have over past 30 years revealed surprising struc-
tural complexity of compressed hydrogen. Through various diagnostic techniques the
molecular bond structures, transitions between different structural phases, metalliza-
tion, EOS and the melting curve in solid hydrogen are probed. This is a very active
field of research with direct application to planetary science. The DAC experiments
are at present time are capable of operating at up to 7'~ 1000 — 5000 K (~ 0.5 V)
with laser heating of the samples and 350 GPa (3.5 Mbar) at 300 K. The conditions
in DAC experiments are generally different to those created by laser-compression, but
also very important to the fundamental research in physics of hydrogen and planetary
science.

The DAC was first developed by Weir et al. [85, [86] as a new technique in the
high pressure physics research and geoscience. Other materials such as sapphire have
been used in similar applications, but diamond due to its strength and hardness
is the material of choice to achieve the highest pressures reaching the Mbar range.
Another advantage leading to the choice of the anvil material is the transparency to
electromagnetic radiation in the infrared (IR), optical, ultra-violet (UV) and x-ray
bands used as diagnostic probes [87]. The three main types of DAC systems are
the piston-cylinder Mao-Bell cell, Merill-Bassett type and the Boehler-Almax (plate)
cell [88]. A variant of cell type designed at Oxford was used in the x-ray scattering
experiment at the Diamond synchrotron, see Chapter 6 and figure [1.4]

A typical DAC setup is shown in figure [I.4] two opposing diamond anvils, perfectly
polished diamonds with a flat culets facing each other, compress a metal gasket (flat
foil with a drilled hole) that contains the sample. Prior to the sample being loaded the
gasket has to be preindented with the aligned diamond anvils to create the charac-
teristic “bulged” shape which will contain the hydrogen/deuterium gas tight between
the anvils. After that a hole of ~ 50 — 200 um (depending on the desired pressure
limit) is drilled in the centre of the indentation. Typical materials used as gaskets are:

Rhenium, which is most common as it is strong yet very ductile allowing a plastic
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Figure 1.4: Schematic of a typical DAC setup including the diamond anvils, metal
gasket, sample and a ruby sphere pressure reference. The figure also includes some
example of different cell/gear box systems used. Images were taken from Ref. [88].

deformation during indentation and maintaining a reasonable thickness to high pres-
sures; Tungsten, which is also very strong, but relatively brittle and has to be handled
with caution; stainless steel Type 301, which is relatively soft, however acceptable for
lower pressures and its main advantage is low chemical reactivity with the samples;
and Beryllium, which is soft, but transparent to x-rays making it useful for diffraction
experiments, however it is dangerous to handle. In the experiment described in this
work Tungsten and stainless steel gaskets have been used.

The cell is then assembled by placing the gasket back on one of the diamond tips
as before. When the diamonds touch the gasket, a birefringence effect with coloured
fringes is visible under a microscope, which is an effect of strain within the diamonds
under pressure. The cell is kept released (no birefringence observed) leaving a small
gap between the diamonds and the gasket and placed inside a gas loading vessel.
The sample is loaded with a pressure-transmitting medium, which helps to create
close-to-hydrostatic conditions (homogeneous pressure throughout the system) and
ideally also acts as a thermal insulator [89]. The cell is first flushed with the pressure

medium (He condensed gas) and then with the experimental mixture (Do-He or Ho-He
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mixture) before it is loaded with the pressuarized gas using a compressed gas pump
apparatus. The anvils are sealed inside the gas vessel after it has been filled with the
gas at ~ 30,000 psi (0.2 kPa) locking the sample within the gasket and the diamond
anvils by compressing the DAC using a gear box. The pressure can then be further
increased using a gear box to the GPa regime. Such experiments are characteristic
for their small sample volume needed to achieve extreme pressures. The small sample
size compensated by the brightness of the probe used to study the sample.

One or two small chromium-doped ruby (Al,O3: Cr®T) spheres are also burried
inside the gasket with the sample [90]. These act as a pressure reference, which was
first introduced by Barnett et al. [91], who discovered the near-linear relationship of
the spectral shifts of the optical fluorescence lines of ruby with increasing pressure.
This secondary pressure scale is then used as a reliable pressure gauge in DAC exper-
iments [92]. These measurements are relatively straightforward at P < 100 GPa and
can be carried out on-line or off-line using a calibrated grating spectrometer coupled
with an optical laser system, which can be focused onto the ruby spheres inside the
gaskets under a microscope. This method is described in more detail in section 6.2.3.

Typical diagnostics used with such statically compressed samples include single
crystal or powder x-ray diffraction at synchrotron facilities used to study the structure
and the EOS of crystalline samples [21]. Alternatively, Raman or IR spectrocopy is
used for finger-printing and structural studies of molecular substances through obser-
vation of energy shifts due to the vibrational and rotational modes of the molecular
bonds [93]. Our group pioneered x-ray scattering from statically compressed samples,
which was carried out at the Diamond Light Source synchrotron facility at the Harwell
Science and Innovation Campus [3]. New experiments carried out at the Lawrence
Livermore National Laboratory (LLNL) in California that combine both compression
techniques, where statically pre-compressed DACs are further compressed and heated
by laser ablation have also been reported and show to be a promising tool to probe

the hydrogen EOS to even more extreme pressures and temperatures [94] [05].

1.5 Overview of previous experiments

The arrival of new facilities and diagnostic techniques during the last two decades
brought something of a revolution on the experimental measurement of hydrogen
and deuterium under extreme conditions. X-ray scattering as a diagnostic for dense
plasmas was first suggested by Nardi et al. [96, 7] shortly followed by the first

experimental evidence of scattering from indirectly irradiated and shock-compressed
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Al foils with kilovolt Ti He-a laser-produced source [98], [99]. Spectrally resolved
x-ray scattering from a radiatively heated Be plasma probed with Ti He-a x-rays
was first demonstrated by Landen et al. [I00] at the Omega laser facility. The first
high accuracy measurement of electron temperature and density from non-collective
scattering was performed soon after by Glenzer et al. [81, T0I] marking the beginning
of x-ray scattering as a standard EOS diagnostic. The first clear evidence of x-ray
scattering measurement of plasmons was presented by Glenzer et al. [102] 103]. The
first full measurement of the electron temperature and average ionization balance
of nearly Fermi-degenerate CH plasma created by a direct laser drive shock-heating
probed by Zn He-a was achieved at Omega the same year by Sawada et al. [104].

Spectrally resolved scattering using laser produced ultrafast Ti K-a x-ray pulse
illuminating shock-compressed LiH creating WDM conditions relevant to planetary
interiors was observed at the iconic experiment performed at the Titan laser facility
by Kritcher et al. [83]. The first measurement of the ion-ion structure factor .Sj;
from an x-ray scattering measurement of warm dense Li was carried out at the Vul-
can laser facility (RAL) by Garcia Saiz et al. [105]. Faiistlin et al. [84] expanded
the techniques of x-ray Thomson scattering to the DESY free electron laser (FEL)
facility in Hamburg, where they were able to investigate ultrafast electron dynamics
in a non-thermal state within a liquid hydrogen sample, which was isochorically and
volumetrically heated to WDM state with moderate coupling using monochromatic
x-rays from the FEL at 91.8 eV non-collective regime. Full review of x-ray Thomson
experiments in high energy density systems as well the theory related to this work is
presented in great detail in the review paper by Glenzer and Redmer [19].

The first extensive experimental study of the EOS of high pressure states in lig-
uid deuterium were investigated by Da Silva et al. and Collins et al. [41], 42, 106].
In their experiment the Nova laser was used to shock-compress liquid deuterium
to extreme pressures of 22 to 340 GPa. They were able to confirm a phase tran-
sition to metallic deuterium through the means of shock-reflective diagnostic with
independent confirmation by radiography measurement and probed the deuterium
Hugoniot through velocity interferometry measurements giving very high compres-
sion ratio (“soft” Hugoniot). Temperature of the shocked deuterium was obtained
using multifrequency pyrometry. Although this Hugoniot measurement was later
proven unreliable, this remain influenceful work within this field. The Mbar regime
in fluid deuterium was probed through double shock-compression at the Omega laser
facility by Boehly et al. [107].
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An extensive study of the deuterium Hugoniot spanning a wide range of den-
sities and pressures across the WDM regime by the use of VISAR diagnostic with
quartz and Al pushers was performed by Hicks et al. [20, 108]. Alternatively, fast
z-pinches including the Z-machine at Sandia National Laboratory have been used to
accelerate flyer plates to shock compress cryogenic deuterium creating shock-heated
states similar to those created in laser experiments. Knudson et al. [44] 109, [110]
employed the velocity interferometry technique with an Al pusher to collecting a full
set of deuterium Hugoniot measurements. Independent measurement by Belov et al.
[111] confirmed these measurements using spherically converging shock wave excited
by the denotation of condensed explosives to compress solid deuterium. Knudson
himself later questioned [112] the quartz pressure standard that supported all of the
quartz and Al pusher EOS used in the impedance-matching in order to obtain the
deuterium Hugoniot in the previous VISAR experiments, shifting the Hugoniot fur-
ther to the “stiff” end suggesting large systematic errors (~ 12%) in the deuterium
density measurement.

Measurements by Celliers et al. [43] of shock reflectance vs. shock velocity ob-
serving an increase and subsequent saturation of the optical reflectance of shocked
deuterium indicated a phase transition to a conducting state characteristic of a metal-
lic fluid is reached at shock velocities ~ 20 km/s. The temperature of single-shock-
compressed deuterium was determined from pyrometric measurements carried out
by Collins et al. [113], who were able to use their results to prove that deuterium
under these conditions is a degenerate Fermi-liquid metal. A full set of EOS measure-
ment of deuterium Hugoniot were obtained by Bailey et al. [114] using simultaneous
VISAR and time-resolved optical spectroscopy that provided a reliable temperature
measurement along the Hugoniot. Comprehensive study of metallization of dynami-
cally compressed hydrogen was carried out by Weir et al. [I15] 1T6]. Progress in the
study of metallization of hydrogen at high pressures was summarized in the review
paper by Nellis [I17]. Experiments carried out by Fortov et al. [46], who used the
quasi-isentropic compression in plasma by series of reverberating shock waves to cre-
ated extreme compression, observed the first direct experimental indication of a new
phase transition to a metallic fluid in a strongly-coupled deuterium.

Static compression experiments have used the hydrogen/deuterium DACs to ex-
plore the low-temperature high-pressure EOS administrated by x-ray diffraction at
synchrotron facilities. Among the first were Mao et al. [21] and Hemley et al. [118§]
with their x-ray diffraction experiments from single crystal hydrogen and deuterium

probed the phase diagram up to 26.5 GPa at the National Synchrotron Light Source

20



in Brookhaven National Laboratory. Their work was extended by Loubeyre et al.
[119, 120] who used the techniques of x-ray diffraction and optical Raman spec-
troscopy to measure the low temperature EOS of hydrogen up to 320 GPa. Excellent
overview of high-pressure hydrogen structure in the static compression domain is
summarized by Mao and Hemley in their review paper [I121]. Most recent DAC ex-
periments reported by Eremets and Troyan provide evidence of first-order transition
(PPT) from molecular to a metallic state in pure solid hydrogen and deuterium at
260 — 270 GPa and room temperature (295 K) [47]. The first experiment combining
the techniques of static and dynamic compression of a hydrogen sample was carried
out by Loubeyre et al. [94], where independent VISAR and pyrometric measurements
provided pressure and temperature of pre-compressed hydrogen sample driven by the

Vulcan laser.

1.6 Thesis outline and author’s role in this work

Much like the rest of present experimental science, the research presented in this
thesis is based on many generations of previous research and is a part of a large
collaborative effort. This section is aimed to point out the contributions of the author
to this project. Work of others presented in this work will be clearly referenced on
all occasions and explicitly labelled by name when appropriate. The current chapter
(Chapter 1) is aimed to provide a brief introduction to the field and research presented
in this thesis. Although some of the calculations presented were carried out by the
author, this is predominantly a literature review of previous work and the outstanding
questions in the field and is thus mostly work of other scientists with all references to
the relevant work included.

Chapter 2 is concepted as a theoretical background to the author’s work. Content
presented here is therefore taken entirely from a number of different sources, all of
which have been acknowledged and the particular references to books, research papers
and the work of individuals used have been identified within the text. Chapter 3 then
provides an overview of the main experimental campaign at the Omega laser facility.
Much of this work is done by a very large group of scientists and technicians at
the Laboratory of Laser Energetics at the University of Rochester in the US. The
diagnostics and laser set up was carried out entirely by the LLE staff. The target
assembly was carried out by the LLE target fabrication laboratory overseen by Mark
Bonino. The original experimental planning pre-2009 was done by Dr. Sean Regan

(LLE) and Dr. Gianluca Gregori (Oxford). The author was in charge of planning of
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the VISAR/SOP part of the Omega experiment. The planning of the XRTS part of
the Omega project was then equally shared between the author and Dr. Sean Regan.
The author was also closely involved in the laser drive and target development between
2009 and 2011 overseen by the project leader Dr. Sean Regan.

Data analysis on the laser pulse shape, x-ray streak camera and x-ray backlighter
brightness was carried out by the author. The x-ray pinhole camera analysis (Chapter
2) was done by Dr. Sean Regan and Dr. Fred Marshall (LLE). The hydrodynamic
simulations presented in Chapters 2, 4 and 5 are work of a number of individuals. The
1-D LILAC simulations, used in the planning stage of the Omega experiments, were
run by Dr. Radha Bahukutumbi from LLE. The 2-D DRACO simulations were the
work of Dr. Suxing Hu, LLE. The 1-D HELIOS simulations largely used to support
the data analysis in Chapters 4 and 5 were carried out by the author using the Prism
software. The DFT-MD simulations used to compute the deuterium EOS used in
Chapters 4 and 5 done by Dr. Jan Vorberger and the final relevant analysis was
based on theoretical consultations with Dr. Dirk Gericke, both from the University
of Warwick. All references to these codes and underlying theory are included in the
text.

Data analysis presented in Chapter 4 is entirely the work of the author. The XVIS
program used to extract the phase shift from the VISAR data was written by Dr.
Damien Hicks from the Lawrence Livermore National Laboratory. The VISAR and
SOP work was supported by many helpful consultations with Dr. Tom Boehly, Dayne
Frantanduono and Maria Barrios from the LLE. The data analysis in Chapter 5 are
also the work of the author, with some of the earlier scattering spectra plotted by Dr.
Sean Regan. The code used to fit the Compton peak and compute the thermodynamic
conditions using the frequency sum rules of the dynamic structure factor was the work
of the author. The spectral fits using the random phase approximation (RPA) and
full profiles were done by the author using the XRS code by Dr. Gianluca Gregori.
The calculations involving the composite scattering profiles and weighted averages
using the 1-D and 2-D hydro simulation outputs in Chapter 5 are the work of the
author. The contributions by other collaborators and referenced sources have been
included in the chapters explicitly.

Chapter 6 then presents another type of an experiment on statically compressed
hydrogen using diamond anvil cells. The experiment was a large collaborative effort
of many teams of scientists at Diamond Light Source, Univesity of Oxford, DESY and
Queens University Belfast, all closely involved individuals have been acknowledged

in authors publication on this project [3]. The author was heavily involved in the
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running of the experiment and data collection although the experiment had been
planned by Dr. Gianluca Gregori and Prof. A. P. Jephcoat (Oxford, Diamond)
prior the involvement of the author in the project. The cells have been prepared
by Prof. Andrew Jephcoat and Dr. Annette Kleppe (Diamond). All data analysis,
including the code used to calculate the downshifted scattering feature using the zero
temperature RPA, presented in this chapter is the original work of the author.
Chapter 7 is a summary of the key results of this work. It includes conclusions
and proposal of future work by the author, which have been peer-reviewed by the
larger team of collaborators. Appendix A includes an overview of the acronyms,
constants and common variables used. Appendix B provides a lengthly calculation
of the dielectric function from the random phase approximation taken from other
sources, which have been properly referenced. A list scientific publications by the

author is given in Appendix C.
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Chapter 2

Theoretical description of WDM

2.1 Introduction

As outlined in the previous chapter, WDM is a very complicated state of matter. Lay-
ing on the boundary between the descriptions of the ideal gas applicable to classical
plasma of low density and the condensed matter theory used to understand crystalline
solids its equation of state and microscopic staucture is very complicated. The corre-
lations between the ions in WDM are important and it exhibits similar behaviour to
liquids. Quantum effects have to be incorporated into the modelling of the electron
species as they are fully or partially degenerate.

Due to its high density and relatively low temperature it is also a very difficult
system to diagnose using traditional techniques such as optical laser interferometry,
shadography, optical Thomson scattering or emission spectroscopy. X-ray scattering
is introduced as a powerful diagnostic technique capable of penetrating deep inside
the WDM sample and provide a full set of information of its state and microscopic
structure [19].

This chapter outlines the theoretical understanding of WDM in present science.
A brief description of theoretical models and simulations is provided. The theoretical
description of the EOS of WDM is extremely challenging and many approximations
are required resulting in many discrepancies between the individual approaches. The
main models used to date include the analytical models such as Thomas-Fermi the-
ory; chemical models that include some of the most widely used EOS tables such as
SESAME [I7] or the Saumon and Chabrier EOS [122 123]; and more recently the
computing power has reached a stage when theorists are able to include quantum and
atomic physics calculations into their simulations, often based on the density-function
theory molecular dynamics (DFT-MD) or path integral Monte Carlo (PIMC) simu-
lations and created so-called ab initio or physical models [37), [38], [124] [125]. In this
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work many of these models will be compared with experimental measurements from

independent diagnostics in order to constrain the theoretical description of WDM.

2.2 Microscopic structure of WDM

2.2.1 Static and dynamic properties

For simplicity a one-component system (OCP) is going to be considered in order to
derive some basic expressions to describe the structure of WDM. Here only ions are
considered as individual charges or particles and electrons form a rigid neutralizing
background of negative charges, which only provides charge neutrality. Such an ap-
proximation is valid when electrons are highly degenerate and effectively free as their
wavefunctions are smeared out throughout the lattice satisfying the periodic Bloch
functions [120, 127, 128]. It is also valid at high temperatures, when electrons are
much more mobile than the ions and act as a spatially uniform background around
the ions [126]. Internal structure of a static many-body system can be characterized
in terms of correlation functions which give the probability of finding particles at a
specific location in space at a certain time. The pair correlation function is defined

as the conditional probability density of a pair of particles being separated by r:

h(r) = mi;l O(r —r; +15)), (2.1)

where N is the total number of particles in the system with normalization:

1 3 _
V/Vd rh(r) = 1 (2.2)

The pair distribution function is therefore a statistical average of different config-
urations of positions of r;’s and r;’s. The pair distribution function is then defined

as:

g(r) = h(r) + 1. (2.3)

Here we assume that there always is one particle at some given distance, i.e.
the distribution is even. The density-density correlation function of translationally

invariant systems is then given by:
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where the electron density operator and its Fourier transform are defined as:

N N
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Figure 2.1: Pair distribution function (g(r) vs. r/a) and static structure factor (S (k)
vs. ak), where a is the Bohr radius, as a function of coupling parameter I', equation
1.4 Plots of g(r) and S(k) were obtained from MD simulations by James Mithen.

It is clear that the density-density correlation function is related to the pair cor-
relation function through the expression for the average density fluctuations of the
ions. At this point we define the expression for the static form factor, which is the

Fourier transform of spatial density distribution of the system of particles [26]:

N

500) = 1o 0p () = 14 (D2 ki) (2.6)
i#j=1

It is this quantity that gives the amplitude of scattering signal from the particles.
The pair distribution function can then be linked to the static form factor through
the Fourier transform of the pair correlation function, equation [2.1]

N -1

Sk)—1= 7 /dgre_ik'r[g(r) —1] (2.7)

26



This expression illustrates how the static structure of the system depends on the
pair distribution of the particles [126]. The positions of the particles and hence the
pair correlations can be obtained from the result of molecular dynamics or Monte
Carlo simulations and the expression can be used to calculate S(k). Such a
calculated scattering profile can then be compared with experimental scattering or
diffraction spectra which directly measure S(k).

In this work we are interested in the energy exchange between the electrons and
photons, therefore we need to look at the frequency spectrum of the density fluctua-
tions in the dense hydrogen/deuterium plasma. Thus, one has to go one step further
to include time-dependence in the structure of the system. The dynamic structure
factor (DSF) is therefore defined:

S w) = oo / 0 (pu(£) pe(0)), 2.8)

where the space-time Fourier transform of the density operator is:

plk,w) = %/dtei“’tpk(t). (2.9)

The dynamic density-density correlation function can then be expressed as

G(r,t) = /(pk(r+r’,t)pk(r’,0)>dr'. (2.10)

The scattered signal is then generated by the density fluctuations in both space
and time and its amplitude is determined by the dynamic structure factor (DSF),
which is a space-time Fourier transform of the density-density correlation function
G(r,t), which describes the correlations between different points in the plasma [12§].
It can be shown that the DSF is linked to the velocity distribution of the particles in
the system through the density fluctuations of the charges [129] 126]. The effective
potential of a particle submerged in a Coulomb field is reduced by the polarization
screening of the surrounding charges. We can account for this effect by introducing

the effective quasi-particle density:

P(k,w)
e(k,w)’

which is the definition of the dielectric response function e(k,w) [127]. Here, the

plk,w) = (2.11)

“0” index marks the non-interacting particles. Since p(k,w) and p°(k,w) are real
quantities we have e(—k, —w) = ¢(k,w)*. From here the link of DSF S(k,w) to the

dielectric function e(k,w) can be established:
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_ Skw) L S0f(v)d(w — kv
S(k,w) = ECTE ]5(k,w)|2/d f(v)o(w —k.v). (2.12)

This expression is known as the fluctuation-dissipation theorem and relates the

spectrum of density fluctuations of charges in a many-particle system to the dielectric
function [130]. EM radiation (x-rays) scatter from the electrons in the system, whose
fluctuations can be described using these equations. The DSF then corresponds to
the spectrum of the radiation scattered by the particles. The link to the dielectric
functions then provides a measure of the electric and thermodynamic properties of

the system.

2.2.2 The dynamic structure factor

According to the chemical model which separates the motion of the electrons and
ions derived by Chihara [131, 132], the total electron-electron dynamic structure
factor S (k,w) breaks down into three different components, each corresponding to

a different degree of correlation between the electrons and ions:

See' (k,w) = | fr(k) + (k) Sis(k, w) + Zy S (k,w) + Ze / See(k,w — W) S, (k, w')dw
(2.13)

This expression allows to account for contributions to the absorption and scatter-
ing of EM radiation from all electron species within the plasma or liquid metal [I32].
This expression is valid in the regime where the energy of the incident EM radiation
is higher than the ionization energy (fuvg > E7) [58]. The first term represents the
electrons whose motion is strongly correlated with the ions, thus this term relates to
the ion-ion density correlation function S;;, which reflects the thermal motion of the
ions and/or the ionic plasma frequency and is related to elastic (Rayleigh) scattering
of EM radiation [19]. The terms within the brackets correspond to the ion form factor
fr(k) and the screening term ¢(k), which describe the distribution of the electrons
tightly bound to the nuclei and the free and valence electrons that dynamically follow
the ion motion respectively.

The second term models the free electrons that do not follow the ion motion pro-
ducing inelastic scattering due to the Compton effect [I33]. Z; is the number of
delocalized electrons and S° (k,w) is the high frequency part of the electron-electron
correlation function already described in the previous section [26], see equation [2.16]
The last term in the above expression includes the contribution of the inelastic scat-

tering due to bound-free transitions of the core electrons [19]. Here Z. denotes the
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number of bound electrons, hence Zy 4+ Z. = atomic number of the neutral atom.
See(k,w) is the dynamic structure factor of the core electrons undergoing Raman
transitions to the continuum. Ss(k,w) is the dynamic structure factor of a single ion,
which modulates the contribution of the inelastic processes by the self-motion of the

ions.

The ion feature

The theoretical calculation of the static ion structure factor S;;(k,w) for dense plas-
mas, where ion coupling is strong and weak coupling approximations such as the
Debye-Hiickel (equation are not applicable, is very challenging for current theo-
ries and requires introduction of complicated quantum electron-ion potentials and/or
screened models. In the simplified picture within the frozen core approzimation,
which treats the bound electrons in a simplified way neglecting the bound-free tran-
sitions (such that limy_ofr(k) = Z.) and treats the ions adiabatically, the frequency

dependance in the ion-ion DSF is reduced to a delta function:

|f1(k) + q(k)]*Si(k,w) = | Z. +\/Z_f al (F)o(w), (2.14)

where S;(k) and S;; (k) are the static electron—lon and ion-ion structure factors

respectively [19]. Here, the screening function ¢(k) in a fully ionized system is
defined in terms of the partial structure factors in electron ion system as ¢(k) =
VZ15ei(k)/Sii(k) = Z(kpe/k)2S?, [134, 29]. Corrections (e.g. screening) to S, will
have a large 1mpact on the intensity of the ionic feature through ¢(k), which is par-
ticularly large for low-Z elements as the ratio of free to bound electrons increases.
The ionic form factor f;(k) can be more precisely computed using the electron wave-
functions, e.g. Hatree-Fock self-consistent field method [135], 136, [130].

S;i(k) can be calculated through the one-component plasma (OCP) model, which
is widely applied to dense plasmas with strongly coupled ions and highly degenerate
electrons [27]. As described earlier, the model treats the ions as point-like particles
interacting through Coulomb forces surrounded by a neutralizing, rigid and uniform
background representing the electrons and neglects the electron-ion polarization ef-
fects. The positions of these ions and their total free energy energy can be computed
through Monte Carlo (MC) or Molecular Dynamics (MD) simulations [137, [138]. For
greater accuracy, the ions can be modeled as Charged Hard Spheres of finite size.

Such models can be solved analytically. The screening of the charges is included as
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a corrections through the linear screening approximation assuming weak electro-ion
coupling:
SQCP
_ (13
L+ fu(R)SET

where f,(k) is the screening correction to the bare ion-ion interaction and SZ°F

Sii(k)

(2.15)

is the unscreened ion-ion structure factor calculated within the OCP model for finite-
size ions [139]. In the most basic screened one-component plasma (SOCP) model the
screening function ¢(k) is derived from the Coulomb potential, which is only strictly
valid for fully ionized systems. A more sophisticated approach employs pseudopoten-
tials such as the empty core with a soft cut off which allows for negative screening
extending the validity of the SOCPN (“N” for negative) model to partially ionized
matter [29]. This is a well-known effect, where the bound electrons repel the valence

electrons near the nucleus and reduce the effect of screening at short distances.
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Figure 2.2: Illustration of the HNC calculation process, after Ref. [126]. Here ¢(r)
denotes the direct correlation function introduced in the main text and h(r) is the
pair correlation function defined in the previous section.

The static structure factor can also be obtained from statistical theories including
the integral equations for the pair correlation functions within the hypernetted chain
(HNC) scheme [128| 26 126]. In this approach the correlations between the ions
are calculated in a series of steps. Going beyond weakly coupled theories (RPA or
Debye-Hiickel), which assume that the ions interact only with the surrounding field
generated by the other charges, in the HNC approach direct interactions between the
particles are considered by the means of the direct correlation function [126]. The

calculation process is illustrated in figure 2.2}

30



In the first order, interaction of only two neighbouring bodies with specific effec-
tive potentials is considered. The second step then includes the interaction of the
first pair with a third particle. Subsequently, more ions are gradually added modify-
ing the total distribution of the particles. For homogeneous plasma, the interaction
chain can be rewritten in the form of the Ornstein-Zernicke relation, which can be
calculated analytically [126], [140]. In order to correctly account for short-range effects
quantum pseudo-potentials were used in more advanced models to mimic diffraction
and exchange effects in dense electron-ion systems [141], 142].

The choice of the effective potentials/screening as well as many approximations
add uncertainty into the theoretical calculation of the ionic feature. It is often exhib-
ited in reduction of the total intensity of the elastic peak in the scattering spectra,
where many corrections such as the Debye-Waller factor have been suggested [139].
This uncertainty in determining the ionic feature makes the modeling of a full scat-
tering profile that would include both the inelastic Compton and elastic Rayleigh
scattering features difficult and inaccurate. In this work we therefore focus on the

free electron feature in the scattering spectrum.

The free electron term

The free electron feature can be rewritten in terms of both ion and free electron
contributions: S (k,w) = %Sii(k, w) + S (k,w), where the relationship between
electron-ion and the ion-ion structure factors is Se;(k,w) = (|q(k)|/\/Zs)Su(k,w)
[132]. These expressions derived in [I31] are used as an intermediate step in the
derivation of equation m The computation of SY, (k,w) is largely simplified by the
fact that under the majority of WDM conditions the electron-electron correlations
are weak and the non-linear interaction terms can be neglected.

The electron-electron structure factor, which describes the correlations within
the electron species in the plasma, can be linked to the dielectric function from the
Nyquist fluctuation-dissipation theorem introduced earlier, which states that if a ther-
modynamic system responds linearly to an external perturbation, then the amount
it responds by is simply related to the fluctuation properties of the thermodynamic
system [143]:

Sge(kaw) =

h cok” { ! ] (2.16)

1= exp(—hw/kpT,) nen. | e(k, w)
Here e(k, w) is the electron dielectric response function, also known as the Salpeter
electron feature [I44] and can be derived through the Vlasov equation [129, 130]

31



by

Figure 2.3: Volume element in three-dimensional velocity space (image from Ref.
[19]). The number of electrons contribution to the velocity component v, is given by
the velocity distribution f(v,).

for classical collisionless plasmas or using the random phase approximation (RPA)
for the degenerate case under the assumption that the interparticle interactions are
weak [145] [146], described in a greater detail in the following section. This is an
incredibly important relationship that links the measured scattering spectrum to the
thermodynamic properties of the system. The finite temperature RPA provides the

following form of the dielectric function [129]:

_ > [ f(p+7k/2) — f(p—hk/2) 2d°p
ethw)=1- heok? / k.p/m. —w —iv (27h)3’ (2.17)

with v — 0%, where p is the electron momentum. The electron distribution

function is then specified as the Fermi-Dirac distribution for degenerate electrons

1
exp <p—2/kz$€_u> 1
with g being the chemical potential [I30]. In the limit of 77 — oo, equation
reduces to the Maxwell-Boltzmann form correct for classical plasmas. Thus, for

scattering from uncorrelated electrons, the form of the dynamic structure factor is

fp) = (2.18)

given by the electron velocity distribution function, which in turn depends on the
thermodynamic quantities of the medium [147, [19]. Due to the relationship between

the electron-electron structure factor and the dielectric function, the shape of the free
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electron Compton feature in the scattered probe radiation carries information of the
electron density and temperature.

For collisionless plasma with weak ion-ion coupling a simple form for the elec-
tron static structure factor can be derived using the Debye-Hiickel theory [148], [126].
Following from the relationship between the DSF S° (k,w) and dielectric function
g(k,w) derived from the fluctuation-dissipation theorem, equation , we substi-
tute the Maxwell-Boltzmann distribution in the form for £(k,w) derived by Landau
[129, 130], equation , and obtain the following expression for the static structure
factor:

12
See(k) = Spu(k) = /dwsee(k>w) BT (2.19)
where kp. = 1/Ap. is the inverse of the electron Debye length, defined in equa-
tion [1.1} The pair correlation function can be then obtained from the inverse Fourier

transform of equation[2.19] and corrected by the exponential form of the Debye shield-

ing model giving the correct form: g(r) = exp(— ﬁ%;e*”@e). Although, this form
was derived for weak coupling, the validity of the Debye-Hiickel expressions can be
applied to weakly collisional systems such as the free electrons in degenerate plasma.

States where electron-electron coupling becomes important I'., > 1 are accessed
in some experiments described in this work. In those cases the dynamic response of
the system can no longer be described in terms of the pure RPA or Debye-Hiickel
theory. Coupling can however be introduced in terms of an additional parameter into
the existing formulae: the local field correction G(k,w), which is a measure of the
effects of strong coupling due to higher order interaction terms and incorporates the
short-range correlations, both neglected by the RPA or Debye-Hiickel descriptions
[26], 130], 139]. In the limit of small w one can obtain the static local field correction
G(k). In the long-wavelength limit this is given by the compressibility rule and in
the short-wavelength limit is calculated using a parametrized relation, which will be
discussed in detail in Chapter 6 [26, 139, 149, 150]. The static electron structure

factor is then given by:
]{Z2
TR+ k1 -Gk

In the classical limit with low coupling, G(k) = 0 and the expressions for ¢(k, w)

See<k)

(2.20)

derived by the RPA or Debye-Hiickel theories are recovered.
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Bound-free transitions

The third term of the total dynamic structure factor shown in equation expresses
the bound-free transitions of the electrons. Calculation of this term requires a rather
complicated atomic model due to the many corrections to the atomic structure im-
posed by the surrounding atoms and by the probe x-rays. The electronic states in a
neutral atom are determined by the potential of the nucleus as well as other electrons
in the vicinity of the atom. In plasmas one should expect that the atomic environment
will change resulting in modifications to the electronic structure of the atoms.

In dense strongly coupled plasmas the ions are packed closer together, where the
atomic potentials start affecting the electrons of the neighbouring ions, reducing the
binding energy of the nuclei. This effect is also addressed as the continuum lowering.
The magnitude of this effect depends on the total number of ions participating in
the modification of the potential of a test ion, which is a function of the screening
length of the Coulomb forces [19]. This effect has also been observed experimentally
[T511, 152].

The finite-temperature Thomas-Fermi model can be used to calculate the the low-
ering of the ionization potential in terms of an effective screening length as derived
by Stewart and Pyatt [153]. However, an alternative approach employing a pertur-
bative treatment of many-particle effects such as dynamic screening, Pauli blocking
and statistical correlations applied to the bound states of the electrons has revealed
that the binding energy stays almost constant while the continuum is lowered [154].
Subsequently the ionization energies are lowered with increasing density and unti-
mately leads to pressure ionization of the outer electrons (Mott effect) when the
higher bound states merge into the continuum [155]. Literature offers a broad range
of models used to calculate the Compton interactions for the bound-free scattering
and worth mentioning is the well-known impulse approximation, which assumes the
potential between the charges does not change during their interaction so the final
energy exchange is given by the initial and final states [156].

The bound-free term is small compared to the free electron-electron dynamic
structure factor S,. and the Raman band-width is comparable to the Compton feature
[19, 157], thus this contribution generally yields only a weak background. In the case
of hydrogen isotopes in the WDM regime, such a term can be completely neglected
as the probability of occupancy of the core states and such transitions is very small.

The bound-free contribution is therefore neglected in this work.
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2.2.3 Random phase approximation (RPA)

The random phase approximation (RPA) is a widely used theory in condensed matter
physics, nuclear physics as well as in dense plasmas. First derived by Bohm and Pines
[145]. RPA accounts for the weak screened Coulomb interaction and is commonly used
to describe the dynamic linear electronic response of free electron systems. The main
assumption of the RPA states that in the high density limit the Coulomb interaction
between the electrons may be treated as a perturbation [I58]. The electrons then
respond to an external perturbing potential, which is a sum of an external (Coulomb)
potential and screening potential, oscillating at a single frequency w [159] and is used
within a self-consistent field approach to compute the dielectric function egpa(k,w),
also called the Lindhard dielectric function [160} 161]. Going beyond basic perturba-
tion theory, RPA sums over a infinite number of diverging higher order interaction
terms which eventually average out providing a finite and sensible answer. Lindhard’s
approach is strictly valid only for r; < 1, i.e. low coupling regime where electrons are
effectively free such as highly degenerate or free electron gases.

The generally accepted way to derive the RPA is through a summation of leading-
order chain Feynman diagrams in a dense electron gas [162]. This approach is illus-
trated in figure 2.4 The lowest order polarization interaction is represented by the
“bubble”, which is a function of the four-momentum k = (k, ko), and involves exci-
tation (left loop) and subsequent de-excitation (right loop) of an electron-hole pair
as a response to disturbance of wavevector k£ and frequency ky. The four-momentum
entering each vertex is equal to that leaving, summing over the internal variable q.
These electron propagators G with four-momentum £ and k + ¢ correspond to inter-
actions through bare Coulomb potential V (k) = 4we?/|k|?, marked as thin “wiggly”
lines in figure 2.4l The dielectric function may then be connected to a response of the
electron gas to an external probe or defined as a screened interaction of the electrons
themselves. The screened response, in figure denoted by thick “wiggly” line in
the lower part of the diagram, may be obtained by summing over an infinite order of
topologically distinct diagrams [158, [146].

The screened or effective interaction Vs is the sum of of all orders of interaction

terms of the bare Coulomb potentials:

Ver(k) = V4+ VIV +VIPVIV + ... (2.21)
v 1%

— — 2.22

1 -1V e(k) (222)
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Figure 2.4: The “bubble” and the summation of polarization Feynman diagrams in
the RPA, after Ref. [158].

The dielectric function has been introduced in term of the polarization II, where

I1° symbolizes the polarization "bubble’:
e(k) =1-TI°(k)V (2.23)

The polarization function IT°(k) can then be computed from Feynman’s rules:

°(k) = —zZ/dqo 7)Golq + k)

_ _Zz/dqo 1 —ng n Ng
0—€q+i7] qo—eq—z'n

1—
5 { Matk Mgtk ‘ } 7 (2.24)
Qo + ko — €qr 1 qo + ko — €qrx — 1

where ng denotes occupation factors for non-interacting Fermi gas with electron

energies €(k) = h*k?/2m, and for Fermi-Dirac distribution at zero temperature is

defined as:

_— 1 for |q| < kg
41 0for |q| > kr

with Fermi wavevector kr = (37%n.)"/3. The electron propagators contain the pos-
itive infinitesimal quantity n and the spin index o simply multiplies the expression by
2 [158], 146]. The above equations have an analytic solution [I63]. The explicit expres-
sion for egpa(k,w) can be found in Appendix B. RPA correctly predicts a number of
properties of an interacting electron gas such as the plasmon oscillations, compress-

ibility, specific heat, phonon dispersion, metal-insulator transitions, etc. [I5§].
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2.2.4 Thomas-Fermi model

The Thomas-Fermi theory was developed as a semi-classical statistical model to ap-
proximate the distribution of electrons in an atom by replacing charge distribution in
the plasma by a single average atom, which carries the average charge and population
distribution. It is an average atom model, where a nucleus of charge Ze is placed
in a centre of a sphere whose total charge is zero [148]. The spherically-symmetric
potential ¢(r) of the atom is assumed to slowly vary is space and falls to zero at the
boundaries of the sphere. Thus, all bound and free electrons are considered degen-
erate and confined within the electrostatic field of the central atom and distributed

statistically according to the Fermi-Dirac distribution [164]. Starting from Poisson

equation:
V2V (r) = dmelpi(r) + ps(r)], (2.25)
where p;(r) = —en(r) is the impurity charge distribution and the screening charge
ps(r) = —e[ne(r)—np]. The electron density is expressed in terms of Fermi wavevector

ne(r) = k3(r)/3n? and ng is the equilibrium charge density [159]. The electron density
is then calculated from the Fermi-Dirac distribution, equation |[2.18, Following similar
derivation as the for the Debye length [22], the Thomas-Fermi screening wavevector
is obtained:

2
o bmene
TF =

2.26
B (2.26)

which reduces to the Thomas-Fermi screening length for a degenerate electron sys-
tem introduced in the introduction section, equation 1.8, For a point charge impurity
p1(k) = Q; a screened interaction of the form of a Yukawa potential is reproduced
Vi(r) = —eTQ" exp(—krpr). The Thomas-Fermi model only provides the static form
of the dielectric function ezp = 1+ k7. /k* and is not generally used to describe the
dynamic response [159].

Although many models provide more accurate description of the local phenomena,
the average atom model due to its simplicity is an ideal tool to link the electronic
distributions to thermodynamic quantities such as pressure or density. The theory
also provides a functional form for the kinetic energy of a non-interacting electron gas
within a known potential as a function of the density of the system. Thomas-Fermi
model is readily used in hydrodynamic codes for calculations of the ionization state

in simulations of plasmas in inertial confinement fusion and astrophysics [164].
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2.2.5 Frequency sum rules

The thermodynamic quantities such as the electron density and temperature can also
be related to the electron-electron structure factor in terms its frequency sum rules.
The main advantage of this approach is that these expression can be easily obtained
giving exact expressions. Since Se.(k,w) is an even function, the odd frequency mo-

ments are by definition zero. The even moments can then be defined as

Qo = /w2"See(k,w)dw. (2.27)

The first three moments are then derived giving equations and
[165], 166].

Q = S5, (k) (2.28)
Qy = (kv,)? (2.29)
Qy = 3(kv)* + (gf) (kve)? + w(kvy)?[1 — I(k)] (2.30)

Here v, = (kgT./m.)"/? is the thermal velocity of electrons. The term I(k) incor-
porates the effects of strong coupling. In the studied systems the value of r;, =2 — 6
is small and the electron system is degenerate and weakly coupled. Thus in this
semi-classical case the (k) term can be ignored.

The zeroth moment € (equation gives the total power in the fluctuation at
a given scattering angle, i.e. the static structure factor. As previously shown, S2 (k)
can be derived using the Debye-Hiickel theory valid for weakly coupled electrons, this
is a reasonable assumption for partially or fully degenerate electron system [167, [168§].
In order to account for various degrees of degeneracy in the electron gas, an approach
suggested by Gericke et al. [29], is chosen giving an expression for the static structure
factor in terms of density and the effective temperature (equation [169]:

]{32
B k2 + k2

The second moment or f-sum rule, equation [2.29 is derived from conservation

See(k)

(2.31)

of particles in the system. This expression is exact and is valid for all degrees of
degeneracy or coupling. Finally, the fourth moment, equation [2.30|includes the effects
of pair correlations [I65]. The second term in the expression for €, is very small

compared to the rest and can in practice be ignored.
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2.3 X-ray Thomson scattering from WDM

Diagnosing WDM is challenging since the temperature (~10 eV) is too low for x-
ray emission from the plasma, yet the density is high above the critical density
ne = gomew?/e* for any optical laser to be used as a probe. Therefore x-ray Thomson
scattering offers itself as an elegant solution to the problem. Typically the monochro-
matic x-rays are created from laser plasmas in the form of Ly-a (n = 2 ton =1
transition in a hydrogen-like atom) or He-a (1s% — 1s2p transition) using nanosecond
lasers with intensities ranging between 10'* — 10 Wem™=2 or as K-« inner shell emis-
sion (emission of a higher energy electron falling into the K-shell after the K-shell
electron was knocked out of its position by a collision with another energetic particle)
from ultra-short fs laser pulses creating x-rays in the range of 2—9 keV [19]. Scattered
radiation can be related to the dynamic response of the medium through it dynamic
structure factor providing a direct measurement of its microscopic structure [133]. By
careful analysis of the elastic and inelastic features of the x-ray scattering spectra a
full range of the thermodynamic properties of WDM can be obtained from a single
measurement [105, [83].

The primary investigative technique used in the experiments related to this work
was x-ray Thomson scattering. Thermodynamic properties, namely density, temper-
ature and ionization state can be accurately determined from the spectral features in
the scattered signal. Thanks to the relation of the dynamic structure factor S(k,w)
and the scattering spectrum to the dielectric response function e(k, w) of the material
(equation , which in return depends on the thermodynamic conditions of the
system, all these quantities can be obtained simultaneously from a single spectrum.
The scattering cross section can be expressed in terms of the dynamic structure fac-

tor S(k,w), which is the Fourier transform of the total electron density distribution

function:
o M gtot (1, ) (2.32)
dQdw Ty T
where o7 = 57 = 6.65x 107 cm? is the Thomson cross section with the classical

electron radius ry = €2/(4rggmec®) = 2.82 x 1071 m. The measured scattered power
therefore is directly proportional to S(k,w) and the scattering spectrum therefore
contains information about the microscopic structure of the studied material [26, [130].
As the probe x-rays interact with the electrons in the sample, the oscillating electric

field accelerates the charged particles in the plasma which reradiate. The scattering
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wavevector k is defined (in the non-relativistic limit) as the difference between the
wavevectors of the incident and scattered EM waves (see figure [2.5)):

2
k= k| = |ko — ky| = i—:sin(e/2) 1 % (2.33)
where 6 is the scattering angle, A\g and w are the wavelength and frequency of the
incident x-rays. The expression is multiplied by a factor to account for the final change
in refractive index between the plasma and the vacuum, which can be neglected in
the experiments described in this work. The scattering power Ps from N electrons
with incident power Py into a frequency interval dw and solid angle d) [133], i.e. the
scattering spectrum is determined by:

P()’I“%dQ 2

Ps(R, w)dQdw = == =N S(k, w)dw x ki x (ky x Eo)| . (2.34)
e

a>1
collective
scattering
Scattered K, ) \ -
hS
a<1
Incident ko non-collective W
scattering

Figure 2.5: Schematic diagram of the Thomson scattering geometry.

The last term in equation reflects the dependance of the scattered power on
the polarisation of the probe radiation. For unpolarized x-rays from laser-plasma
source the polarization term is ‘f{l x (kg x ]:30)‘2 = (1— $sin®0) = (1 + cos?). It
is clear from the above expression that the geometry of the scattering experiments is
very important. Depending on the energy of the probe, plasma conditions and the
scattering angle the scattered x-rays carry information on the individual or collective
behaviour of the electrons in the plasma. A classical scattering parameter « is defined

to establish the limit between the collective and non-collective modes of scattering

[144]:
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1
kA
For a < 1 (figure the scattering scale length A = \g/2sin(#/2) is smaller than

the plasma screening length A\, and the x-rays scatter of the individual electrons. The

o' (2.35)

measured spectrum resolves the non-collective properties of the material. If @ > 1
the scattered waves interfere over a larger distance than the screening length and the
contributions add to a scattering signal from the collective motions of the electrons in
the plasma. The screening length is the electron Debye length Ap. (equation for
classical plasmas and the Thomas-Fermi length App (equation in the degenerate

case. The screening length can also be calculated from the effective temperature

[130], equations |1.11| and |1.12} This approach has been shown to reproduce the

finite-temperature static response of an electron fluid correctly at various degrees of
degeneracy.

The scattering parameter a also determines the total intensity of the scattered
signal. Using the expression for the DSF derived from the Debye-Hiickel theory,
equation [2.19] the differential cross section from equation [2.32] can be rewritten in

terms of a:

d*o 1
x :
dQdw 1+ a?
Thus, the strongest scattering signal should be expected for the non-collective

(2.36)

regime. In order to obtain a reasonable collective scattering spectrum a > 2 — 3
is required which reduces the total scattering amplitude by at least factor of 10.
The total scattering spectrum is made up of independent contributions from bound
and free electrons as described in a chemical model by Chihara [I31), 132]. In the
case of WDM hydrogen/deuterium the bound-free transitions in equation can be

neglected giving the form of the dynamic structure factor:

Sk, w) = | fr(k) + q(k)[2Si(k) + Z;S° (k, w). (2.37)

The first term in equation [2.37] gives rise to the elastic Rayleigh scattering as
the x-rays scatter off the combined mass of electrons and ions. At sufficiently high
energies of the probe the incident photons can lose part of their energy during a
momentum transfer upon an interaction with the free electrons due to the Compton
effect [19]. The second term in equation therefore reproduces the inelastic scat-

tering contribution from the free electrons with a well defined energy downshift. The
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thermodynamic conditions of the plasma will then determine the relative strength of

the individual contributions to the total scattering spectrum.

2.3.1 Spectral features

The x-ray probe used in the laser-ablation experiments performed at the Omega
laser facility at the University of Rochester was Cl Ly-a ~ 2960 eV, which provides
sufficient energy to observe inelastic scattering from WDM deuterium, with Compton
recoil of B¢ = h2k?/2m. ~ 17 eV. Figure [2.6|shows analytically calculated scattering
spectra for various plasma conditions in the collective and non-collective regimes.
Significant differences resulting from both different geometrical arrangement as well
as the thermodynamic conditions can be expected.

For o < 1 (figure the measured spectrum reflects the non-collective properties
of the material. The frequency shift of a scattered photon by a free electron results

from a combined effect of the Compton and Doppler effects [133]:

h2k?

2me

Aw =

+kv. (2.38)

Therefore, the position and shape of the red-shifted Compton peak, see figure
(a), is given by the recoil of the free electrons undergoing thermal motion and
therefore gives the free electron velocity distribution, i.e. the DSF is connected to the
velocity distribution relation through the dielectric function (equations — .
In the non-degenerate case T, > Tr the electrons follow the Maxwell-Boltzman veloc-
ity distribution and the electron temperature 7T, can be obtained from the Doppler
broadening of the inelastic peak, which has been demonstrated experimentaly [81].
When T, < Tk the degenerate system is defined by the parabolic Fermi-Dirac distri-
bution reducing the sensitivity of the spectrum to 7, the spectrum however becomes
sensitive to the electron density Tp o ne/? [19]. X-ray scattering in the non-collective
regime can be used to simultaneously measure the electron density and temperature,
however the structure factors must be precisely calculated in order to retrieve the
information from the spectral shapes in the experimental spectrum or the experiment
has to be carried under specific conditions that constrain some of the measurable
quantities, or with the help of independent EOS measurement (e.g. VISAR or SOP)
[T00, 104].

The collective motion of charges in the plasma are accessed by scattering when
a > 1 (figure . Following the Bohm-Gross dispersion relation for plasma (equation
, where the first term shows that upon the interaction with the incident radiation
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Figure 2.6: Simulated scattering spectra of shocked cryogenic deuterium probed with
Cl Ly-a radiation at 2.96 keV during the Omega experiment, see Chapter 5 for further
details on this experiment. The graphs show calculated x-ray Thomson scattering
profiles for the (a) non-collective (# = 90°), (b) collective (# = 40°) regimes using
varied temperature and density conditions.

the material undergoes oscillations (plasmon) at plasma frequency w, (equation ,
which depends on electron density n.. This results in a pair of down and up-shifted
peaks centered at the probe frequency, see figure (b). Thus, the position of the
plasmon peak depends on the n. and therefore provides a very accurate measurement
of the electron density [19]. The additional terms in equation [I.2|introduce additional
shifts due to the thermal motion of the electron and Compton recoil. The thermal
correction is however very small and the quantum shift is easily determined from the
geometric configuration [58]. Reliable measurements of the electron density from the
position of the plasmon peak in scattering spectra have been demonstrated [102], 83].
The imaginary part of the dielectric function determines the Landau damping of
the Langmuir (plasmon) waves resulting in a finite width of the plasmon resonance,
proportional to T,, which can be therefore retrieved from the collective spectrum
[129, 19].

An alternative temperature measurement is possible in the collective regime [19,
[102]. Under the assumption that the plasma is in thermal equilibrium the principle
of detailed balance can be exploited through the well-known relationship [128]:

S(k,u)) - _khv%
Sk = , (2.39)

Here, the energy loss is given by w = wy — wy. The intensity of the blue side
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plasmon is reduced by the Boltzmann factor § = —1/kgT since the cross-sections
of the scattering processes for the plasmon are equal to the statistical weights of
the states accessed, i.e. the probability of the conduction band being occupied by
an electron gaining an energy of fw is p(v) = exp(Bhw)/Z, where Z is the partition
function, whereas the probability of an electron falling into a state in the valence
band by loosing energy fw is p(c) = 1/Z. Hence, the ratio of the Stokes and anti-
Stokes components (positive and negative energies in the scattering spectrum) is
p(v)/p(c) = exp(Bhw) [128].

The electrons that remain strongly bound to their nuclei are not excited by the
scattering process as their ionization potential is higher than the Compton energy
and therefore the x-ray photons scatter of them elastically producing the Rayleigh
peak centered at the energy of the incident x-rays in the scattering spectrum. The
amplitude of the elastic peak is sensitive to the number of strongly bound electrons
and the microscopic properties that depend on S;;. Hence, the average ionization
state Z can be obtained from looking at the ratio of the amplitudes of the elastic and
inelastic features. Since the ion-ion structure factor is sensitive to the ion temperature
T;, this quantity also has an impact on the shape of the scattering spectrum [19, 105].

The elastic Rayleigh peak is composed of the acoustic modes of the ionic plasma
frequency, which are separated by less than eV of energy, [166, 170]. With current
x-ray sources, such as those used in this work (Cl Ly-a ~ 2960 eV: AE/E ~ 2 x
1073 ~ 6 —10 eV [103]), these features cannot be resolved and the ion-ion correlation
function is approximated by its static value S;;(k,w) = S;;(k)d(w) for purposes of
these experiments [130].

The scattering parameter o can be easily manipulated by changing the energy of
the probe or scattering geometry. The non-collective scattering in the backscatter
geometry is an accurate measure of the electron temperature, where the collective
scattering gives the rise to the plasmon peak that depends only on n.. Thus, using
collective scattering in conjunction with non-collective scattering provides complimen-
tary measurements of all thermodynamic quantities simultaneously and can therefore
be directly compared with various EOS models. The evolution of the plasma condi-
tion during a laser drive can then be probed by changing the relative temporal delay

between the laser drive and the backlighter.
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2.4 Equation of state

Crucial to understanding the properties of warm dense matter is the equation of state
that links the internal energy of the system to the state variables (pressure, density,
temperature, etc.). Classical plasmas can be described in terms of the ideal gas theory
Eideal = 3NkpT/2, however if strong coupling is present the Coulomb interactions
have to also be included. Following the OCP model the Hamiltonian of the strongly
coupled system can be computed giving:

E]"V”t = ngT + % > WilS(k) —1]. (2.40)

k£0

The second term includes in equation the Coulomb interaction through

the Frourier transform of the Coulomb potential Vi, [126]. This expression shows

that there is a connection between the structure factor and the internal energy of
the system. If S(k) is known, e.g. from scattering signal or theoretical calcula-
tion/simulation, the equation of state can be derived (the wvirial theorem):
ideal
% = %% (2.41)
where Pl = NEgT is the ideal gas pressure. This equation is valid if the
pressure due to the ions is considered only. In real plasmas electron contribution
also must be accounted for. An analogous derivation is possible for the electrons,
however the electronic terms become more complicated as degeneracy and quantum
mechanical corrections must be explicitly included [126]. The theoretical descrip-
tion of the EOS of WDM is extremely challenging as these models must correctly
incorporate numerous phase transitions, quantum and coupling effects and structural
changes. These require many theoretical approximations and immense computational
power. All these complications result in disagreements between various approaches.
Experimental validation of predictions made by theory is therefore essential.

The analysis of the EOS data in this work was based on three different theoretical
EOS models: the SESAME EOS table [I7], widely used for ICF applications; the
model by Saumon and Chabrier (S&C) [122] [123] that spans over a wide range of
conditions and is often used for astrophysical purposes; and density-functional molec-
ular dynamics (DFT-MD) simulations of fluid hydrogen by our collaborators from the
University of Warwick [37, 38|, [T71]. The S&C and DFT-MD tables apply to hydrogen
and were adjusted to deuterium by accounting for the mass difference between the

isotopes.
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2.4.1 Chemical models

The chemical picture assumes the existence of independent bound configurations such
as H atoms and Hy molecules interacting via pair potentials. Electrons are treated
as an uniform neutralizing background and are not individually included in the cal-
culation of the EOS. These are purely classical and do not include any quantum
corrections, which means such models break down at high densities where degener-
acy effects in the electron species become important and material properties such
as pressure ionization fail to be adequately described. Such models tend to do well
for individual phases of molecular or atomic fluids, but at phase transitions mixing
models must be implemented.

The SESAME table for deuterium is based on the chemical model by Kerley
[T7, 18] and includes many adjustments based on a variety of experiments. This
multicomponent EOS considers three ideal phases of D (fluid, molecular solid and
metallic solid) and includes dissociation, ionization, and linear (first-order) mixing of
the combined molecular and atomic fluid phases. It was shown that SESAME under-
estimates the effects of strong coupling and many-body degeneracy in the nonideal
plasma [9]. The SESAME tables used in this work were no. 5263 and 5265. Table
5263 is the original theoretically calculated EOS for deuterium based on the chemical
model assumptions. This model is generally considered to give a “stiff” Hugoniot
with lower compressibility of deuterium.

Table 5265 is no longer a pure theoretical model, but a modification of the older
table 5263 to satisfy new experimental measurements [I72]. The deuterium Hugoniot
was significantly softened and there were many changes to the phase transitions in
molecular deuterium. The table was adjusted to agree with new low temperature
diamond anvil data of Loubeyre et al. [119, 120] making changes to the cold curve
that softened it and moved the molecular-atomic transition to higher pressures. A
new molecular-molecular phase transition was included. Remnants of the molecular-
atomic transition persisting to finite temperatures also had to be removed. The
finite temperature EOS was then brought into agreement with the Hugoniot data of
Knudson et al. [44, 173, [109], and the data of Belov et al. [111] and Bonshov et al.
[174]. The theoretical work of Lenosky et al. [175][176] was used as a guide for changes
to 5263 in bringing 5265 into agreement with the shock data. The thermodynamic
consistency was maintained by integrating from the pressures to obtain the energies.
It should be pointed out that the new impedance matching results by Knudson [112],

which push the Hugoniot data back towards a “stiffer” curve, were not included.
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The Saumon and Chabrier EOS (S&C) for hydrogen is entirely founded on theo-
retical results in the chemical picture [122],[123]. A free energy minimization method
is used to determine the concentrations of atoms, molecules, protons, and electrons.
The interactions between the independent H atoms and Hy molecules are modeled
through realistic pair potentials. For high densities a two-fluid model is used. The
EOS consists of neutral species in the low-density low-temperature limit, in which the
H~ and Hj species are ignored, and fully ionized plasma in the high-density high pres-
sure region, where the electron-ion interactions are weak and the plasma is described
as linearly screened ionic fluid and partially degenerate electron gas. Partial ioniza-
tion and molecular dissociation are handled through interpolation between these two
limits. This model experiences difficulties at high densities where the pair potential
principle fails and the system needs to be expressed in terms of the physical picture
of quantum-statistical theory for interaction between electrons and nuclei. Pressure

ionization therefore remains problematic in this model.

2.4.2 Physical models

With increasing computer power more sophisticated computational models became
available to the scientists. In recent years, ab initio (first principles) simulations
in the physical picture were developed treating both electrons and ions as elemen-
tary particle interacting through Coulomb potentials and included quantum effects
into the calculation of EOS of Hy/Dy and other materials [13]. Among the most
widely used appeared the density-functional theory (DFT), which is well-established
and very widespread quantum mechanical technique used in physics and chemistry
to investigate the electronic structure (principally the ground state) of many-body
systems, in particular atoms, molecules, and condensed phases of matter (e.g. WDM,
crystalline solids and metals).

DFT provides insight into the exchange and correlation effects between interact-
ing electrons in matter providing a very realistic picture of material properties. DFT
has a broad range of applications, from calculation of magnetic moments and phonon
dispersion curves of metals to phase transition parameters and binding energy curves
(bond lengths, vibrational frequencies, chemical reaction energies, etc.) [126]. The
main advantage of DFT is that it can be coupled with MD techniques for ab initio
simulations of atomic and molecular processes on pico-second time scales (e.g. dif-
fusion, chemical reactions, biological processes at an atomic level), which makes it

an ideal technique to produce an EOS table applicable to the conditions relevant to
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the giant gas planets as the electrons in these systems are either chemically bound or
highly degenerate (T' < TF) [12].

The deuterium EOS was computed using first-principle DFT-MD simulations
within the physical picture with electrons and ions handled as elementary particles
[37, 38]. In this approach, the nuclei are treated by classical molecular dynamics
simulations. Properties of the electrons are calculated via density functional theory
using a Mermin functional that accounts for temperature effects within the electron
subsystem in a statistical sense. The dynamics of ions and electrons is effectively
decoupled with the Born-Oppenheimer approximation. This description of hydro-
gen avoids most approximations concerning the composition and mixing necessary
in chemical models [37]. The Vienna Ab-initio Simulation Package (VASP) package
[177] was employed for the DFT-MD simulations used to calculate the deuterium
EOS for this work (simulation parameters are similar to Ref. [37]). VASP also allows

for the application of the projector augmented wave (PAW) potential [178].

2.5 Hydrodynamic simulations

Hydrodynamic simulations were used to model the plasma evolution within the deu-
terium targets during the laser drive in application for the Omega experiments. Var-
ious simulations were used in the process of planning of the experiments as well as
for the data analysis as comparison with the VISAR, SOP and x-ray scattering mea-
surements. The three main codes used to support this project were 1-D hydro codes
LILAC [79,80], HELIOS [179] and 2-D DRACO code [180, 181]. The results of these
simulations are discussed in Chapters 4 and 5.

LILAC is a 1-D hydrodynamics code predominantly used for modeling of the
plasma conditions and warm dense matter in experiments carried out at the LLE,
University of Rochester [79, 80]. The absorption of the laser drive is calculated
through the ray-trace algorithm which models the inverse bremsstrahlung mecha-
nism. Transport of radiation within the plasma is simulated through multi-group
diffusion using the Los Alamos Astrophysical tables [I82] or an average ion model
which provides the opacity of the system [104]. The SESAME tables were used to
input the deuterium EOS into the simulation [I7, [I8]. The electron transport in the
LILAC simulations is modeled by the flux-limited Spitzer-Héarm electron thermal-
conduction model [I83] 184]. More detailed description of the LILAC code can be
found in Refs. [79,80]. These simulations were run by Dr. Radha Bahukutumbi from
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LLE and were used in the planning stage of the Omega experiments in order to opti-
mize the laser drive and backlighter timing as well as the target design to achieve the

desired WDM conditions and favourable timing of the x-ray scattering measurement.

LILAC simulations (f =5 ns)
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Figure 2.7: Plots of electron density, temperature and pressure generated from LILAC
simulations for the higher intensity drive (10'* W/cm?) experiments at Omega.

HELIOS 1-D radiation-magnetohydrodynamics code can be used to simulate the
dynamic evolution of laser-produced plasmas and z-pinch plasmas [I79]. The code
supports three different target geometries: planar, cylindrical or spherical. The target
is divided into spatial zones with the layer structure, material, density and other
starting conditions specified upon the input. HFELIOS allows an input of a real
calorimetric measurements of laser drive intensity extracted from the experiment,
otherwise simple “square” laser profile of a specific intensity is used. The code evolves
the plasma within the Lagrangian hydrodynamics coordinate system in which the
spatial grid moves with the fluid, i.e. cells maintain their mass ratio throughout the
simulation.

In HELIOS, radiative transport can be calculated using either a multi-frequency
flux-limited diffusion model or through a multi-frequency-multi-angle short charac-
teristics model [I79]. The diffusion transport model was selected for simulations in
this work with 50 frequency groups. Spitzer thermal conductivity model was selected
[184]. HELIOS supports the PROPACEOS (PRism OPACity and Equation Of State)
EOS/multi-group opacity data tables as well as the SESAME EOS. Both equation
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of state models are based on chemical model assumptions and provide the same re-
sult. In the simulations used to support the data analysis of the Omega experiments
PROPACEOS was used, further information and results are shown in Chapters 4 and
5.

The 2-D radiation hydrodynamics code DRACO was developed at LLE (Uni-
versity of Rochester) for the purpose of both spherical implosion and planar-target
simulations [I85] [I80]. The Lagrangian version of DRACO was used in this study.
Laser absorption in the plasma corona by inverse bremsstrahlung was modeled by 3-D
ray-tracing for Omega’s port geometry [I186]. The deuterium EOS was determined
from the SESAME tables [I7, [18]. The radiation transport model used was the
multi-group diffusion model with input from the Astrophysics Opacity Table (AOT)
25 [182]. Further details on the multi-dimensional simulations and their applications
can be found in Ref. [I81]. The 2-D simulations were run by Dr. Suxing Hu, LLE.
Their primary purpose was to provide greater accuracy simulations to complement
the existing 1-D simulation to better understand the measurements form the Omega

experiments.
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Chapter 3

Laser experiment set up

3.1 Introduction

In this chapter, the technical details of the experimental set up for the experiments
carried out at the Omega laser facility (LLE, University of Rochester) will be de-
scribed in detail. The laser beam configurations, diagnostics, detectors, x-ray sources
and targets will be introduced in the following sections. Representative data from
the various target diagnostics will also be presented to complete the picture of the
experiment. This is a complicated experiment that developed in many stages. The
evolution of the target design, laser drive and x-ray backlighter as well as the di-
agnostics set up will be carefully explained throughout the chapter. This chapter
is thus intended as a form of technical manual to the laser experiments within this
work. More detailed analysis from the primary diagnostics and determination of the
deuterium EOS will however be described in the following chapters, which will be
probing deeper into the underlying physics of this experiment.

The main objective of this experiment is to provide an experimental verification
of EOS models for WDM deuterium. This is achieved through an independent mea-
surement of three different primary diagnostics including x-ray Thomson scattering
(XRTS) [19], velocity interferometry (VISAR) [70] and streaked optical pyrometry
(SOP) [71] which provide independent measurements of shock velocity, density and
temperature respectively. The brightness of the x-ray backlighter, target alignment
and the laser drive are monitored by a number of secondary diagnostics, also de-
scribed in this chapter. A narrow-band x-ray source is created by line emission from
laser-heated plastic foil doped with chlorine. The WDM conditions are created by 6

ns long high energy laser drive consisting of multiple beams at variable intensity.
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3.2 Laser configuration

The 60-beam, 30-kJ Omega laser system was used to create the WDM conditions
by launching a single shock inside the planar liquid deuterium target driven by laser
ablation of rapidly expanding material from the laser-target interface [187]. Twelve of
the Omega laser beams were used as a drive coming from the H14 side of the Omega
chamber in the case of XRTS experiments and from the H7 side when VISAR was
used, see figure [3.1l The x-ray source was then created by sixteen tightly focused

backlighter beams incident on a chlorinated plastic foil on the H7 side of the target.

(b)

(d) Cryogenic

I~ hardware
3

H7 <= —> H14

Backlighter beams
rive beams

Figure 3.1: Schematic of the Omega laser system (a), photograph of the target cham-
ber (b), schematic of port locations on the target chamber (c), and target set up
with the laser drive and backlighter/scattering configuration (d). A constant inten-
sity laser drive incident on the CH ablator compresses and heats the material inside a
planar layer of liquid deuterium target creating WDM. Sixteen tightly focused beams
irradiate a chlorinated plastic foil on the opposite side of the target. The scattered Cl
Ly-a emission scattered at 90° down a scattering channel before it is detected with
the GTS spectrometer [I]. Images were obtained from the LLE website.

The drive beams were frequency-tripled providing the 3w (A = 351 nm) laser out-

put to increase the laser-plasma coupling efficiency [57]. The UV laser drive consisted
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of six pairs of 1 ns laser pulses evenly divided into two cones around the target normal
at angles of 23.2° and 47.8° and a flat intensity profile was created by phase plates
and polarization smoothing [I88]. These square pulses were then staggered in time
forming a 6 ns constant drive with intensities of 103 and 10* W/ecm?. The higher
intensity drive operated at the optimum energy output of the Omega system with
400 — 500 J/beam. The 10x lower intensity drive is then created by detuning of the
frequency conversion crystals (FCC) lowering the conversion efficiency of the UV out-
put of the laser. In the XRTS configuration the drive beams come from the H14 side
of the Omega target chamber. For the higher intensity drive beams 16, 63, 29, 48, 33
and 54 are set to 420 J in each beam, whereas beams 34, 49, 36, 43, 38 and 41 are
300 J/beam coming at higher angle from the plane of the target, these energies are
reduced to 42 J and 30 J respectively for the lower intensity drive. The drive beams
are focused to 600 — 800 pm spot size at 230 pm from the target chamber centre
(TCC) towards H14. In the case of drive beams with a smoothed intensity profile
the beam diameter on target is defined as the full width at the 1/e intensity of the
super-Gaussian beam profile, see section 3.2.1. In the VISAR configuration the drive
beams are switched to the H7 side to avoid a conflict with the ASBO/VISAR telescope
located in port H14. The beam sets 11, 14, 32, 47, 68 and 69 at 42 J/Beam (UV)
and 13, 18, 24, 59, 66 and 67 at 30 J/Beam (UV), both FCC detuned and focused at
770 pm from TCC towards H7, were used. Typical calorimetry measurements of the
stacked laser drive are shown in figure [3.2]

Sixteen tightly focused 1 ns beams at 10'® W/ecm? (200 pm focal spot diameter)
then come from the H7 side and irradiate a 12 um thick Saran foil creating a burst
of narrowband Cl Ly-a x-rays at 2.96 keV, which are used as our x-ray backlighter
probe. The beams used were: 13, 18, 24, 59, 66 and 67 in cone 1; 11, 14, 32, 47, 68
and 69 in cone 2; and 20, 53, 58 and 50 in cone 3 at 500 J/beam focused 1500 pm
from TCC towards H7. The Ly-a radiation is emitted by highly ionized hydrogen-
like atoms in the ablation plasma heated by the inverse bremsstrahlung process [19].
The backlighter lasers therefore operated at 3w to maximize the conversion efficiency
of the laser into x-rays by reducing laser backscattering instabilities [57]. No phase
plates were used to smooth these beams, despite the possibility of improvement of the
conversion efficiency, in order to achieve the highest possible intensity of the focused
beams which both increases the conversion efficiency of the Ly-a and suppresses
the He-like and Li-like satellites [103]. For the unsmoothed beams the focal spot

diameter is defined by the perimeter encircling most of the laser energy. These x-rays
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Figure 3.2: Typical profiles of laser power vs. time for low intensity drive at 10'3
(shot 58571, July 2010) and high intensity drive at 10'* W/cm? (shot 54957, July
2009). The “spikes” in intensity are caused by temporal overlap of the individual 1
ns pulse pairs.

are collimated by a Ta pinhole 200 ym and scattered at 90° to a gated Thomson
spectrometer (GTS).

The desired laser conditions including pulse shape, energy, frequency conversion,
profile smoothing, timing, pointing and focusing were requested through the LLE shot
request form (SRF) system. All the necessary jobs to ensure the desired laser set up
were carried by the LLE engineers. The following sub-sections briefly outline some of

the systems used in the process of delivering us the beams used in the experiment.

3.2.1 Beam profile and smoothing

Efficient creation of the desired WDM conditions require a uniform shock front to
propagate through the cryogenic deuterium. However, non-uniformities in the laser
drive in the form of intensity fluctuations (spikes) can result in undesired plasma

instabilities in the ablation plasma resulting in hotspots that damage the uniformity
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of the shock drive. At Omega, the drive beam profile was smoothed with combined
use of the distributed phase plates (DPP) and distributed polarization rotators (DPR)
[189].

The phase plates are two-dimensional arrays of transmitting areas of varied thick-
ness placed just ahead of the focusing lens dividing the beam into multiple beamlets
which break the spatial coherence and generate a characteristic speckled diffraction
pattern that distributes the spatial intensity more evenly. The DPP’s have no phase
discontinuities of magnitude 7, unlike previously used two-level phase plates of dis-
crete rectangular or hexagonal subregions of either 0 or m where the far-field envelope
is defined by the Fourier transform sinc? of the sub-regions and does not conform to
a super-Gaussian shape required for high energy lasers such as Omega [190, 191, [192].
This design of phase plates builds on an earlier design for a continuous DPP which
used a two-dimensional Fourier grating with random phase to produce a low-order
super-Gaussian profile in the far field [190]. The improved design employed the phase-
retrieval algorithm instead of a random noise removing phase discontinuities which
then provides a smoothed speckled profile that supports higher-order super-Gaussian
beam shape [1911, [192]. The use of near-continuous phase plates also reduces scatter-
ing losses to a negligible level.

The function of the DPR’s is to aid the beam smoothing in conjunction with
the use of DPP’s. The optical element itself is a 1 cm thick wedged birefringent
potassium dihydrogen phosphate (KDP) crystal. The DPR splits the beam into the
extraordinary (e) and ordinary (o) waves which travel travel in orthogonal directions
with respect to one another at different speeds due to their different indices of re-
fraction in the crystal. The KDP is oriented such that the vertex is halfway between
the e and o axes. The speed difference between the e and o waves then results in
a phase shift that prohibits the formation of interference fringes detrimental to the
beam-smoothing process [I189]. After the beam has passed through the DPP, there are
many high intensity speckles (“hot spots”) in the beam. With optimal alignment the
DPR reduces this speckle pattern by a factor of /2 yielding a more evenly distributed

intensity profile of the laser beam.

3.2.2 Frequency conversion

In order to achieve efficient energy coupling between the driver laser and the ablation
plasma in the liquid deuterium target, third harmonic of the Omega laser output was
used. By the use of the shorter wavelength of the drive and beam profile smoothing,

which reduces sharp intensity peaks, the energy conversion efficiency of the ablation
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process improves by significantly reducing the effect of plasma instabilities and elec-
tron pre-heating during the plasma formation [57]. Thus the drive intensity can be
kept below the limit of I7(W/ecm?) ~ 4 x 10 W/em? as established in Chapter 1
[58, 59].

The frequency conversion crystals (FCC) are used to convert the fundamental
wavelength of the Omega laser (1054 nm) to the second (527 nm) and third (351
nm) harmonic wavelength [193]. The FCC assembly contains a Brewster angle linear
polarizer, an IR absorption glass, a UV absorption window and three KDP crystals.
The crystals are 300 mm in diameter, the doubler and the first tripler have an average
thickness of 12.2 mm and the second tripler is 8 mm thick. The crystal axes are
oriented at the angle of 34.8° + 0.1° with respect to the incoming p-polarized beam
as shown in figure [3.3 The IR absorber stops reflections from the coated polarizer
surface. The UV absorption window is placed in the assembly to protect the polarizer
from optical damage due to reflected UV light. It is made of type F-11 optical glass
is designed to transmit IR radiation from the laser, but blocks any UV rays reflected

from the target or optical surfaces [189].
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Figure 3.3: Schematic of the FCC assembly and crystal orientation, after Ref. [189].

The FCCs are located in the laser bay near the final image plane of the laser
system under a thermally stable environment [I89]. The energy conversion efficiency
as specified by the Omega system performance is 70 — 80% for 1 ns pulses. The
conversion efficiency is a function of intensity, therefore it decreases for longer pulses.
In our experiment, we achieve the maximum efficiency by staggering a series of 1 ns
pulses. In order to achieve highly efficient harmonic conversion, the KDP crystals
are tuned to the correct orientation with respect to the optical axis of the incident

polarization vector and their e and o axes must be exactly orthogonal, as shown
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in figure [3.3] The best-tuned position is found and calibrated for any particular
temperature [I189]. Lower output intensity of the laser can be achieved by detuning
of the FCC plates by small adjustments of the relative rotation of the tripler crystals
about the optical axis, which allows fine tuning of the e and o axes reducing generation

of the third harmonic 3w.

3.2.3 System alignment

The end-to-end alignment of the Omega IR and 3w laser system is challenging as
there is not sufficient power to operate the higher harmonics in continuous wave (cw)
mode and the IR beam is poorly reflected by the UV transport optics in the target
bay. The Omega alignment system therefore utilizes separate IR and UV lasers to
align the optical systems [189, [194]. The IR alignment beam is a mode-locked cw 1054
nm Nd-doped yttrium lithium fluorine (Nd:YLF) laser and the UV optics are aligned
with 351 nm cw laser that is injected into the system after the FCCs. Simultaneous
alignment of both UV and IR optics is achieved using steering mirrors. The alignment
procedures, carried out entirely by the LLE staff, are described in detail in reference
[189].

3.2.4 Beam diagnostics

The UV energy measurement for each beam is carried out using the harmonic energy
diagnostic (HED) [194]. Part of the energy in a beam (0.16%) is taken through a
second-order Fresnel reflection off two uncoated optical surfaces just after the FCCs.
The first uncoated surface “picks off” 4% of the beam’s energy letting the remaining
96 % to pass to the target chamber. The second surface is mounted on a “flip-in” optic
that redirects 4% of the radiation reflected from the first surface into an integrating
sphere, which is kept under vacuum. The collected light is then transported through
a fiber optic to a spectrometer outfitted with a CCD camera. The spectrometers
are calibrated by conventional absorber /thermopile calorimeters used to measure the
total energy in each beam before it enters the target bay [194]. An accumulative
transmission of the target bay optical surfaces and substrates (these include: two
UV high-reflector mirrors, a DPP, focusing lens, one vacuum window and a debris
shield) is measured by the Omega Transport Instrumentation System (OTIS). This
instrument consists of a CCD-based ratiometer embedded inside a reflective sphere

inserted into the target chamber [194].
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The temporal profile of the laser is measured by the diagnostic referred to as
P510 streak camera [194]. The streak camera is outfitted with an external light
source which provides a series of timing fiducials which are used to plot the measured
intensity profile from the laser over a reliable temporal axis. This instrument is used
to set and check the relative timing of the Omega beams. Moreover, the laser power
measurement of P510 is calibrated, so the intensity on target can be extracted from

the trace. Typical P510 output in the experiments described in this work are shown
in figure [3.2

3.3 Experimental diagnostics

A number of independent experimental diagnostics were used to collect data about
the x-ray backlighter as well as the conditions in the shocked deuterium sample. This

section will outline the technical details of these systems.

3.3.1 X-ray spectrometer (GTS)

~._  Tcc 85 = 38.6° (CI Ly-a @ 2.96 keV)
s S L=9.35-9.7 cm/sin 8;=15.0 - 15.5 cm

Figure 3.4: Schematic of the gated Thomson spectrometer (GTS) used in the x-ray
scattering experiments on Omega.

The x-rays scattered at 90° are sent down the scattering channel where they are
detected by the gated Thomson spectrometer (GTS), mounted inside the TIM 6 access

o8



port P7 for diagnostics, see figure (c). TIM stands for “Ten-Inch Manipulator”
which is a diagnostic shuttle system that is used to position a variety of diagnostics
near the TCC. The GTS is composed of a flat highly oriented pyrolytic graphite
(HOPG) mosaic crystal [195], 196] coupled with an x-ray framing camera (XRFC),
with a micro-channel-plate (MCP) combined with a CCD detector as shown in figure
m [194]. The crystal was placed at the optimal Bragg angle of 65 = 38.6° projecting
the scattering spectra across the MCP camera which was placed 23.8 ¢m from the
scattering target center, giving the spectrometer resolution of ~ 12 eV/mm. The
MCP has four individually powered strips charged in a sequence during the 1 ns
backlighter providing an improved temporal resolution of the scattering measurement.
The integration time of each strip was 250 ps. A Be blast shield was used to block

any visible radiation and stop any debris from damaging the specrometer.

HOPG crystal

The use of hard x-rays in Thomson scattering to study WDM is crucial as only
short wavelengh radiation can penetrate deep inside solid density plasmas due to
the low critical density for lower energy probes, as discussed in Chapter 1. Also,
short wavelengths have the advantage of short scattering scale length allowing us
to access the non-collective regime, not available for radiation of lower energy, and
can therefore probe the microscopic properties of the studied medium. Spectroscopic
measurements with the use of these high-energy probes require the use of diffraction
crystals, where the spacing of the atomic planes d is comparable with the probe
wavelength, as a replacement for grating spectrometer that cannot be manufactured
with sufficiently small grid spacing. The principle of Bragg’s law is used in order
separate the wavelengths by the spectrometer: n\ = 2dsin(fg), where n is the order
of diffraction.

The best spectral resolution is provided by so called perfect or single crystals such
as Quartz, silicon or PET where all atomic planes in the block are arranged in parallel
to the crystal surface with a unique value of 2d. However, the reflectivity of these
crystals is relatively low since the x-rays can only reflect from specific points in the
lattice with no redundancy. For the purposes of x-ray scattering, especially in the
case of hydrogen isotopes, signal levels of the scattered x-rays that can be detected are
very low. Thus, mosaic crystals that exhibit significantly higher reflectivity are used.
HOPG (2d = 0.6708 nm) crystals are widely used in x-ray scattering experiments
since their alternative crystalline structure increases their reflectivity. These crystals

exhibit characteristic partially random alignment of the crystalline units around the
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Figure 3.5: Schematic of typical structure of a highly oriented pyrolytic graphite
(HOPG) mosaic crystal, after Ref. [I95]. Mosaic focusing takes place if the distances
F between the crystal and the source and the image plane are equal. Spatial smearing
As in the image plane can result from penetration depth effects or from finite source
size. Such a structure is achieved through a thermal treatment during the crystal
manufacturing [195].

orientation of perfect crystals parallel to their surface [195] as shown in figure [3.5]
These crystals have many interesting properties and advantages. Manufacturing of
shaped mosaic crystals (e.g. cylindrical) is for example considerably cheaper than for
perfect crystals.

The partial randomness of the orientation of the atomic planes causes a defo-
cussing effect, also referred to as mosaic spread, in direction perpendicular to the
diffraction plane, which causes “blurring” of the features in the x-ray signal. This
mosaicity of the crystal is a direct reflection of the angular orientation of the individ-
ual crystallites, i.e. larger angular spread of the plane orientations from the perfect
crystal plane position results in a more severe “blurring” effect reducing the crystal’s
spectral resolution. A simplified model defines the distribution of the orientation of
the crystallites as a Gaussian function, which then provides the definition for mosaic
spread as a FWHM of the Gaussian distribution, however more detailed studies have
revealed a rather complex structure [197, [19§].

HOPG crystal types are separated into groups according to their degree of mosaic-
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ity ranging between 0.4° and 3.5°: ZYA, ZYB, ZYD and ZYH. The spectral resolution
is reduced by the angular spread of the diffracted rays due to the mosaic spread. For
the ZYA type we expect (AE/E), ~ 4.3x107? while it is ~ 38.1x 1072 for ZYH, i.e.
ZYH crystal cannot be used to resolve spectral features in this experiment where the

downshift of the Compton peak is expected to be ~ 17 eV. The expected depth broad-

ening for the mosaic graphite crystals is (AE/E)geptn = ’\;“]{p x cos?(fp) ~ 6.0 x 107°
(the penetration depth or mean free path of 3 keV x-rays is Ap,, ~ 30 pm), which
is negligible at these frequencies, i.e. the thickness of the crystal does not need to be
kept small [I99]. The integrated reflectivity expected for the HOPG crystals (ZYA,
ZYH) for the Cl Ly-« line emission is ~ 3 mrad [199].

Mosaic crystals exhibit the very useful property of para focusing. Following from
the principle of the Rowland’s circle of radius F', a curved crystal surface placed on the
circular perimeter will focus rays from a point source placed anywhere on the circle.
Due to the random orientation of the atomic planes in a mosaic crystal, a fraction
of the diffracted x-rays will always fall on the Rowland’s circle, where they can be
focused onto a detector [195]. Thus, this effect can significantly reduce the source
broadening and improve the spectral resolution. The thickness and penetration depth
of the crystal also have to be taken into account. Hard x-rays can penetrate deeper
into the crystal finding a larger number of suitable planes to diffract from. As this
increases the brightness of the measured signal, it also reduces the spectral resolution
and can introduce unwanted features into the spectrum such as line broadening. This
effect is smaller for crystals with a lower degree of mosaicity.

The experiment started with a ZYA crystal (25 x 50 mm, 2 mm thick) with
mosaic spread v of 0.4° + 0.1°. This crystal gives an excellent resolution due to its
low mosaic spread, however this comes at the expense of the reflectivity of the crystal,
which was problematic for deuterium x-ray scattering measurements. The original
HOPG crystal was therefore replaced with a ZYB type (25 x 50 mm, 2 mm thick)
with v = 0.8° & 0.2° and resolution (AE/FE), ~ 8.7 x 107, which is still negligible
compared to the ray divergence through the Ta pinhole (~ 7.8°). The thickness of the
substrate on which the Bragg crystal was mounted changed throughout the various
shots, thus the distance of the crystal surface from the TIM axis changes between the

shots as shown in figure |3.4]

X-ray framing camera (XRFC)

LLE provide four x-ray framing cameras (XRFC) for two-dimensional, time-resolved

x-ray imaging [200, 20I]. Two of these cameras operate at a resolution of ~ 40 ps
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and two with 80, 200, 300, 400, 500, or 1000 ps using interchangeable pulse-forming
modules [194]. These cameras are operated from the TIM’s available on the target
chamber. Two cameras were used in these experiments: TIM 6 (port P7) operated
XRFC4 joined with the GTS spectrometer, and XRFC1 inside TIM1 (port P3) was
used to look at the temporal evolution of the emission from the plasma created by
the backlighter laser beams incident onto the plastic foil.

The x-ray signal detected by the XRFC is amplified by the MCP which consists
of a gold photocathode, coated on the MCP surface, micro-channels connected to a
high voltage supply and a phosphor plate [202] 203]. The voltage supply is connected
to up to four independent strips which can be engaged independently in time en-
abling sequential gating of the MCP. As the x-rays illuminate the Au cathode they
liberate photoelectrons that are further accelerated down the channels and multiplied
by a short high-voltage pulse propagated along the MCP strip line [194]. The two-
dimensional image then forms as the electrons strike the phosphor plate producing
an optical image.

The optical images were recorded with a charge-coupled device (CCD) camera
consisting of a 4096 x 4096 array of 9 um pixels [204]. The cameras are cooled to
about —20°C during the experimental shots in order to reduce the dark-current noise
in the chip. Remote electronic controls are used to change the MCP bias voltage
and camera timing during the experimental day allowing the principal investigators
to make flexible decisions about the data acquisition during the shot day.

A 8 mil (~ 200 pm) Be blast shield was placed in front of the GTS spectrometer.
Additional read filters have been used to attenuate the incoming radiation and block
any visible light from entering the camera. We have used 4 mil (~ 100 um) Be or 1
mil (~ 25 pm) V filters for XRFC 4 inside TIM 6. The brightness of the measured
signal was further reduced by applying a positive bias on the MCP camera strips.
The quoted nominal value is 3x reduction for every increase of 50 V. In the case
of the cryo shots, where scattering signal levels were low, the bias was kept low at
0 — 50 V. During foil shots for spectral calibration, when the signal is significantly
higher as it is the direct radiation from the Saran target, the bias was increased to

250 — 400 V depending on the shot. The inter-strip timing used was 250 ps.

3.3.2 Pinhole cameras

A series of x-ray pinhole cameras (XRPHC) are among the standard fixed diagnostics
on Omega [194]. These are located at various locations around the target chamber

and were used to view the radiation emitted from the backlighter foils during target
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shots. The best view of the laser illuminated Saran foil was from ports H12 looking at
an angle from the upper part of the target chamber (# = 108.89°, ¢ = 54.0°) and H13,
see schematic in figure (c). These images were used to estimate the x-ray source
size and the alignment of the backlighter beam during the cryo shots, see figures
and 3.7

The x-rays are imaged using laser drilled Ta pinholes with diameter of 10 pm
and thickness of 50 pm. The image magnification of XRPHC on port H12 is 4x
with pinhole-to-target distance of 162 mm and pinhole-to-image distance of 648 mm.
The time-integrated images are detected with charge-injection devices (CID) used in
direct-detection mode (i.e. without phosphor) with a useful energy range better than
2 — 8 keV. The CID chips are capable of recording images across 812 x 604 pixels
with the useful central area corresponding to 800 x 600 pixels. The centre-to-centre
spacing of the pixels is 38.5 x 38.5 um [205]. The cameras are usually covered with a
25.4 pm thick Be window.
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Figure 3.6: Analysed image from XRPHC in port H12 on shot 58571 (July 2010).
Most of the XRPHC in this experiment seem to be saturated, which is not an issue
since this diagnostic is simply used to identify the position and alignment of the
backlighter laser spot. Badly aligned shots show a “star-like” shape of the spot.

A representative background-subtracted image from the H12 pinhole camera is
shown in figure [3.6] Typically, the size of the plasma emission from the backligher
spot as viewed from the laser side is ~ 800 — 1000 pm in diameter. The spot is
assumed circular, so its size is taken along the longest axis of the projected circle.

Since these images are not time gated, certain broadening of the laser spot due to
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temporal expansion of the plasma from the foil should be expected, thus the actual

backlighter spot is likely to be smaller during the scattering measurement.

XRPHC_H12_61557
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Figure 3.7: Analysed image from XRPHC in port H12 on shot 61557 (Mar 2011).
In this case the image obtained from XRPHC located in port H12 identified target
mis-alignment, where the cryo XRTS target was shifted ~ 100 um towards H7.

3.3.3 X-ray streak camera

The temporal evolution x-ray spectra emitted from the chlorinated plastic foil illumi-
nated with the backlighter beams was measured with an x-ray streak camera (SIM
Streak Camera A, SSCA) outfitted with a crystal spectrometer mounted in TIM 2
(port H3) pointing at 1500 pm / H7 (backlighter position) [206]. The camera includes
a fourth-harmonic (263 nm) timing fiducial channel recorded simultaneously with the
x-rays used for cross-timing of the x-ray emission with the laser pulse trigger to +
25 ps [194]. The SSCA was protected with 4 mil (~ 100 pym) Be blast shield. The
incoming x-rays were attenuated with an additional 1 mil (~ 25 pm) Be filter, which
also acts as a block for visible radiation. This however resulted in saturated images in
the first shots of the campaign. An additional 0.25 mil (~ 6 pum) Al filter was added
to avoid saturation of the Cl lines.

The x-rays recorded by the streak camera are first converted into electrons by the

photo-electric effect as they impact a Au cathode on a 0.5 mil (~ 12 um) Be substrate.
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Figure 3.8: A schematic of a typical x-ray streak camera such as the one used in
this experiment (SSCA). The photo-electrons liberated from the Au photocathode
are accelerated inside the sweep tube by the sweep voltage (total SSCA ramp pulse
is 2400 V) directed by the sweep unit, which sets the sweep speed of the electrons
across the detector screen.

These electrons are accelerated by the cathode acceleration field (accelerating mesh)
to 13 keV and subsequently focused and sweeped across an electron sensitive detector
(a phosphor screen or MCP), which converts the signal to visible light, as a function
of time [206]. A 1-dimensional image is created by a 250 ym wide slit aperture placed
just before the photocathode. This image is then smeared across the detector plane
as the electrons pass through a differential potential gradually varying in time, i.e. at
earlier times electrons pass through a different potential than later ones causing them
to impact the phosphor screen at a different location. This creates an 2-dimensional
streaked image where one axis corresponds to one spatial dimension (a line out across
the Cl spectrum) and the other to time. In our set up we used 115 ps/mm sweep
velocity (speed 1 setting) and a fluorescent display which was 40 mm in diameter
giving a temporal window size of ~ 4.5 ns. A typical x-ray streak camera set up is
shown in figure [3.8]

The optical output of the SSCA was recorded on Kodak T-max 3200 film (specially
manufactured with no holes that could interfere with the recorded data). The film
was then developed through rotary processing and digitized with a Perkin-Elmer PDS
(photometric data system) Microdensitometer with a resolution of 50 pm/pixel. This
device can be used to extract the information of the absolute intensity measured by
the film through the use of a calibrated white lamp scanner fitted with adjustable
ND filters and photomultiplier tube.

The spectrometer set up was similar to that of the GTS shown in figure [3.4, The
Bragg crystal used was a flat RbAp (2d = 2.6121 nm) mounted at 05 = 8.7° with
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additional rotation of ¢ = 0.65° to ensure a centered projection of the diffracted image
into the slit of the streak camera. The central wavelength was thus 3.96 A(3.14 keV)
with a range of 3.19 — 4.67 A(2.66 — 3.89 keV), chosen such that the following Cl
K-shell lines can be measured simultaneously: Cl He-ov at 4.444 A, Cl H-« at 4.188
A, C1He-g at 3.790 A, Cl He- at 3.603 A, C1 H-5 at 3.535 A, and Cl H-v at 3.351 A.
The crystal was placed half way between the source and the slit of the streak camera
separated by 19" (~ 48.26 cm). It should be noted that the SSCA is looking at the
laser side of the Saran foil, which only gives a rough indication of the temporal x-ray
backlighter profile without the effect of variable transmission of the foil as it is being
ablated.

3.3.4 Velocity interferometry (VISAR)

The velocity interferometry system for any reflector (VISAR) was used to directly
measure the shock velocity Uy in the deuterium sample from which the density and
pressure in the shock could be inferred [207, 208]. The active shock breakout (ASBO)
system is a line-imaging velocity interferometer used as a general purpose shock di-
agnostic at Omega [70]. This TIM diagnostic located inside the H14 port (TIM 5)
is a two interferometer system (ASBO1 and ASBO2) capable of producing a con-
tinuous record of the shock velocity history as well as a 1-D image of the spatial
profile of the shock [70]. The velocity measurement is obtained from a Doppler shift
of a probe beam reflected from a moving shock surface (in transparent medium, i. e.
deuterium), which reflects optical radiation due to its high level of ionization and
over-critical density.

The main components of the VISAR diagnostic are: a probe laser, an imaging
system and two Mach-Zehnder interferometers. The laser probe is a Spectra Physics
frequency-doubled Nd-YAG laser (A = 532 nm) that produces 8 ns pulses which
can be stacked to provide up to ~ 24 ns long trace, which is delivered to the VISAR
through fiber optics [194]. The imaging system conveys the probe beam to the target,
where it reflects back, and onto the output beam splitters (BS2) in the interferometers
as shown in figure [3.9) Each interferometer produces a linear fringe pattern to the
coherent laser beam imposed by a slight tilt of the output beam splitter. An optical
delay element (etalon) is built within one of the interferometer legs, which introduces
an additional optical path delay to the reflected probe beam which can be used to
obtain the shock velocity from the phase shift in the fringe pattern. The output from
the interferometers is detected with an optical streak camera which records images

of the velocity trace with one spatial and one temporal dimension with 5 pym spatial
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Figure 3.9: A schematic of the velocity interferometry system for any reflector
(VISAR) at Omega as shown in Ref. [194].

and ~ 10 — 50 ps temporal resolution respectively. The streaked trace also includes
two sets of timing fiducials imposed on the top and bottom edges of the data record.
These are series of dots, laser pulses delivered by fiber optic, spaced by At = 0.5 ns.
The dots on the top are a continuous trace used to keep track of the sweep velocity
of the streak camera and the bottom of the image is then marked with 8 dots that
synchronize the temporal measurement with the laser trigger (ASBO1: first fiducial
at t = 425 ps and ASBO2: first fiducial at t = —1150 ps). All the etalons used are
UV grade fused silica (n = 1.4607). The individual parts of the VISAR system, set
up and alignment are described in more detail in reference [70].

The shock velocity measurement is obtained from the fringe shift measured by the
two interferometer arms. The light going through the interferometer arm with the
etalon will be delayed by time 7. The total optical delay is given by the translational
offset of the etalon-mirror and the refractive delay in the etalon: 7 = 2t(n — 1/n),
where h is the etalon thickness, n is the index of refraction and c is the speed of
light [70]. This form is derived from the translation distance d = h(1 — 1/n) which
is calculated to place image plane as viewed through the etalon coincident with its
initially determined null position (i.e. zero path delay with the etalon removed) [70].
The above expression for 7 is approximate as the beam passes through the etalon at an

angle, however for the purposes of the VISAR measurements it is accurate enough,
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see Ref. [T0] for further details. A fringe is formed by a constructive interference
which will occur when 2vr = mA\, where m = 1,2, 3, ..., thus if m = 1 a shift by one
fringe is observed. We can then define the velocity sensitivity of VISAR by velocity
per fringe VPF = \/27.

In the simplest case when the probe light is reflected from a target/shock sur-
face undergoing instantaneous acceleration to a velocity v its phase will change by a
constant time-dependent term A¢p(t) as a result of a Doppler shift [69]. The phase-
shifted signal will arrive through the shorter interferometer arm in time ¢y, while it
will take it ¢ = 7 to pass through the longer arm. In the time between, o and ¢ + 7
as the Doppler-shifted light arrives at the output beam splitter from the short arm
and not yet the long arm, a linearly increasing fringe shift will be observed as the
phase A¢p(t) develops, see figure [3.10] (a). After time 7 passes, the signal from the
longer arm fully catches up and the phase meters of both arms advance at a common

rate and no further fringe shifting is observed [69].

(a) Time (b) Time

Figure 3.10: A simulated streak camera record of VISAR output in the case of simple
acceleration (a) and discontinuous fringe pattern (b), after Ref. [69].

If the velocity of the target surface changes with time while the probe light reflects
from it additional phase shifts of A¢g(t) are induced resulting in more fringe shifting.
The shock velocity is then obtained from the total phase shift A¢ if the interferometer
sensitivity is known: v = VPF x A¢/2m. The temporal resolution of the velocity
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measurement is limited by the transient time 7 given by the delay between the in-
terferometer arms as well as by the temporal resolution of the streak camera used.
Rapid fringe movement during the transition time of the interferometer (7 = 15 — 50
ps) thus results in discontinuous fringe shifts spanning across many fringes plus a
fractional part, which in turn cause ambiguity in determination of the phase shift
A¢ [70]. This is illustrated in figure [3.10] (b). The issues with fringe ambiguity are
overcome by the use of two separate interferometers with different velocity sensitivity.
The 27 discontinuities can be removed by matching the integer fringe shift from the
two channels: v;9 = VPF x (g—f + m172). Since both arms must measure the same
velocity v; = vg, the integer values of m; and ms from the two channels are matched
to give a unique answer.

The etalon thickness and sweep rate of the streak camera in one of the interfer-
ometers are chosen based on expected shock velocity to reflect the best temporal and
spatial (fringe shift) resolution of the recorded shock evolution. The second interfer-
ometer is fitted with a different delay element, giving it different velocity sensitivity,
such that the velocity measurements from the independent arms carry different opti-
cal delays and can be matched to remove the 27 phase ambiguities observed in fast
shock measurements resulting in observation of instantaneous fringe jumps greater
than one fringe period. Care must be taken such that the V PF values corresponding
to the two etalons used are not integer multiples of one another so that only one
shock velocity can be matched from the two VISAR traces. A typical choice of ve-
locity sensitivities would be 2.5 to 3.5 fringes in the first channel and 7 to 8 fringes
in the second [70]. A different sweep rate can also be used to provide an independent
verification of the time scale of the measurement.

The expected shock velocity, obtained from a number of hydro simulations using
1-D hydro codes LILAC [79, R0], HELIOS [179], was 30 — 50 km/s. The sweep
times chosen for ASBO1 and ASBO2 were 9 ns and 15 ns respectively, no delay was
applied. Two complementary etalons were selected for both VISAR arms: etalon
5B (h = 5.004 mm, 7 = 25.9 ps, VPFp, = 8.74 km/s/fringe) was used in ASBO1
and 3A (h = 3.095 mm, 7 = 16.02 ps, VPFp, = 14.1 km/s/fringe) in ASBO2 with
expected phase shifts by ~ 5 and ~ 3 fringes respectively. These values are computed
using the corrected expression VPF = \/27(1 + §), where term § = 0.0318 accounts
for the dispersion of the etalon [209]. The phase shift was also corrected by the
refractive index of deuterium (np, = 1.1379), thus VPFp, = VPF/np,. The full set
of sample-dependent corrections to VPF can be found in Ref. [70].
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3.3.5 Optical pyrometry (SOP)

Plasma created by laser driven shock will reach temperatures greater than 5000 K
and thus will produce self-emission in the optical regime which can be linked to its
temperature through the black body radiation relationship [210]. This radiation is
measured by the streaked optical pyrometer (SOP) [71]. This instrument is absolutely
calibrated such that emission temperature can be extracted from the measured data.
SOP is generally used in conjunction with VISAR to obtain temporally and spatially
resolved EOS measurements (shock temperature and velocity) from ablatively driven
shocks at the Omega laser facility. A schematic of the SOP system used for the

experiments described in this work is shown in figure [3.11]

Interference

filters
From target Streak
camera

SN

Dove
prism

To VISAR

Figure 3.11: Layout of the streaked optical pyrometer at Omega as shown in Ref.
[194].

The SOP optical system has been modified such that it can be used simultaneously
with VISAR during target shots. The optical system takes a leak of the emission
from the target through one of the periscope mirrors (M1) in the VISAR system and
guides it through an image relay containing two lenses and two mirrors providing
magnification of 20x, a Dove prism that rotates the image, and an interference filter
pack into an optical streak camera [194]. Correction optics are used to compensate
for refraction effects from the VISAR telescope at the wavelengths of interest. The
various filter settings allow intensity measurements at multiple wavelength bands
(blue channel at 400 — 500 nm and red filter at 590 — 850 nm). The responsivity of

the pyrometer was calibrated using a lamp with a known emission profile traceable
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to a National Institute of Standards and Technologies standard, which was placed
inside the Omega chamber and viewed with the standard experimental configuration
[194]. The spectral response was measured using a set of narrow-band filters.

The image is recorded by an optical streak camera (Hamamatsu C4187 with tem-
poral windows of 2, 5, 10, 20, and 50 ns/image) coupled with an MCP intensifier
with an P20 phosphor screen output and CCD (Photometrics CH350) camera with
Thomson 7899 chip. The camera has an unbinned (raw) digital output of 2048 x 2072
array of 13.7 um pixels (16-bit) [71]. The phosphor is the limiting resolution element
giving an object-plane resolution of ~ 10 um. The streak camera is outfitted with
a slit of variable width providing various degrees of temporal resolution (0.5 mm slit
gives ~ 170 ps integration time for 10 ns sweep). A more detailed description of the
set up of the LLE SOP system can be found in Ref. [71].

The red channel with corresponding central wavelength of A, = 684 nm (the
FWHM band of the normalized spectral responsivity of the red channel is ~ 590 — 780
nm, see figure 2 in Ref. [71]) was used in the experiments described in this work. The
chosen slit width was W, = 100 ym and the sweep speed window was set to 10 ns
providing an excellent temporal resolution. No ND filters were used. The CCD image
was compiled with 3 x 3 binning (B = 3) which generated a 682 x 691 pixel output.
The gain setting 5 (G = 19.0) was used. The streak record of the SOP camera also
includes two sets of timing fiducials equivalent to those used on the VISAR system.
In the top continuous trace the dots are spaced by 506 ps, while the bottom 8 dot
timing fiducial marks the laser time with the first fiducial at t = —930 ps. No delay
to the timing fiducials was applied.

The SOP data can be used to provide an accurate measure of the temperature
of the shocked material by comparing the emission intensity from the shock front
at A, with the radiation distribution of a Planckian source. For the conditions in
this experiment, the shock wave is optically thick to visible light, thus the brightness
temperature of the self-emission radiation approaches the temperature of the material
making the black/grey body approximation valid for shock temperature measurement
[210]. Similar methods have proven to be reliable temperature diagnostics for shock-
compressed deuterium [113] [114]. A detailed description of the analysis of the VISAR
and SOP data will be provided in Chapter 4.
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3.4 X-ray backlighter source

3.4.1 Spectral line profile

The x-ray probe selected for this experiment was a Cl Ly-« line at 2.96 keV (\g =
4.188 A) generated through laser irradiation of a chlorinated plastic foil (12 gm thick
Saran or 5 gum thick Parylene D). The laser backlighter consisted of sixteen 1 ns beams
at 10' W/em? (200 pm focal spot, 500 J/beam), which operated at 3w maximizing
the conversion efficiency of the laser into x-rays by reducing laser backscattering insta-
bilities [57]. This line was selected due to its high conversion efficiency (7, ~ 0.2 %)

and narrow bandwidth (AE/E ~ 2 x 1073), sufficient for x-ray scattering measure-

ments [103] 19, 211].

(a) (b) 20000

18000
16000 — Clly-aline
14000
12000
10000
FWHM=9eV —>
8000
6000

4000

Intensity (counts)

2000

| E—
2800 2850 2900 2950 3000 3050
Energy (eV)

Figure 3.12: Cl Ly-a backlighter x-ray line at 2.96 keV created by laser illumination
of the Saran foil at Omega: (a) shows the spectral trace recorded by the x-ray streak
camera (SSCA) during shot 53908, Mar 2009, and (b) is the spectral measurement
by the GTS spectrometer showing the full-width-half-maximum (FWHM) spectral
width of the line is ~ 9 eV (shot 54959, Jul 2009).

The Ly-a radiation is a result of the electronic transitions (n = 2 to n = 1, i.e.
1s — 2p) in the K-shell of the highly ionized hydrogen-like Cl atoms in the ablation
plasma heated by the inverse bremsstrahlung process [19]. The line itself consists
of two fine structure components Cl Ly-a; 5 at energies of 2958 eV (1s — 2p; /) and
2962 eV (1s — 2pg/,) respectively. The total width of the chlorine line consisting of
both lines is ~ 9 eV [103]. Additional dielectronic satellite lines, particularly on the
lower energy wing of the resonance line, including Cl XVTI (2p? — 1s2p) at 2928 eV
and 2933 eV are also created, see figure but the laser conditions are chosen such
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that this emission is significantly reduced compared to the Cl Ly-«a source. Typical

spectra measured during the experiments is showed in figure |3.12
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Figure 3.13: Temporal plot of the Cl Ly-« trace from SSCA overlayed with calorime-
try measurement of the backlighter laser pulse during shot 61554 (Mar 2011). The
backlighter pulse came on at 4 ns from the start of the high intensity drive.The
duration of the streaked signal of the Cl Ly-« line is slightly longer than the back-
lighter laser pulse, showing a ~ 0.5 ns long decreasing slope tail after the main signal,
which can be a result of space-charge broadening in the streak camera as a result of
saturation of the photocathode while operating the camera at a high signal level.

An important consideration was the minimization of the emission from the dielec-
tronic satellites on the red wing of the Cl Ly-« line in order to resolve the Compton
feature in the measured scattering spectra. Based on the previous work by Urry et
al. [103] we were able to produce a bright narrow-band x-ray probe with minimal
contribution from red-wing satellites. It was found that phase plates can improve
the conversion efficiency by reduction of the backscattering instabilities, however a
smaller spot size is needed to provided sufficiently high intensities [57]. It was found
that the emission from Li-like satellites are significantly reduced at higher laser inten-
sities [I03]. At shorter laser wavelenths higher electron temperature and ionization in
the backlighter foil is achieved suppressing the He-like emission [103]. These satellites
however do appear later in time after the heater laser turns off and the plasma cools

and the electronic population of the excited satellite states increase and therefore
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time-gated measurements (using the GTS) are crucial to obtaining a clean scattering
signal using the Cl Ly-« probe. Laser intensity and short wavelength were established
as the crucial factors to achieve a good laser-target coupling and thus high conversion
efficiency. We have used a frequency-trippled (3w) backlighter laser at the intensity
of 10'® W/em? and focal spot of 200 pm.

Temporally resolved measurements of the Cl spectra were obtained using the x-ray
streak camera (SSCA), described in the previous section. See figures[3.12] (a) and [3.14]
for raw data. The streak camera measurements confirm a similar duration of the x-
ray emission to the pulse length of the backligher beams, see figure [3.13] Preliminary
shots with cryogenic targets showed that Ar condensation on the backlighter foil
added an undesirable contamination of the emission spectra with Ar He-a radiation
and its satellites with a significant burnthrough time for the Ar layer on the plastic
foil which adds uncertainty to the scattering measurement, see figure |3.14l Thus a
condensation shroud suspended over the target had to be used on all cryogenic shots
minimizing the condensation of impurities particularly on the backlighter foil and the

CH windows.

I
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Figure 3.14: X-ray streak camera (SSCA) traces of the backlighter x-rays during shot
61554 (Mar 2011), when condensation shroud was deployed (a), and shot 53405 (Jan
2009) without shroud (b).
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3.4.2 Photometrics

Due to the low cross section of the scattering process, high photon numbers in the x-
ray probe are essential for successful scattering measurements. Other sources of noise
in the signal including direct emission from the shock-heated deuterium plasma have
to be considered. Intense x-ray sources (signal shot experiments with 102 photons),
closely coupled geometry (large solid angles) and high detection efficiency (highly
reflective Bragg crystals, MCP) are required to achieve a large number of scattered
photons. Furthermore, the scattered x-rays must overcome the bremsstrahlung emis-
sion reaching up to 1077 J(eV sr)~! corresponding to 10* detected photons per eV
[19].

The expected scattering signal can be approximated from known x-ray yield val-
ues, scattering fraction and the efficiency of the detector setup. With sixteen 500 J
beams incident onto the Saran foil approximately (Ey/hv)n, ~ 3.4 x 10'% 2.96 keV C1
Ly-a photons are created with conversion efficiency 7, ~ 0.2% [103]. The collimating
Ta pinhole then selects a solid angle of €2, = 0.06 sr, letting through only the pho-
tons which will scatter from the deuterium shock. The attenuation of the x-rays in
dense plasma is assumed to be 74 =~ 1/e [19]. Thus, the number of photons capable
of effectively scattering from the deuterium is (Er/hv)n,(Q,/47)Nw ~ 5.8 x 101
photons. Based on the LILAC simulations, we should expect electron density of
ne = 2 x 102 ecm™3. The thickness of the deuterium sample is [ = 0.05 cm. Then

2 we obtain the scattering

with the Thomson cross-section or = 6.65 x 107?° cm
fraction In.or = 6.7 x 1072 and the number of scattered x-rays from the deuterium
shock is then ~ 1.0 x 10'%.

The intensity of the inelastic scattering is also attenuated by its probability propor-
tional to factor (1+a) 2, see equation , where a = (0.9 is the scattering parameter
in this experiment [I9]. The solid angle of the crystal spectrometer is €; = 0.03 sr
and the reflection efficiency of the HOPG crystal is estimated to be R ~ 50%. The
detection efficiency of the MCP detector at ~ 3 keV is 1y ~ 0.01 [19, 212]. The inten-
sity of the scattered x-rays is therefore reduced by (4/47)Rng = 1.3 x 107° giving
the total number of collected photons ~ 1.4 x 10% photons, which is comparable to
experiments by Glenzer et al. [81] 101}, [102], Gregori et al. [213] 214] and Garcia Saiz
et al. [105]. Fractional reductions in the scattering signal should be expected since
the actual thickness of the deuterium shock is predicted to be around 100 pm.

The sensibility of the scattered signal levels was checked against a direct mea-
surement of the Cl Ly-a line. Shots 58571 (full Dy cryo shot) and 58574 (spectral

calibration shot) from July 2010 were compared. The integrated signal scattered
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from the deuterium shock was ~ 2.2 x 10* counts. The signal levels measured on
the spectral calibration shot were then scaled by the scattering fraction n.orl and by
3% accounting for the total applied bias on the MCP strips of 300 V (3x reduction
for every increase of 50 V). The two signals agreed within an order of magnitude
with ~ 4x ratio, which provides an excellent agreement considering the shot-to-shot

variations and uncertainties in the signal scaling.

3.5 Targets

A number of different targets were used during the experimental campaign at Omega.
The primary experimental data was collected from cryogenic targets filled with liquid
deuterium, which were employed in the x-ray scattering and VISAR/SOP experi-
mental configurations. A set of various foil targets (plastic and aluminium) were also
used in shots designed to check the alignment and brightness of the x-ray backlighter,
spectral calibration and flatfielding of the GTS spectrometer response. This section
will provide a detailed description of the composition and alignment of the different

target types.

3.5.1 Foil targets

12.5 pm thick chlorinated plastic (Saran) foils were used for spectral calibration and
backlighter shot size check. These thin plastic foils were 3 mm in diameter and
supported by a square 3 mm x 3 mm plastic frame (50 pm thick Mylar) with a 2 mm
diameter through hole mounted on a thin stock. The spatial backlighter profile was
measured using foil targets placed in a place of a backlighter foil as a part of the cryo
targets, i.e. with its surface normal to the H7 port (6 = 79.19°, ¢ = 90°) placed at
1500 pm from TCC towards H7. The spectral calibration of the GTS spectrometer
was carried out using the CH foil targets with beam line (BL) 17 target surface
normal (0 = 154.97°, ¢ = 162°), which allows a direct viewing of the rear surface of
the backlighter from TIM 6. Both types of targets are shown in figure [3.15}

In the final shots in August 2011, the Saran was replaced with 5 pym thick Pary-
lene D foil of the same size. Parylene D has much larger concentration of chlorine
than Saran and can thus be made thinner while keeping the same intensity of Cl
Ly-a emission, which improved the signal levels in the x-ray backlighter as the use
of the thinner foil minimizes the absorption of the x-rays before they reach the deu-
terium layer. In addition free-standing 12.5 pm thick Al planar foils (3 mm diameter,

or 3 mm X 3 mm square), mounted directly on a stock and placed at TCC with
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Figure 3.15: VisRad images of the chlorinated plastic foil (Saran) targets: the foils
with H14 target normal (Y-TVS view), and (b) BL 17 target normal for spectral
calibration (port H9 view).

BL 17 target surface normal, were used to check the flatfield response of the GTS

spectrometer.

3.5.2 Cryogenic targets

The deuterium was kept inside a copper cryogenic cell, with 8 yum thick polyimide
windows on either side, at pressure Py, = 20 psi ~ 1.38 x 10° Pa and cooled down
to 18 K forming a liquid inside the target increasing its initial density to pg = 0.175
g/cm?® [I]. The target was equipped with gold shields designed to block any direct x-
ray emission from any other part of the target than the scattering channel, such that
only scattered x-rays from the dense shock in the liquid Dy can be measured. The
cryogenic targets designed to hold and cool the deuterium fill to the liquid state were
being developed and constantly improved throughout the campaign between March
2009 and August 2011. The targets were designed and build by Mark Bonino at the
LLE. The schematic diagram of the cryogenic targets and the laser configuration for
the XRTS and VISAR/SOP shots is shown in figure [3.16]

The main parts of the cryogenic targets are: Cu cooling finger connected to a Cu
cryogenic cell, which holds the D, fill inside of it, two 8 um Polyimide windows filling
the 1.5 mm clear aperture in the Cu cell on the H7 and H14 sides confining the gas
fill within (these are kept as large as possible to minimize the Cu ablation), 12 ym
thick Saran backlighter foil (or 5 pm thick Parylene D) offset by 730 pum from the
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Stacked 6 ns drive and 104 W/cm?
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Figure 3.16: Schematic of the target set up with the laser drive with the VISAR laser
(a) and the backlighter/scattering configuration (b). A constant intensity 6 ns laser
drive incident on the CH ablator compresses and heats the material inside a planar
layer of liquid deuterium target creating WDM. When VISAR is used, the laser drive
10 W/cm? comes from the H7 side as the ASBO telescope is located in the H14
port (the backlighter foil and Ta pinhole are not needed in this configuration). In
the XRTS experiment, sixteen tightly focused beams irradiate a Saran backlighter
with 10 W/ecm? from the HT side while the 10'® and 10'* W /cm? laser drive comes
from the H14 side. The scattered Cl Ly-a emission scattered at 90° down a 500 pm
wide scattering channel before it is detected with the XRFC outfitted with a HOPG
crystal spectrometer [I].

H7 Polyimide window, 200 or 400 ym diameter Ta pinhole (designed to collimate the
backlighter x-rays) positioned on the H7 side between the backlighter foil and plastic
window of the cryo cell, 500 pm wide scattering channel machined into the bottom
of the Cu cell pointing towards TIM 6 with a direct view of the TCC, Au (100 gm
thick)/Fe (50 or 100 pm thick) radiation shields coated with 20 ym Parylene, fill tube
connecting the the cryo cell with a gas reservoir (Cu coil/cylinder) bent out of the cell
such that it does not obstruct the view of the scattering channel, and square wedges
at the top and side of the cryo cells used for alignment purposes. A more detailed
diagram of the cryo target is provided in figure |3.17]

On targets designed for the VISAR shots only, the backlighter foil and Ta pinhole
were removed and additional sliver of Al coating was added to the edge of the Poly-
imide window in order to aid reflection of the VISAR laser during the diagnostics
alignment, see figure In some of the XRTS shots the scattering channel was
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narrowed by adding a 250 pm thick Au slit plate intended to block direct emission
from the corona as shown in figure|3.17] During the target cooling procedure a shroud
surrounding the target is used to minimize the condensation of the residual particles
inside the vacuum chamber depositing on top the target (particularly Ar atoms can
be a particularly harmful contaminant of the x-ray signal if illuminated with lasers,
x-rays or energetic particles). The shroud is extracted shortly before the target shot

is taken.
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Figure 3.17: Schematic drawing of the Dy cryogenic target used at Omega with
dimensions.

The original design has been upgraded multiple times. Ideally, as the temperature
of the Cu cryo cell is lowered below 20 K the liquid D, layer should start forming and
one observes a bubble of deuterium gas passing across the view of the ASBO telescope
as it escapes back through the fill tube into the gas reservoir only leaving the dense
liquid within the target. The first targets have experienced problems with the phase
transition from gas to liquid in the deuterium fill. It was thought that the deuterium
fill was either lost or that the thermal coupling of the system was insufficient to form
the liquid layer. Sometimes, less than half of the targets formed a liquid inside.

This was at first tackled by creating a larger gas reservoir (the Cu coil was replaced
with a cylinder) that provided a better heat gradient between the gas reservoir and

the cryo cell. The bolts used to hold the cell together were also removed to improve
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the thermal contact within the cell itself. Further improvements were needed as it was
found that liquid was forming inside the fill tube, which was cooling too rapidly, which
was blocking the way of the escaping gas bubble during the condensation process
inside the cell. On some shots the fill tube was wrapped in a copper foil connected to
the heat reservoir and the temperature of the reservoir was slightly raised to create
a smoother thermal gradient. The thermal contact between the fill tube and the Cu
cell was finally improved, which avoided the formation of a vapour lock in the fill
tube preventing the Dy gas bubble from escaping and the liquid deuterium formed in

majority of the targets.
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Figure 3.18: Photographs of the Dy cryo targets: (a) older target (full size, 2009),
(b) close up on cryo cell with alignment wedges (old target, 2009), (c) close up on
scattering channel (new target, 2011), (d) new target with square wedges on the top
and right side of the Cu cold finger structure replaced with ruby tooling balls, i.e.
fiducial spheres used for improved target alignment (2011).

Furthermore, the Au/Fe shields designed to block direct view of the ablation
plasma from the GTS spectrometer were enlarged in the later target designs. The
final size of the shields was 20 mm x 20 mm. The original alignment square wedges
were later replaced with larger spheres as alignment fiducials, which significantly

improved the efficiency and reliability of the alignment process. The Prism VisRad
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cadding software was used design and optimize the laser illumination of the targets.
Since this software is capable of visualizing the target from any port on the Omega
chamber, which is loaded into the base of the package, it has also been used to draw
up the target alignment procedures using the X and Y target viewing system cameras.

The photographs of the original and final cryo targets are shown in figure |3.18|

3.5.3 Target alignment procedures

All of the foil targets (CH and Al) are inserted in the vacuum chamber using the
target positioner (TPS) 2 arm lowered from port 7 (6 = 27°, ¢ = 270°). The cryogenic
targets with D fill are the delivered using cryo carts 4 and 6 (planar cryo) from port
1 at the top of the chamber. The targets are aligned primarily using the X and Y
target viewing system (TVS). The X TVS is located in port 75 (6 = 120°, ¢ = 270°)
while Y TVS is in port 68 (f = 111°, ¢ = 0°) and together they provide two near-
orthogonal views of the TCC. The cryo targets are also viewed through the ASBO
telescope looking from H14, which can be focused to view the Ta pinhole inside the
target, which provides additional alignment reference (i.e. the pinhole is centered in
the ASBO view) and is primarily used to view the phase transition of deuterium gas
turning liquid while being cooled inside the target chamber. Figure [3.19 shows a

schematic view of the alignment system with respect to the target chamber.

Target positioning
System (Port 7)

X-TVS Illuminator
(Port 27) «.

Y-TVS Illuminator

(Port 32)
Y-TVS Camerasv“ >
(Port 68) X-TVS Cameras
(Port 75)

Figure 3.19: A schematic view of the target viewing system (TVS) on Omega, after

Ref. [215].
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Each foil target is first mounted on the TPS 2 and inserted to a position near TCC
where its position is adjusted until the target disk is visible in the TVS narrow views.
A series of rotations then follows such that the correct target normal is achieved. The
TVS monitors are overlayed with alignment reticles obtained from VisRad (marked
red over the screen), which need to correctly overlap with the shadow of the target
recorded by the cameras in both X and Y views. The target is in a correct position
only when both views agree with the alignment reticles. Figure features the
example of TVS views of the 3 mm square Saran disk targets, mounted on TPS
2, centered at 1.5 mm to H7, with target surface being normal to the TIM 6 /
XRFC / GTS view axis (f = 154.97°, ¢ = 162°), for spectral calibration shots.
Similar procedures including individual TVS monitor reticles are provided for the H7
normal plastic foils used to check the spatial profile of the backlighter and Al foils on
flatfielding shots.

ITVS X Axis Narrow TVS 'Y Axis Narrow

Target foil is centered on
large and small circles in
both views.

Figure 3.20: View of the TVS screens during the foil (surface normal to BL 17/TIM
6, 0 = 154.97°, ¢ = 162°) alignment.

Each cryo target is individually metrologized (the distance between the alignment
fiducials is measured) by the target fabrication staff and the output values are com-
pared with the VisRad model prior the experiment. The metrologized values for each
target are uploaded to the TVS alignment system monitors. A standard alignment

procedure is carried out by the LLE staff on each shot to position the planar cryogenic
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XRTS or VISAR/SOP targets, normal to the HT—H14 axis. The alignment proce-
dure is started with a planar grid target mounted on TPS 2, inserted TCC, which is
used to align the ASBO telescope in TIM 5. The ASBO interferometer view is used
to align and focus the telescope on the center of the grid. Just like for the foil targets
the alignment reticles are loaded on the TVS monitors once the cryo target is placed
near the TCC. Cryogenic Target Handling System (CTHS) translation axes are used
align the target to its reticles, as shown in figure [3.21]

[ TVS X Axis Wide | [ TVSY Axis Wide

Target positioning

balls align to circles
in both views.

Figure 3.21: View of the TVS screens during the alignment of the new D5 cryo targets.

The alignment is carried out with the condensation shroud lowered (target is being
cooled at this point) and the target is viewed through windows along the X and Y
TVS axes. Finally, the beamline reticles are loaded for the current shot configuration
to confirm that all configured beams intercept the target. The ASBO telescope view
is used to confirm target fill and carry out fine adjustments to the target alignment.
Finally, the shroud is removed while final alignment adjustments are being made to

correct for any possible target drift before the shot is taken.

3.6 Target shots

Shots with different target and beam configurations were taken as a part of the same
campaign to ensure the completeness of the data sets and add a solid ground for

analysis and conclusions to be drawn from the experiment.
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Cryo VISAR shot

During the full VISAR shot, the planar deuterium filled is properly cooled to form a
liquid layer inside. These cryo targets have the backlighter foil and Ta pinhole removed
and the H7 side Polyimide window is coated with a thin Al layer for ASBO alignment.
The target is driven by 12 drive beams from the H7 side while the VISAR probe
beam is sent from port H14, where the ASBO telescope is located, to reflect from the
critical surface of the moving shock front providing the velocity measurement. ASBO
is thus run during the target shots. Lower intensity laser drive (10" W/cm?) was
designed for the purpose of these shots in order to avoid “blanking” of the VISAR
diagnostic, which is expected to occur at shock velocities exceeding ~ 70 km /s due to
fast electrons and hard x-rays being formed that can cause ionization of the material
before the shock front.

Cryo XRTS shot

The full XRTS planar cryo targets are used including chlorinated plastic backlingter
foil and Ta pinhole placed just outside the H7 Polyimide window. Both the drive
beams (from H14 side) and backlighter beams (from H7 side) are fired on the target
and the GTS spectrometer collects the scattering spectrum from the shocked deu-
terium sample to infer n., T, and Z. The laser drive in these shots is set to both
intensities (10 and 10'* W /cm?) in order to probe different plasma conditions. The
ASBO/VISAR telescope is used only to confirm the presence of liquid deuterium in
planar cryo cell and fine adjustments in pinhole alignment as is retracted during the

target shot.

Cold shot

A cold shot is a scattering test of an undriven target with an identical set up to the
full XRTS planar cryo target. However, only the backlighter beams (from H7) side
incident on the chlorinated plastic backlighter are switched on. GTS is set to collect
background scattering signal, which should not show any features due to the low
density and no ionization in the deuterium sample (the probability of a measurable
scattering signal is negligible in this setting). The GTS data serves as a background

reference for the scattering data from shocked deuterium.
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Spectral calibration

A free-standing Saran/Parylene D foil was placed at TCC and irradiated with laser
beams to calibrate the intensity and spectral position of the Cl Ly-a line on the
GTS spectrometer. In order to measure the direct emission from the chlorinated
plastic foil by the spectrometer a different beam configuration was used. The port
directly opposite TIM 6 is laser no. 17 (BL 17), thus the Saran foil was tilted such
that its surface is now normal to BL 17 to face TIM 6 and the original backlighter
configuration was switched to beams 11, 13, 22, 20, 56, 68, 15, 17, 10, 26, 28, 31, 37,
46, 55 and 61 (500 J/beam focused 1500 pm from TCC). This shot was repeated on
each shot day to provide a calibration for each unique configuration of the diagnostics
such as the crystal or detector position, which may vary on the different days. A small
systematic shift in position of the line from the full XRTS shots was observed which
could be traced to the 1.5 mm shift in position of the signal source between the two

types of shots.

Backlighter spatial profile check

These shots were used to check the spatial profile of the backlighter on each day,
primarily to check the correct focus and pointing of the backlighter laser beams. The
plastic (Saran or Parylene D) foil targets are illuminated by the H7 side beams just
like in the deuterium shots. The primary diagnostics used in these shots were the
x-ray pinhole cameras, which were checking for a small circular plasma ablation spot.
If a star-shaped profile or a significant shift in position of the spot was observed, the

beam alignment would have to be adjusted.

Flatfield check

These shots were designed to check the first order flatfield spatial response of the GT'S
spectrometer including the changes in reflectivity of the different areas of the HOPG
crystal as well as the variations in sensitivity of the MCP/CCD detector. The Al foils
placed at TCC were illumnated by beams coming from the BL 17 side, such that the
radiation emitted from the rear surface of the target could be viewed directly from
TIM 6, where the GTS spectrometer system is placed. The beams used were 25 and
64 with 250 J/beam (UV - FCC detune) and 200 pum spot size, focused at TCC.
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Chapter 4

VISAR/SOP experiment at Omega

4.1 Introduction

The main traditional techniques used for the measurement of thermodynamic proper-
ties in WDM are shock velocity measurements made by velocity interferometer system
for any reflector (VISAR) [69, [70] in conjunction with temperature measurement in-
ferred from streaked optical pyrometry (SOP) [71]. VISAR has been used to obtain
the pressure and density of the shocked deuterium by use of impedance matching
(IM) techniques [109] 110} 20]. Such methods require a pusher with well-known EOS,
usually quartz or aluminum, that transfers the shock created by laser ablation into
the studied medium and is used to determine the Hugoniot through a known pressure
standard [44, 107]. However, this standard has recently been questioned [I12], sug-
gesting that higher than expected errors in the density measurements of deuterium
are possible, thus impacting the EOS studies in regime relevant to interiors of giant
planets and ICF [20], [T10].

This chapter presents a novel approach which bypasses the need for a pressure
reference by a direct comparison of the shock velocity measured by VISAR and an
independent SOP temperature measurement with theoretical models. It is found that
the EOS based on ab initio simulations is the only one that can provide a consistent
interpretation of both measurements. Of course, such consistency checks cannot prove
that a given data and simulation set gives the correct conditions in the sample and
produces a correct EOS. On the other hand, any inconsistencies clearly rule out the
theoretical or simulation model applied. Moreover, consistency between experimental
data and theoretical predictions strongly increases our confidence in the measured
data. Here, we will apply this new method to deuterium under conditions where

many EOS points from different experimental approaches already exist to prove that
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the method is able to obtain EOS data without the uncertainties related to the use

of pressure standards.

4.2 Experimental set up overview

The experiment was carried out on the 60-beam, 351 nm, Omega laser system [I87].
The experimental set up is outlined in figure 4.1, The deuterium gas is fed into a
copper cryogenic cell at pressure Py ~ 1.38 x 10° Pa and cooled down to T, = 18
K undergoing a phase transition to the liquid state with an initial density of pg =
0.175 g/cm®. The 8 um thick polyimide window acts as an ablator when its surface
is irradiated by 12 of the Omega beams which are staggered in pairs over a period of
6 ns in order to form a drive with an average intensity of 10’ W /cm?. This launches
shock waves into the planar deuterium target creating WDM conditions within the
shocked material. The beams are evenly divided into two cones around the target

normal at angles of 23.2° and 47.8° and smoothed with phase plates and polarization
smoothing [188].

(b) 1mm
P3 view >
H7 drive Stacked 6 ns drive
beams with 1013 W/cm?
(12 Omega beams) ~ Cu cryo cell
Liquid deuterium
s V4

8 um polyimide
windows

Figure 4.1: Schematic of the target set up with the drive and VISAR beam config-
uration: VisRad image of the port P3 view of the target with the H7 driver beams
(a) and a schematic layout of the planar cryo cell with driver beams and diagnostics
(VISAR,SOP) (b). The planar copper cryogenic cell is filled with Dy gas and cooled
down to 18 K forming D, liquid inside, which is then compressed by laser ablation
from drive beams incident on the polyimide window.

VISAR was used to directly measure the shock velocity Uy in the deuterium sam-

ple. The line-VISAR system at Omega, operating at 532 nm, is a two interferometer
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system such that the velocity measurements from the independent arms with different
optical delays can be matched to remove the 27 phase discontinuities in fast shock
measurements [70]. The SOP diagnostic recorded self-emission from the shock front

in a narrow wavelength band around A, = 684 nm [71].

4.3 Hydrodynamic simulations

1-D HELIOS and 2-D DRACO hydrodynamic simulations were carried out to support
the experimental planning (correct etalons in the VISAR interferometers had to be
chosen based on the expected velocity) and to provide a reference for the analysis
of the VISAR and SOP data [179, [180]. In the later simulations, obtained after the
experiment where the shock velocity as measured by VISAR was found to be 16.940.9
km/s jumping to 23.0 £ 1.0 km/s at 3 ns (see the following section for details), the
actual laser power measurement from the P510 diagnostic was used as an input for
these simulations to better reflect the plasma evolution during the stacked laser drive,
see figure (a). Asis apparent from the figure the temporal overlap of the individual
beams was not perfect resulting in a “spiky” intensity profile which could have an
effect on the spatial and velocity profile of the shockwave. The summary of the
DRACO and HELIOS results are shown in figures and [4.4]

Figure shows the results of the 2-D DRACO simulations for the laser drive
in shot 56736, when the VISAR and SOP were deployed during our experiments
on Omega in January 2010. From the simulations, it is clear that initial velocities
around 20 km /s should be expected. However, the 2D simulations seem to predict an
erratic velocity profile at later times due to the sudden intensity variations in the laser
drive. Another simulation was thus run to verify this result for the shock velocity
using the 1-D HELIOS code. With the same laser input we obtained shock velocities
reaching ~ 30 km/s, which just like in the 2-D simulations were significantly higher
than the velocity measurement from VISAR, but the velocity profile was significantly
smoother. It is known that 1-D and 2-D simulations always predict a higher shock
speed because there is no route for the energy to diffuse along the missing dimensions.
One thus has to reduce the energy input drive to reproduce the experimental values.
The velocity fluctuations in the DRACO simulations seem to be happening on a
very short time scale, which might be a result of the heat transport model, i.e. the
choice of the flux limiter. HELIOS has a much smaller limiter than DRACO, thus
the heat conduction is effectively more important in HELIOS which would smear out

the spikes in the laser drive.
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Figure 4.2: Results of 2-D DRACO hydrodynamic simulations: (a) laser power
(Omega shot 56736) input, (b) shock-front speed, (c) density, (d) pressure, (e) tem-
perature, and (f) ionization (7).

In order to account for power losses due to reflection of the laser drive at the critical

surface of the ablation plasma (expected ~ 20%), the calorimetry measurement from
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shot 56736 was multiplied by a constant of 0.75. The resultant shock velocity profile
is much more steady and closer to the measured values with initial shock velocities
around 18 km/s increasing to ~ 25 km/s after 2 ns and temperatures of ~ 2 eV.
Nevertheless, these values were still slightly high. In order to match the measured
shock velocity perfectly, the laser drive input was changed to a simple 6 ns square pulse
at 3 TW/cm? (~ 70% reduction), producing much lower velocities (~ 16 — 19 km/s)
as shown in figure In the HELIOS simulations the shock surface temperature
was found to be around 1 eV, which is in better agreement with the SOP temperature

measurement of ~ 0.6 eV.
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Figure 4.3: Shock velocity from 1-D HELIOS hydrodynamic simulations.

Furthermore, the predicted ionization state estimated from the 2-D DRACO sim-
ulations (Z ~ 0.1) is rather low for the temperatures ~ 1 eV, which is a result of
the use of the SESAME equation state, which is not expected to get the ionization
right in this regime as it underestimates the quantum effects and pressure ionization
in WDM. Another important consideration is the time the shock takes to break out
from the CH/Polyimde ablator layer of the target. The 1-D HELIOS simulations
estimate the time it takes to ~ 0.6 ns, whereas raw data from the VISAR shows that
the shock becomes reflective just over 1 ns after the start of the drive. Although this
difference is not big, it is still significant and points out the fact that the simulations

most likely overestimate the shock speed inside the CH layer.
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Distance (um)

Figure 4.4: Mass density plot from 1-D HELIOS. Shock inside the CH (Polyimide)
layer breaks out (8 pm distance) after about 0.6 ns, i.e. at this time all of the CH has
been burned off. After this time the laser beams drive the deuterium directly.

4.4 VISAR analysis

The raw VISAR data contained a phase shift from which a plot of the shock velocity
as a function of time could be extracted. This information was then used to obtain the
values for additional thermodynamic conditions within the shock (WDM deuterium)
including pressure and density. This section describes the whole VISAR analysis

process step by step.

4.4.1 Phase extraction

The phase shift due to the Doppler effect in the VISAR laser probe was extracted from
both interferometer arms (ASBO1 and ASBO2) using the XVIS program written in
IDL by Dr. Damien Hicks from the Lawrence Livermore National Laboratory, which
is a standard package used for VISAR analysis at the Omega laser facility [216]. This
software is capable of loading multiple image formats and operates through a graph-
ical interface aiding the data visualization and includes corrections for the camera
rotation and shear in the image output from the streak camera. It is used to obtain
the unwrapped phase from both the data and reference (background) images/fringe
patterns which are then used to obtain the absolute phase shift and thus the shock

velocity.
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Figure 4.5: Raw VISAR data in the form of HDF images from both interferometer
arms (ASBO1 and ASBO2) were input into XVIS (IDL program developed by Damien
Hicks), used to calculate the wrapped phase (fringe shift) across a selected area. This
was done for both the data and reference (background) images. This phase contains
27 discontinuities that still need to be removed to obtain the correct shock velocity.
The light dots on the top and bottom of each trace are the timing fiducials.

XVIS calculates the phase shift in the fringe pattern over a selected area of the
image. Care must be taken that the selected area starts and ends at a centre of a fringe
(horizontal) and the largest possible number of fringes should be selected to improve
the statistics of the phase extraction procedure. The same area must be selected in
both the data image and the reference (background streak with no velocity shifts).
The phase is extracted through the Fourier transform method (FTM) first developed
by Takeda et al. [208]. The recorded fringe intensity pattern can be represented as a

real function:

S(x,t) = B(x,t) + A(x,t) cos|Ad(x, t) + 27 fox + o), (4.1)

where B(x,t) is the slowly varying background intensity and A(x,t) represents
the fringe amplitude such that |A| < B [70]. The term 27 fox + o corresponds to
the linear phase ramp of the background fringe pattern with spatial frequency fy
and phase offset dy due to imperfections in the interferometer optics and distortions
introduced by the streak camera [70]. The desired information about the velocity
of the shock is then contained in the phase modulation superimposed on the carrier

wave ¢(z,t). Taking the spatial Fourier transform of equation yields:

S(fvt):b(fvt)+C(f_f07t)+0*(f+f07t>a (42)
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which effectively separates the background function b(f,t) from the phase infor-
mation contained in c¢. In the next step of the FTM analysis an appropriate filter
is applied to select the c-lobe which contains the positive frequencies. The reverse

Fourier transform then generates a complex function:

D(xz,t) = C(z,t) exp|2mi fox + do. (4.3)

The wrapped phase function W bound by the interval [—m, 7| is then extracted:

W[A¢(x,t) + 27 fox + &) = arctan[Re(D), Im(D)]. (4.4)
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Figure 4.6: Wrapped phase from two interferometer arms ASBO1 and ASBO2 ex-
tracted using the XVIS program during the analysis of Omega shot 56736 in Jan
2010. At this stage the 27 phase jumps have not yet been removed and the correct
time base is not yet imposed on the plots, i.e. the phases do not overlap yet.

Finally, phase shift due to the moving shock front is extracted by subtracting the
background 27 fyx + 9 and removing the 27 discontinuities resulting from instanta-
neous fringe jumps across many periods. Figure[4.5{shows raw VISAR data from shot
56736 (Jan 2010) overlaid with the wrapped phase extracted from the XVIS analysis.
During the analysis in this work, the phase profile was extracted from both data and
reference using XVIS. These data sets were then input into a Matlab script used to

subtract the background, remove the 27 discontinuities, calculate the shock velocity
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and set a correct time base. A plot of the background subtracted phase is shown
in figure . It should be noted that XVIS outputs values for ¢ = A¢/27, i.e. the

actual number of fringes shifted.

4.4.2 Time scale

The timing fiducial markings on the top and bottom of each streaked VISAR trace
are used to identify and plot the correct time scale for the velocity data. The bottom
time fiducials mark the start of the laser drive at ¢ = 0 (ASBO1: t;, = 0.4 ns and
ASBO2: ty = —1.15 ns) while the trail of top timing fiducials is spaced by dt = 0.506
ns. Figure shows marks both sets of timing fiducials as well as the direction of

time flow on the ASBO 1 and 2 traces. Note that these images are reversed from top

to bottom effectively swapping the positions of the timing fiducials.

ASBO1 ASBO2 _

| comb fiducial spacing: At = 506 ps |

Figure 4.7: Raw VISAR streaked images from both interferometer arms (ASBO1 and
ASBO2) with the timing fiducial and the direction of the temporal axis marked on
them. The marked time ¢ = 0 refers to the absolute laser time (Omega facility), thus
since the laser drive started at t = —3 ns, t = 0 corresponds to 3 ns.

The lineouts of the fiming fiducials are shown in figure [4.8f The position of ty
(x¢) was found at pixel no. 570 for ASBO1 and 445 for ASBO2 respectively. To
maximise the accuracy of the pixel spacing of the top time fiducial trail, the value
is averaged over all dots across the whole image: Az = (1 — x2)/(no. of peaks—1),
where x; and x5 are the pixel number positions of the first and last fiducials in the

trail respectively. The streak camera sweep rate a = dt/Ax is then found to be
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0.0106 ns/pixel for ASBO1 and 0.0158 ns/pixel for ASBO2. The temporal axis for

each interferometer arm is then given by t1 5 = a1 2 x (pixel no.—xom) + 10,5
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Figure 4.8: Lineouts of top and bottom timing fiducials for ASBO1 (top plots) and
ASBO2 (bottom plots) with marked positions of zg (o), 1 and xs.

4.4.3 Velocity measurement

It is at this stage when the 27 discontinuities are removed from the phase output of
XVIS. As described in the VISAR set up section in the previous chapter, etalons with
specific values of velocity per fringe (VPF) are chosen for this experiment based on
anticipated shock velocities. The chosen etalons for ASBO 1 and 2 had VPF;, = 8.74
km/s/fringe and VPF, = 14.1 km/s/fringe. The phase shift is also corrected by
the refractive index of deuterium (np, = 1.1379), thus VPFp, = VPF/np,. Both
interferometer arms are looking at the same shock and therefore they ultimately have
to measure the same shock velocity. Also, the 27 discontinuities happen at discrete
jumps corresponding to one fringe period. Thus the velocity can be found from the

following relationship:

- e i) -y

)XVPFLQ VPF 5 (912 +mi2)
nD, N D,
where m; o = 1,2, 3, ... are integers varied until the condition v; = vy is satisfied.
The 27 discontinuities were matched with m; = 2 and my = 1 giving initial shock
velocity of 16.9 km/s which increases to ~ 23 km/s at ~ 2 ns from the start of the
laser drive, see figure Another possible velocity match for the two interferometer

arms happened at the second bump in velocity corresponding to ~ 50 km/s (instead
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of 23 km/s), which was discarded as such velocities were not possible for such a low
intensity laser drive (maximum velocities predicted by the hydrodynamic simulations

reached up to ~ 30 km/s, which is already an overestimate).
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Figure 4.9: Calculated velocity profiles from phase shift obtained for Omega shot
56736 (Jan 2010). Two possible velocity matches of the ASBO 1 and 2 interferometer
arms are shown along with 2-D DRACO simulations. The lower velocity trace is
favoured as it is more probable given the intensity of the drive.
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Error analysis

Following the equation for shock velocity, assuming independent error contribu-
tions from ¢, VPF and np,, we obtain the error on the velocity trace from the

following expression:

VPF 2 + 2 VPF (o + 2
:\/( ) (B ) (VPR Y o
nDQ nDQ nDQ

The output from XVIS also provides the upper and lower limit on phase ¢ = %

such that one standard deviation of the phase trace is 0, = (Pupper — Piower)/2. The
second term in equation is small since the error on VPF =~ 5% giving oy pr = 0.05,
this error is associated with the resolution of the streak camera, i.e. the streak camera
can only resolve fringe jump within 5%. The third term is then associated with error
on the measurement of deuterium refractive index, which was considered to be ~ 1%.
The final error trace was then calculated using equation and plotted in figure [£.15]
The measurement of the initial shock velocity was thus 16.940.9 km/s increasing to

23.0+1.0 km/s.

4.4.4 Hugoniot plots

Additional thermodynamic conditions including the shock pressure P, and density
ps were obtained from the velocity measurement from VISAR by applying the single
shock Hugoniot equations, which must be satisfied for a set of know initial conditions
po, Py and Tp, to various EOS tables. Only the initial velocity of 16.9+ 0.9 km/s was
used for this analysis as this value is certain to lay on the Hugoniot with known initial
conditions, the second velocity is subject to intensity variation in the laser drive which
could result in additional effects such as preheat of the unshocked material before the
shock changing the initial conditions to unknown values.

This analysis is based on three different theoretical EOS models: i) the SESAME
tables [17], widely used for ICF applications; ii) the model by Saumon and Chabrier
(S&C) [122] [123] that spans a wide range of conditions and is often used for astrophys-
ical purposes; and iii) density-functional molecular dynamics (DFT-MD) simulations
of fluid hydrogen [37, 38, I71]. The details of these tables were described in section
2.4. The Hugoniot relations are derived from jump conditions stating that mass flow

(equation , momentum (equation and energy (equation are conserved
across a single shock front [210]. The equations in this form are independent of the
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EOS model used, which enter into the Hugoniot problem through the relationship for

the internal energy E.

poUs = p(Us — Up) (4.7)
P — Py = pU,U, (4.8)
1

PU, = §poUsU5 + poUs(E — Ey) (4.9)

The particle velocity U, (velocity of the material behind the shock front, i.e. the
piston velocity) in shock compression experiments is usually found from the measured
shock speed Uy and the EOS of a standard material by IM [217, 210]. The Hugoniot
relations P=poU,U, and p=poUs/(Us—U,) are then used to determine the pressure
and density of the shocked material [42] 109, 110, T08]. As no pressure standard
pusher (quartz or aluminum) was used in our set up, the conditions behind the shock
front could not be inferred directly from these equations as U, is unknown. Instead,
we calculate them by comparing with an EOS table (SESAME tables no. 5263 and
5265, S&C, DFT-MD). The S&C and DFT-MD tables apply to hydrogen and were
adjusted to deuterium by accounting for the mass difference between the isotopes.

Two SESAME tables for deuterium were compared in this work: table 5263 is
the original calculated EOS based on the chemical model assumptions, more recently
table 5265 was released. This table is no longer a pure theoretical model, but was
modified to satisfy new experimental measurements, including the diamond anvil
data of Loubeyre et al. [119, 120] and Hugoniot data of Knudson et al. [44], etc.
The Hugoniot was significantly softened and there were many changes to the phase
transitions in molecular deuterium. It should be pointed out that the new impedance
matching results by Knudson [I12], which push the Hugoniot data back towards a
“stiffer” curve, were not included.

The conditions behind a single shock are inferred from the tabulated EOS by find-
ing combinations that satisfy the Hugoniot relation for the specific initial conditions
(po, Py and Ey):

1 1 1
E—-FEy+-(P+F, -——1]=0. 4.1
o+ 5P 4R x (5= =) =0 (4.10)

This equation is derived from equations [4.7] [4.8] and [4.9] for a single shock and is
thus in this form independent of the EOS. The exact values along the Hugoniot curve

for each EOS table are found through an interpolation routine written in Matlab.
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Since the shock velocity in this case is well below 100 km/s, radiative effects in the
energy balance are not important and the energy conservation holds in this case with
no corrections [210]. Sets of U, and U, values along the Hugoniot are then compared to
the VISAR velocity measurement which identifies the correct set of shock conditions

on each Hugoniot:

P— P
U, = 0 (4.11)
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Figure 4.10: Hugoniot curves as function of compression ratio p/pg calculated from
the SESAME 5263 table [17] (red dot-dashed line), SESAME 5265 (yellow thin dashed
line), S&C [122], 123] (green thick dashed line) and our DET-MD [37, [38] (solid blue
line) EOS models for deuterium. The initial conditions are: Py ~ 1.38 x 10° Pa, pg
= 0.175 g/cm® and T, = 18 K. The conditions extracted from each model for the
shockwave traveling at U, = 16.9 km/s are marked by red, green, and blue circles,
respectively. The error bars on these points are propagated from the uncertainty
in the VISAR measurement by satisfying the Hugoniot condition for the extreme
velocity values.

Figure 4.10| shows Hugoniot curves calculated from the three EOS models. The
DFT-MD Hugoniot as shown here is in good agreement with other DFT-MD results
[218, 124]. For each EOS, we plot the point on the corresponding Hugoniot where
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the predicted U is equal to the experimentally measured value. The data show
that the greatest differences between the models indeed occur near the shock speed
investigated (Us = 16.9 + 0.9 km/s). At this Uy, the models yield similar pressures
but quite different compression ratios. In particular, the EOS based on DFT-MD is
much softer. Each of the densities for a particular EOS along with the associated

values of P, and temperature T, are summarized in table 4.1.

4.4.5 Spatial profile of the shock

It is possible to obtain an accurate measurement of the shock size in 1-D from the
line-VISAR trace since the ASBO telescope is exactly focused onto a target grid
prior the experiment defining its resolution and width of the view. The telescope
view is calibrated to 16 grid spacings, each of which has width of 63.5 um giving
the full ASBO view (edge-to-edge) = 1016 pm. From the laser set up (using phase
plates) we know the laser spot size is about 600 pum in diameter. Traces from ASBO
1 and 2 observe two shock fronts, see figure |4.11. The first shock was significantly
curved, probably due to irregularities in laser beam pointing and/or slight target
misalignments which could result in non-uniform spot size. Otherwise, the shock in
Dy was very flat. The full view of ASBO1 was 720 pixels and the first shock profile
spanned across 363 pixels ~ 508 um, the second shock profile was 570 pixels ~ 798
pm. ASBO2 view was 715 pixels, where first shock and second profiles were 405
pixels =~ 567 pum wide 610 pixels ~ 854 pm respectively. Thus, the shock diameter
was found to grow from 530 £ 50 pm to 830 &30 pm.

ASBO ASBO

first shock first shock

(530£50 pm) (530150 pm)

Y - - N —

I:EL” — g —— £
- = G —
o -t second shock — second shock
- ‘- profile (830£30 um) i profile (830£30 pm)

Figure 4.11: Raw data from the Omega VISAR system (shot no. 56736) showing
variable shock front profile. The total width of the field of view in both ASBO 1 and
21s 1016 pm.
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4.5 SOP analysis

The streaked optical pyrometer was used to record a temporal evolution of the self-
emission at a narrow wavelength band (~ 590 — 780 nm) centered at A\, = 684 nm. In
the case of a highly opaque emitter the self-emission from the surface approaches the
limit of Planckian (black body) radiation and the emission intensity at a known wave-
length can be used as an accurate measure of temperature [210] [7T]. The temporally
resolved SOP data can also be used in conjunction with the VISAR trace to verify
the temporal evolution of the laser drive plasma formation. 10 ns sweep window was

chosen to provide the maximum resolution across the entire 6 ns laser drive.

4.5.1 Time scale

The temporal axis of the SOP trace was determined using the same procedure as
described in section 4.4.2. The log plot of the streaked image is shown in figure [£.12]

SOP lineout f.j
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shock velocity increase

Polyimide ablation -> laser on

Figure 4.12: Log plot of the raw data (HDF image) from the Omega SOP system
(shot no. 56736) showing shock self emission at ~ 590 — 780 nm (red filter). The
image is plotted over pixel number and the time ¢t = 0 refers to the absolute laser
time, thus since the laser drive started at —3 ns, ¢ = 0 corresponds to 3 ns. Inserted
image shows a full window intensity lineout across the SOP trace vs. pixel number.

The position of zy was found at pixel no. 205 in the SOP trace, corresponding
to tp = —830 ps (the error in the position of the timing fiducials is ~ +100 ps).
Just like in the VISAR case, the pixel spacing of the temporal fiducials was averaged

over all dots across the whole image: Az = (27 — x2)/(no. of peaks—1), where
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r1 and xo are the pixel number positions of the first and last fiducials in the trail
respectively. The SOP camera sweep rate asop = dt/Ax is then found to be 13.8
ps/pixel, where dt = 506 ps. The temporal axis for each interferometer arm is then

given by t = asop - (x — xg) + to, with = being the pixel number.

4.5.2 Temperature measurement

The SOP data can be used to measure the temperature of the shocked material by
comparing the measured emission intensity with a black body radiation distribution.
For the conditions in this experiment, the shock wave is optically thick to visible
light. The value for absorption /emission Planck mean opacity xp = 2x 10% cm? /g was
obtained from 1-D HELIOS simulations (for the lower intensity drive at 10'* W /cm?)
[179, 219]. The transmission of radiation is then given by:

I(x) = Iye "PP*, (4.12)

which then for the given density of ~ 0.72 g/cm™3 and shock thickness z ~ 0.005
cm gives I(z) = e~ ~ 0, which means that the optical depth of this shock is large
and no optical radiation can transmit through it. In the first order approximation,
the brightness temperature of the self-emission radiation therefore approaches the
temperature of the material making the black body distribution appropriate for shock
temperature measurement [210, 220]. Similar methods have proven to be reliable
temperature diagnostics for shock-compressed deuterium [113], [114].

The SOP camera records a calibrated intensity trace in ADU units, where signal
in a single pixel is given by:

I = %/ AT, (A)Ls(N)SR(N), (4.13)
nM? all A

where T, is the product of the transmission/reflection spectrum of the optical
elements in the SOP system and SR(\) is the wavelength-dependent sensitivity of
the streak camera measured in [ADU/(energy/pixel)] [71]. The integration constant
is then composed of binning of the CCD B (i.e. in our case B = 3 for 3 x 3 binned
CCD), pixel size Az = 13.7 pm, slit width Wy = 100 pm, solid angle .,s of the
f/3.3 telescope, streak camera sweep rate n = 1/asop (pixel/ps) and the system
magnification M = 20 [71].
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Figure 4.13: Black body shock surface temperature trace from SOP diagnostic with
correct time scale. The beginning of the time scale corresponds to the start of the
laser drive.

The source radiance L4(\) is then taken to be the radiance given by Planck’s law:

2hc? 1
A5 exp(he/AT) — 1’
where h is Planck’s constant, c¢ is the speed of light, )\ is the wavelength of the

LAT) =

(4.14)

radiation, and 7' is the temperature of the Planckian source, i.e. black body radiation
[71]. Since the the spectral band detected by the SOP system is narrow (red filter:
(~ 590 — 780 nm, centered at A. = 684 nm) the wavelength dependance of the SOP
can be approximated by a ¢ function and thus the black body temperature can be

easily obtained from integrating equation [4.13}
Ty
T=—-—-—-
In(1+ A/I)’
where Ty = he/A. = 1.818 eV for the red filter.

(4.15)
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Since the response of the SOP system is absolutely calibrated the constant A is

known for the specific settings used:

BW,G
M

where Ay = 11340 ADU/ps/mm for the red channel with no ND filters used.
We used gain setting no. 5 corresponding to G = 19.0. The calculated black body

A=Ay (4.16)

temperature for our SOP trace for Omega shot 56736 (Jan 2010) is shown in figure
413l

A more appropriate approximation to be used here is the grey body distribution,
which does not rely on the assumption that the shock is optically thick at all wave-
lengths like the black body distribution does. The reduced reflectivity of a grey body
emitter increases the emissivity of the surface and thus changes the temperature mea-
surement. The grey body radiates energy having the black body distribution reduced
by a constant factor related to the reflectivity of its surface. According to Kirchhoff’s
law of thermal radiation, the absorptivity and emissivity of a grey body are equal at
any given temperature and wavelength and the constant A black body distribution
is thus reduced by a constant (1 — R), where R denotes the reflectivity [210] [71].
Based on previous reflectivity measurements by Celliers et al. [43], we can expect the
reflectivity of the deuterium shock surface to be ~ 0.4 — 0.5, see figure [4.14}

The values for reflectivity of WDM deuterium at relevant conditions were cal-
culated by our collaborators Dr. Jan Vorberger and Dr. Dirk Gericke from the
University of Warwick. They used the Kubo-Greenwood formula to obtain the op-
tical properties of the shocked material from snapshots of our DFT-MD simulations
[143, 2211, 124]. At the given wavelength, the result is R = 0.45 for a pressure of
P = 37.5 GPa. Figure [£.14] shows that this value of reflectivity is in a good agree-
ment with other DFT-MD data and measurements by Celliers et al. [43]. Moreover,
at the pressures of interest, the reflectivity is weakly dependent on the wavelength
of the emission, making it a robust diagnostic. Using the calculated value of R,
the temperature estimate is Ty, = 0.574+0.05 eV (8% instrument error [71]), consis-
tent with the temperature value directly inferred from the DFT-MD EOS table (7}
= 0.6640.09 eV). The full grey body temperature trace with R = 0.45 from SOP
intensity measurements is shown in figure [£.15

A similar treatment is not possible for the EOS data from SESAME or S&C. In
the S&C case, we calculated the dynamic collision frequency in the Born approxima-
tion using the free electron density as given by the S&C EOS in order to obtain the

conductivity and dielectric function within a Drude approximation [222 124]. The
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Figure 4.14: Reflectivity of the shocked material versus pressure along the Hugoniot.
Reflectivity values are calculated from present DF'T-MD simulations for 684 nm, from
DFT-MD by Holst et al. for 808 nm [124], and using the Born-Mermin approach
along the S&C Hugoniot. Measured optical reflectivities of shocked liquid deuterium
obtained at the Nova laser facility by Celliers et al. are also shown [43].

obtained value of R ~ 10~ reflects the fact that, contrary to DFT-MD, the S&C
EOS predicts rather low ionization for this shock condition. Consequently, the SOP
temperature given by S&C EOS is Ty,, = 0.47+0.04 ¢V (see table 4.1), which lies
outside the error bars of the theoretical prediction (75 = 0.75+0.09 e¢V). Although
our VISAR measurement does not provide an absolute value of reflectivity, relative
reflectivity changes can be obtained. Using the refractive indexes of ambient poly-
imide and deuterium, neglecting absorption, we can expect an initial reflectivity of
at least 10% which means that the S&C value for R is three orders of magnitude too
low. Reflectivity data from SESAME were not available and therefore no temperature

comparison was possible.

Error analysis

The error in the temperature measurement as given by equation 4.15[is influenced
by the uncertainties in the source, transmission measurements, sweep rates, fits and
signal-to-noise ratio of the SOP calibration [7I]. The error in T} is estimated to

be ~ 1% dominated mainly by the wavelength dependance on the source and the
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transmission measurements. The G - Ay product is affected by uncertainties in the
source (1%), transmission measurements (< 1%), signal-to-noise ratio (5%), calibra-
tion sweep rate (< 1%), and the error in estimate of the gain (2%) giving a total
error of ~ 5.5% [71]. The error in sweep rate is negligible in this case as the variation
in spacing of the timing fiducials is very small (< 1%). Magnification was observed
to deviate less than 1% [71]. Overall estimated error in the brightness temperature
measurement for a 3 x 3-binned CCD is approximately 8% for shock waves radiating
at the order of few eV when SOP is used at its best focus [71].

4.6 Results and discussion

The VISAR system produces a continuous record of the shock velocity history as
well as a 1-D image of the spatial profile of the shock. VISAR registered a variable
velocity profile with an initial value of 16.9 £ 0.9 km/s. The shock diameter was found
to grow from 530 + 50 pum to 830 + 30 pum. Since the long driver pulse was realized by
staggering of different beams, slight errors in spatial alignment and temporal overlap

could have produced a non-uniform spot size and variable shock velocity.
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Figure 4.15: Plot of the calculated velocity measurement from the two VISAR arms
(red and blue traces) and the temperature of the emitting shock front calculated from
the SOP measurement fitted with the grey body approximation using reflectivity of
0.45 obtained from DFT-MD simulation (black solid line). The shock forms at ¢t =0
ns as soon as the laser pulse hits the surface of the target, which is instantly observed
by SOP. The shockwave becomes reflective ~1.5 ns later when VISAR records the
signal.

Figure demonstrates that the calculated Hugoniot varies significantly in the
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compressibility of deuterium for the different models within the region of interest.
The pure chemical models show much lower compressibility in this regime that the
physical ones. The original SESAME is known to give a stiff EOS, whereas the
EOS from DFT-MD is softer with noticeably greater compressibility. The pressure
ionization/dissociation happens much earlier for DFT-MD producing abundance of
free electrons and thus generating high reflectivity of deuterium at lower pressures. At
some point the chemical models catch up and dissociate at higher pressures at about
the same parameters for S&C and SESAME (as can be seen in the similar Hugoniots).
This is consistent with DFT-MD being more compressible for lower pressure and S&C

being more compressible for higher pressures.

Table 4.1: Summary of results: thermodynamic conditions within the shockwave ob-
tained from the measured shock velocity (16.9 £+ 0.9 km/s) and calculated Hugoniots
from three EOS models: SESAME [17], S&C [122, 123], DFT-MD [37, 38]. Reflec-
tivity data from SESAME were not available.

] EOS table H Shocked conditions

SESAME 5263 || P, = 35.9+4.5 GPa | p, = 0.6340.02 g/cm?® | Ty = 0.6340.09 eV

SESAME 5265 || P, = 37.944.6 GPa | p, = 0.7240.02 g/cm? | T, = 0.6840.09 eV

S&C model P, = 35.744.2 GPa | p, = 0.62+£0.02 g/cm?® | T, = 0.7540.09 eV
T40p=0.4740.04 eV

DFT-MD P, = 37.5+3.9 GPa | p, = 0.7240.01 g/cm? | T, = 0.66£0.09 eV
Teop=0.5740.05 eV

The consistency of the theoretical models’ predictions is then checked against an
independent temperature measurement by the SOP diagnostic, see table 4.1. Only the
DFT-MD calculations are consistent with the SOP temperature measurement. It can
therefore be concluded that only the ab initio DFT-MD model was able to satisfy the
constrains set by the shock velocity and temperature measurements. The S&C model,

on the other hand, is not consistent with both data sets. This is not a surprising result
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since it is known that the chemical models tend to underestimate the ionization of the
system in this regime. The DFT-MD predicts very high ionization state 70 — 100%
for temperatures around 0.6 eV, which is consistent with the experimental results of
Celliers et al. [43], which show that at the given shock velocities near saturation of
the reflectivity signal was observed indicating maximum ionization.

The conditions inferred by combining VISAR, SOP, and EOS models yield a de-
generacy parameter (ratio of thermal and Fermi energies) of © = T, /T ~ 0.05 < 1
and an ionic coupling parameter T'y; = e*/4mweqakpTs ~ 21 > 1, where ¢, a, and
kp are the vacuum permittivity, inter-particle separation and Boltzmann’s constant,
respectively. This confirms the creation of a strongly coupled, degenerate plasma at
conditions relevant to the interiors of giant planets. In this region, the applicabil-
ity of the chemical models is questionable [37] but DFT-MD simulations provide a
reliable description of such states [105]. Introducing SOP as a tool for temperature
measurements together with VISAR diagnostics has made it possible to validate the
EOS without relying on pressure standards. The higher compressibility of hydrogen
as indicated by the DFT-MD has serious implications for Jupiter’s structure, in par-
ticular on the size of its core, the required concentration of heavier elements, and the

location of the molecular to metallic transition [14] [12].
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Chapter 5

X-ray Thomson scattering (XRTS)
experiment at Omega

5.1 Introduction

Recently, the new technique of x-ray Thomson scattering (XRTS) has rapidly ex-
panded within the field of high energy density physics as the high power radiation is
capable of penetrating deep inside WDM states reaching solid densities and higher,
beyond the critical density regions through which the conventional optical probes
cannot propagate [81], 104, 105, 19]. Here, a full set of thermodynamic conditions
including the temperature and density measurement as well as information on the
microscopic properties such as the ionization, inter-particle collisions and quantum
effects can be extracted from a scattering spectrum [19, 223, 3.

This work presents the first XRTS measurement from deuterium being developed
at the Omega laser facility. The validation of the deuterium EOS comprises the use of
complementary but independent techniques, both experimentally and theoretically.
In the experiments described in this chapter the value of scattering parameter was
a = 0.6 — 1 falling to the boundary of collective and non-collective scattering regimes
making the XRTS measurement sensitive to both electron density and temperature.
XRTS data was compared to previous experiments carried out with independent
VISAR and SOP diagnostics which were able to confirm a correct treatment of the
physical conditions in these experiments based on the density-functional molecular
dynamics (DFT-MD) simulations [2] 37, 38, I71]. The scattering measurement con-
firmed the earlier experimental and theoretical findings and added an insight into the
microscopic structure of the WDM deuterium creating a unique self-consistent study
of deuterium EOS. This chapter presents a detailed overview of the development of

XRTS as a probe to diagnose EOS of cryogenic Dy at high-energy laser facilities.
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5.2 Experimental set up overview

The 60-beam, 30-kJ Omega laser system was used to create the WDM conditions
by launching a single shock inside the planar liquid deuterium target driven by laser
ablation of rapidly expanding material from the laser-target interface [I87]. The
deuterium was kept inside a copper cryogenic cell with 8 ym thick polyimide windows
on either side and cooled down to 20—18 K forming a liquid inside the target increasing
its initial density to py = 0.175 g/cm?, see figure [1]. The target was equipped
with gold shields designed to block any direct x-ray emission from any other part of

the target than the scattering channel.

(b) 1mm
— Stacked 6 ns drive
‘ Cryo target with 1013 W/cm?
“ Y £ and 10 W/cm?
Cu cryo cell —> (12 Omega beams)
Pinhole
H7 backlighter AN

beams Saran foil

Scattered
X-rays

Liquid deuterium {

Detector

Figure 5.1: Schematic of the target set up with the laser drive and back-
lighter /scattering configuration: VisRad image of the port H8 view of the target
with the H7 backlighter and H14 drive beams (a) and a schematic layout of the pla-
nar cryo cell with driver and scattering channel leading to GTS spectrometer (b). A
constant intensity 6 ns laser drive incident on the CH ablator compresses and heats
the material inside a planar layer of liquid deuterium target creating WDM. Sixteen
tightly focused beams irradiate a saran backlighter with 101® W /cm?. The scattered
Cl Ly-a emission scattered at 90° down a 500 pum wide scattering channel before it
is detected with the XRFC outfitted with a HOPG crystal spectrometer [I].

The drive beams were frequency-tripled providing the 3w (A = 351 nm) laser out-
put to increase the laser-plasma coupling efficiency [57]. The UV laser drive consisted
of 6 pairs of 1 ns laser pulses evenly divided into two cones around the target normal
at angles of 23.2° and 47.8° and a flat intensity profile was created by phase plates
and polarization smoothing [I88]. These square pulses were then staggered in time

forming 6 ns constant drive with intensities of 10 and 10'* W/cm?. The higher
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intensity drive operated at the optimum energy output of the Omega system with
400 — 500 J/beam. The lower intensity drive is then created by detuning of the fre-
quency conversion crystals (FCC) lowering the conversion efficiency of the UV output
of the laser.

Sixteen tightly focused 1 ns beams at 10'6 W/cm? (200 um focal spot diameter)
then come from the opposite side and irradiate a 12 pym thick saran foil creating a burst
of narrowband Cl Ly-a x-rays at 2.96 keV, which are used as our x-ray backlighter
probe. The Ly-a radiation is emitted by highly ionized hydrogen-like atoms in the
ablation plasma heated by the inverse bremsstrahlung process [19]. The backlighter
lasers therefore operated at 3w to maximize the the conversion efficiency of the laser
into x-rays by reducing laser backscattering instabilities [57]. No phase plates were
used to smooth these beams, despite the possibility of improvement of the conversion
efficiency, in order to achieve the highest possible intensity of the focused beams
which both increases the conversion efficiency of the Ly-a and suppresses the He-like
and Li-like satellites [I03]. These x-rays are collimated by a Ta pinhole 200 pm and
scattered at 90° to a gated Thomson spectrometer (GTS). The measurements of the
Cl Ly-a line and its satellites are described in Chapter 3, section 3.4. The direct
spectral measurement of the probe line reveals a full-width-half-maximum (FWHM)
of ~ 9 eV with a Gaussian-like spectral profile.

The GTS is composed of a highly oriented pyrolytic graphite (HOPG) mosaic
crystal (ZYB, 25 x 50 mm, 2 mmm thick) [195] coupled with an x-ray framing cam-
era (XRFC), with a micro-channel-plate (MCP) combined with a CCD detector. The
crystal was placed at the optimal Bragg angle of g = 38.6° projecting the scattering
spectra across the MCP camera which was placed 23.8 cm from the scattering target
center, giving the spectrometer resolution of ~ 12 eV/mm. The MCP has four indi-
vidually powered strips charged in a sequence during the ns backlighter providing an
improved temporal resolution of the scattering measurement. The integration time of
each strip was 250 ps. A Be blast shield was used to block any visible radiation and
stop any debri from damaging the specrometer. A detailed desciption of the GTS set

up is provided in section 3.3.1.

5.3 Hydrodynamic simulations

The analysis of the scattering spectra from the WDM deuterium driven at both
intensities 10" W/cm? and 10" W /cm? was supported by a series of 1-D and 2-D
simulations using the HELIOS and DRACO codes [179 [180]. Conditions within
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the shockwave were found to be 7, ~ 1 —5 eV and n. = 1.0 — 2.0 x 10%* cm™3
when deuterium is driven by the lower intensity laser at 10'®* W/cm?. For the higher
intensity drive at 10'* W /cm? the expected shocked conditions are T, = 15 — 20 eV
and n, ~ 1.0 x 10%® cm~3. According to the DFT-MD simulations near full ionization
(Z = 0.7—1) should be expected at such conditions, which is consistent with previous
measurements of optical reflectivities of shocked liquid deuterium obtained at the

Nova laser facility by Celliers et al. [43].
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Figure 5.2: Result of 2-D DRACO simulations for the low intensity drive at 10'3
W /cm?. The inserted figure shows a schematic of the 6 ns staggered laser drive and
the scattering measurement starting at 6 ns.

The results of the 2-D DRACO simulations with the lower intensity drive input
showed that a narrow shock wave (< 50 pm) with a relatively low temperature (~ 1
eV) and high density (~ 0.7 g/cm?) travelled at velocities just under 20 km/s, which
is consistent with the previous measurement from VISAR and SOP using the same
intensity drive. This however also means that by the time the scattering measurement
is taken between 6 and 7 ns from the start of the 10'®* W/cm? drive the shock has
only travelled just under 200 pym into the 500 pm wide scattering channel leaving

a significant amount of unshocked deuterium within the field of view of the GTS
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spectrometer. This bulk of cold material can thus contribute to the total scattering
spectrum adding an undesired impurity to the measurement of the shock conditions.
DRACO predicts somewhat low ionisation levels for the shocked deuterium (Z ~
0.1—0.3) for these conditions, typical for the SESAME EOS used in the code. Contour
plots of the shocked conditions of the DRACO for the low intensity drive at 10'3
W /cm? are shown in figure [5.2}

The 2-D simulations predict significantly faster and hotter shock for the higher
intensity drive at 10'* W/cm?, see figure 5.3, This time the scattering measurement
is taken between 4 and 5 ns from the start of the laser drive, when the shock has
travelled to the edge of the scattering channel leaving very little unshocked material
within the field of view of the scattering measurement. Thus the contribution from
the cold scatter is considered negligible. The shock is also much wider (almost 100
pum) potentially resulting in a stronger scattering signal. The shocked conditions in
this case are: p~0.7—-0.8 g/cm?® T, ~5—15¢eV, Z =0.5— 1.

. . 0.0 I
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0123 4586
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>

Figure 5.3: Result of 2-D DRACO simulations for the high intensity drive at 10
W /cm?. The inserted figure shows a schematic of the 6 ns staggered laser drive and
the scattering measurement between 4 and 5 ns.

1-D radiation-hydrodynamics simulations using the HELIOS code [I79] were run
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to compare conditions within the various zones with corresponding plasma conditions,
which vary significantly throughout the target as can be seen in figure [5.4] These
simulations are then used to investigate the relative contributions of these zones to
the total scattering signal, which will be described in more detail later in this chapter.
An actual calorimetry measurement of the laser drive was used as an input into the
HELIOS simulations with 70% of the input energy being absorbed by the plasma,

which accounts for power losses due to reflection of the drive at the critical surface.
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Figure 5.4: Result of 1-D hydro-simulations using the HELIOS package for the laser
drive (a) at 103 W/cm? (shot 58571, Jul 2010) and (b) at 10** W /cm? (shot 54957,
Jul 2009). The scattering measurement was taken taken at ~ 6.5 ns for the lower
intesity drive and between 4 and 5 ns from the start of the laser drive when higher
intensity drive was used, both cases are marked by the rectangular box. The three
regions within the field of view of the spectrometer correspond to the low density
corona (1), dense shocked material (2), and unshocked cold deuterium (3).

The 1-D simulations carried out for the lower intensity drive at 10'* W /cm? were
cross-checked with previous VISAR and SOP measurements to constrain the mar-
gin of the simulation [2]. The shock velocity in the simulation was below 20 km/s
matching well with the VISAR measurement of 16.9 £+ 0.9 km/s. The shock surface
temperature was found to be ~ 1 eV, which is in a reasonable agreement with the
SOP measurement of 0.57 + 0.05 eV. The simulations also predict a somewhat high

ionization for these conditions of Z = 0.5 or higher. Simulations with the higher
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intensity drive input predict a hotter plasma than for the lower intensity drive giv-
ing the following shocked region conditions: p ~ 0.6 — 0.7 g/cm?, T, = 16 — 25 eV,
Z ~ 0.9, which is consistent with earlier LILAC simulations used for the planning of
the experiment [79], see figure and description in Chapter 2.

5.4 Spectral plots

Based on the geometrical set up of the GTS spectrometer, shown in figure 3.4, we
obtain the spectrometer dispersion of ~ 12 eV/mm. With 9 ym x 9 pm pixels we
thus obtain the relation ~ 0.2 eV /pixel (2 x 2 binning) needed to plot the spectra
obtained in the Omega experiments. The position of the Cl Ly-« line at 2960 eV was
found from the spectral calibration shots, when direct emission from the backlighter

foil was measured, giving the spectral offset.
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Figure 5.5: An example of raw scattering spectra when Saran backlighter was used
(shot no. 54957, Jul 2009). With the lower intensities the GTS detector responds
linearly to the incoming x-rays and the scattering spectrum can be obtained by a
simple subtraction of the linear continuum.

In the earlier shots, when the Saran backlighter was used, the intensity of the
scattered x-rays was relatively low. An example of a lineout of such a spectrum is
shown in figure [5.5] All of these spectra exhibited a sloped background continuum
increasing in intensity towards the Ar He-a emission lines. At these low intensities of
the measured x-rays the intensity response of the detector can be considered linear

and indeed it has been found that these continua can be fitted with a linear function,
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which can be used to extract the intensity gradient in the spectra and obtain a flatfield

response by simple continuum subtraction.
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Figure 5.6: An example of raw Dy WDM scattering spectrum when Parylene D back-
lighter was used (shot no. 63214, Aug 2011) overlayed with spectra from unshocked
D, scattering from a cold shot (no. 63210) and the CI spectral calibration shot (no.
63212).

Similar treatment was not possible for the later shots, when the Parylene D back-
lighter was used, which significantly increased the intensity of the generated and
scattered x-rays. At these intensities “flatfielding effects” due to changes in spatial
reflectivity of the HOPG crystal and variation in sensitivity of the MCP/CCD detec-
tor become apparent. Figure [5.6| shows lineouts from shocked deuterium scattering
shot (no. 63214), cold shot (no. 63210) and spectral calibration shot (no. 63212).
There is a strong non-linear continuum below the scattering signal itself. The un-
shocked deuterium (cold shot) does not produce any obvious scattering signal as is
expected due to low densities and temperatures within the sample. The shocked D,
spectrum shows a characteristic pattern (or “bumpy” profile) on top of the continuum
which is a result of the “flatfielding effects”, which have to be removed along with

the continuum before the scattering data can be analyzed.
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Figure 5.7: Flatfielding analysis procedure. Part (a) shows lineouts of the Dy scat-
tering spectrum (shot no. 63214) overlayed with a scaled Al flatfield spectrum (shot
no. 63217), part (b) shows the non-linear intensity scaling of the detector response
(intensity ratio of shots 63214 and 63217 vs. intensity of shot 63217 data), (c) shows
the intensity scaled Al flatfield spectrum (shot no. 63217) matched to the deuterium
spectrum from shot 63214, and (d) is the peak normalized flatfield correction for the
deuterium spectra.

In order to obtain a flatfield spectrum with no features on top of the scattering
spectrum a spectral or flatfielding correction has to be devised. For this purpose a
direct emission from a laser driven Al foil is used, which should exhibit no spectral
features in the spectral region of interest under these conditions and thus makes an
ideal reference for the flatfield spatial response of the GTS spectrometer. First, points
where no line emission or scattering spectra should be observed (i.e. this should be
a featureless or flat part of the Dy spectrum) are selected in both Al flatfielding
spectrum (shot no. 63217) and the WDM D, scattering spectrum (shot no. 63214),
i.e. pixels 733 to 929 and 1120 to 1626, see figure (a). The Al spectrum exhibits

a large dynamic range of intensities. For such a high intensity gradient the detector

117



response can no longer be assumed linear. This intensity-dependent response has to
be quantified before the deuterium and Al spectra are directly compared.

In the next step, a ratio of the Dy and Al spectral intensities is plotted as a
function of the Al spectral intensity I4; and fitted with a power law relationship (red
line) of the form fit = a x I4; + ¢, see figure (b). The power law relationship
with the correct coefficients (a = 2.568 x 10%, b = —0.9942 and ¢ = 1.698) is then
used to obtain an intensity scaled Al flatfielding spectrum I;; which can be perfectly
matched to the deuterium spectrum as shown in figure (c). From this point it is
easy to obtain the flatfield correction in the form of 1/intensity scaled Al spectrum
(63217) normalized to the peak intensity (flatfield corr. = 1/1;;/max(Isy)), see figure
(d). This flatfield correction is then multiplied with the deuterium scattering
spectrum removes both the continuum background as well as the flatfielding features
(“bumps”) in the spectrum. The flatfield-corrected spectrum is shown in figure .

5.5 XRTS analysis

A number of different approaches were employed in order to extract the information
about the thermodynamic conditions within the shocked deuterium from the mea-
sured scattering spectra. Since under the conditions of the experiment and given
the geometry of the scattering measurement, the scattering parameter a ~ 0.6 — 1
falls into the non-collective scattering regime. Thus the shape of the downshifted
Compton peak is given by the velocity distribution of the electrons and governed by
equations 2.17], 2.18 and [2.38 as explained in Chapter 2. It is therefore the shape of

the Compton feature that carries the information about the temperature and density

of the plasma.

The ionization state of the plasma can then be extracted from the ratio of the
Compton and Rayleigh peak intensities which are proportional to the number of
free/delocalized and bound electrons in the sample respectively. This analysis was
problematic in particular for some of the earlier data sets, where a weaker x-ray
probe was used and the scattering data was very noisy making the fit to the absolute
intensities difficult. Impurity scattering from cold deuterium also adds complications
to the analysis of the state of the WDM deuterium in these experiments. In the
following sections a number of different approaches to obtain the information about

the conditions within the shocked deuterium sample and their results are outlined.
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5.5.1 Fitting with frequency sum rules

The shape of the Compton feature is proportional to the electron-electron structure
factor Se.(k,w) which can be linked to the frequency sum rules as shown in equations
to [2.31] which in turn depend on the thermodynamic properties of the plasma
as described in section 2.2.5. Since these expressions are exact for the semi-classical
regime, i.e. for free particles with weak coupling, they can be used to easily obtain
the dynamic structure factor for the free electrons. This is the simplest approach
to obtain the electron temperature and density from the spectral shape fitting to
the Compton feature. The strength of of this method is its simplicity and the exact
results for the electron density and temperature based a number of known expressions
which can be easily linked to the integrated amplitude of the inelastic peak only.

In this approach, the Compton peak is first fitted with an appropriate curve g(w)
which matches well with the experimental measurement. This fit is then integrated
in a fashion analogous to the sum rules as [ w?"g(w).dw, see equation in section
2.2.5. The best fitting function for the data sets for both drive intensities was found

to be of a Gaussian form:

g(w) = C.exp (—” - “’0) , (5.1)

202

where C' is an arbitrary constant matching the amplitude of the Compton peak
in the scattering spectra, where the Rayleigh peak is rescaled to an amplitude of
1, wo = Epe/h where Ey ~ 2940 eV corresponds to the downshifted position of
the inelastic feature with the Compton recoil Fo = Zi’i ~ 20 eV, around which
the Gaussian fit is centered. The width of the Gaussian is then determined by the
constant ¢ which can be linked to the velocity distribution of the electrons, e.g.
o= k\/m, where Er is the Fermi energy (equation for degenerate electrons
or o = k\/m for classical plasma.

Before the analysis could be carried out the profile of the x-ray probe had to

be deconvolved from the spectral fits. The Cl Ly-a has a roughly Gaussian profile

with FWHM or o; ~ 9 €V, so the deconvolution of two Gaussians simply gives the

value for 02 = 02— g2

conv 7

to the scattering data. Each deconvolved Gaussian fit to to the data sets was then

where o.,,, corresponds to the width of the Gaussian fit

integrated and linked to the exact results for the frequency sum rules of the dynamic
structure factor for free electrons, equations [2.28| [2.29] [2.30] and [2.31] The various

degrees of degeneracy in the electron gas were included by the approach suggested by

Gericke et al. [29] which gives an expression for the static structure factor S2 (k) in
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terms of density and the effective temperature as shown in equation|1.11}in section 1.2
[169]. The moments of the frequency-integrated fits to the Compton peak can then
be linked to the exact expressions for the semi-classical frequency sum rules which
only depend on the electron density n., temperature 7, and the instrument spectral

response function constant K:

K. /g(w).dw — S (k) = %:2 (5.2)
K- /wzg(w).dw = (kv,)?, (5.3)
K. / whg(w) dw = 3(kv,)" + w? (kvy)?. (5.4)

Here v, = (kpT,/m.)"/? is the thermal velocity of electrons and the screening

length of the electrons is then found through interpolation of the Debye and Thomas-

Fermi screening lengths and is of the form k. = 1/\, = \/e?>n./eokpT.ss, where
the effective temperature is denoted as T,;; = (T4 + Tp)Y4 [29], see equation [1.11]
The instrument constant K is eliminated from the equations to by taking
the ratios of the equations leaving the electron density n. and temperature 7T, the
only unknowns. The integrated plots are found through numerical integration using
the trapezium rule and the values of n. and 7, are obtained by numerically solving
the simultaneous non-linear equations to using the iterative Newton-Raphson
method [224] by finding the roots to equations:

e — Ry =0, (5.5)

(kz T aoifB?fof> kT

4\ 1/4
R2(3m2n2/%)
T 4 | ——=~2 ~T,rr =0, 5.6
e s T 1 (5.6)
2

Me Ry =0, (5.7)

e2ne e2nekpTe
(k2 + i) - (3k2kgT2 4 ockel)

These equations were derived from ratios of the equations and where
Ry is the ratio of the right hand side expressions in and and R is the ratio of
the right hand side expressions in [5.2] and respectively. Equation [5.6| was derived
from the expression for the effective temperature 7. ¢ in equation by substituting
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for the Fermi energy Er (equation . The derivatives of equations through
with respect to T, T,¢s and n. were found using the symbolic maths function within
the Matlab code.
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Figure 5.8: Gaussian fits (highlighted blue plots) to the Compton peak for (a) lower
intensity shot at 103 W/cm? (shot 58571, Jul 2010) and (b) higher intensity shot
10 W /em? (shot 53906, Mar 2009). The scattering data were binned by 10 pixels to
better reflect the true resolution of the HOPG crystal spectrometer and also smooth
the data. The data sets were also overlayed with calculated profiles from x-ray scat-
tering (XRS) code (red line) which computes the Compton feature using the RPA
and also includes the ionic feature.

Examples of the Gaussian fits to the scattering data obtained for the 10 W /cm?
and 10'* W /cm? intensity shots are shown in figure [.8] The blue highlighted plots
show the integrated area under the best fit (Gaussian) to the inelastic Compton
feature. The sum rules analysis then provided the values for the electron density and

3 and

temperature in the lower intensity drive experiments of n, = 1.740.4 x 10% cm™
T, ~ 13 —20 eV, where Tr ~ 12 eV. Based on these values the DF'T-MD simulations
predict Z ~ 0.7 — 1 and p =~ 0.7 g/cm®. This density is in a good agreement with
the previous measurements from VISAR, however the temperature is very high and
disagrees with the SOP measurement. The high electron density suggests high levels
of degeneracy, which would imply that the semi-classical approach of the sum rules
which is strictly valid for classical plasmas is not applicable in this case and thus gives
an incorrect answer for the electron temperature. The inclusion of the strong coupling
effects was attempted by the use of a non-zero value for the static local field correction
by substituting the values for I(k) = 0.1 (G(k) = 0.45) calculated from molecular
dynamics simulations that employ the OCP model, however the improvement to the

temperature calculation was marginal.
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For the higher intensity drive the sum rules provide the electron density n. =
0.9 £0.3 x 10?® ecm™2 and temperature 7, = 11 — 29 eV. The DFT-MD simulations
then predict Z ~ 0.8 — 1 and p ~ 0.3 g/cm? for these conditions. These values
seem more reasonable and agree with the 1-D and 2-D hydro simulations. Since these
conditions would correspond to lower levels of degeneracy, the sum rules should be
more applicable in this regime. The approximate error bars on n, and 7, were found
by fitting the Gaussian plots to the upper and lower bounds of the noise levels in
the inelastic scattering spectra. The consistency and applicability of the sum rules
analysis in the regime accessed in the Omega experiments is however questionable
and thus these values should be considered as approximate rather than final results.

The plots in figure also include calculated profiles from a more sophisticated x-
ray scattering (XRS) code (red curves) which computes the shape of the inelastic peak
(delocalized electrons) using the finite temperature RPA while the elastic ionic peak
(bound electrons) is calculated using the screened one-component plasma (SOCP)
model which uses the input of the same temperature and density as the Gaussian fits
as well as ionization state of the plasma [I39]. These plots are only used to visualize
both elastic and inelastic features and to compare the shape to the pure Gaussian fits
to the Compton peak, which are in a good agreement with XRS. In particular in the
lower intensity shots, the XRS code predicts a very low ionization state of Z ~ 0.1
which is in a direct contradiction with previous findings from SOP and DFT-MD
described in the previous chapter. This discrepancy is attributed to a poor fit to the
Rayleigh peak since the data is very noisy and/or to impurities in the measured signal

due to scattering from the unshocked/cold material.

5.5.2 RPA fits to the Compton peak

Another unique approach to analyze the inelastic feature in the scattering data was
employed in this work in order to increase the reliability of the measured thermo-
dynamic quantities. The Compton peak in the measured spectra was fitted with a
curve corresponding to the velocity distribution of the free electrons based on a more
sophisticated calculation than the previously used frequency sum rules of the electron-
electron structure factor. These fits were computed using the XRS code which utilizes
the finite temperature random phase approximation (RPA) for a specific sets of ther-
modynamic conditions (7, and n.) until the correct fit to the data was reproduced
[139].

Due to the thermal motion of the free electrons the downshifted Compton line
E¢ is broadened through the Doppler effect (Aw = —FE¢ + k.v), i.e. the Compton
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Figure 5.9: RPA fit to the experimental data obtained for higher intensity laser drive
at 10 W /cm?, centered at the classical position of the Compton peak dowshifted by
Ec = h*k*/2m. = 17 eV. This figure shows the best calculated fit to the scattering
data at T, = 15 eV and electron density at ~ 0.3 — 1.0 x 10?% cm 3.

feature in the scattering spectrum reflects the velocity component of the free electrons
in the direction of the scattering vector k [19]. As said before, the x-ray scattering
in the non-collective regime probes the velocity distribution function of the electrons.
In a degenerate system the spectrum of the Compton line is governed by the Fermi
distribution making its spectral width proportional to (Er)'/? and hence (n,)'/3 pro-
viding an electron density measurement. Whereas, for the classical case the x-rays
are scattered by free electrons following the Maxwell-Boltzmann distribution making
the Compton line width sensitive to the temperature of the system [19].

It is found that the Gaussian-like profile provides the best fit to the measured
Compton line. The Gaussian profile corresponds to the Maxwell-Boltzmann distribu-
tion suggesting that the width of the inelastic scattering feature is dominated by the
Doppler broadening due to temperature. In order to account for the instrument func-
tion the spectrum of the probe x-rays with FWHM ~ 9 eV was convolved with the
RPA calculated profile. An example of the scattering spectra of the shock compressed
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deuterium by the high intensity drive at 10 W /cm? (shot 54957, Jul 2009) is shown
in figure 5.9 The conditions used to calculate the theoretical fit in figure [5.9] were
T. =15+10 eV and n, ~ 0.8 x 10?* cm™? giving ry = 2.7 and © = 2.2, which cor-
responds to partially degenerate weakly coupled electron gas in a regime with strong
validity of the RPA. In this geometry (non-collective scattering), we are limited to
identifying the upper bound for the electron density, which is dictated by the limit of
full degeneracy being reached for T, < T when the Compton profile changes shape to
the parabolic Fermi-Dirac distribution, making the density measurement less precise
than that of temperature.

A number scattering spectra from different shots were compared. The intensity of
the laser drive and timing of the backlighter varied between 10'3 and 10** W /cm?, and
3 to 6 ns delay from the start of the drive respectively. The spectra measured between
4 and 5 ns from the start of the drive at the higher intensity, figure[5.9] provided a clear
measurement T, and n. from a single RPA fit. For the lower intensity drive the XRTS
measurement was carried out at the end of the laser drive at 6 ns, yet the slower shock
wave did not propagate through the entire width of the scattering channel leaving a
large amount of cold material within the field of view of the spectrometer.

Just like when the sum rules approach was applied, the RPA fits to the scattering
data from the lower intensity drive at 10'®* W /cm? (shot 58571, Jul 2010) provided
a temperature measurement of 7, > 10 eV, which is inconsistent with the SOP
temperature measurement for the same laser conditions. This is most likely result of a
significant contribution of the cold scattering to the measured data set. Thus, a more
sophisticated analysis, which includes bound-free contribution from the unshocked
material, is required as the simplified expression is only applicable for nearly
fully ionized deuterium. This analysis will be described in more detail in the next

section.

5.5.3 Composite scattering profiles

As mentioned above, a single RPA calculated profile cannot be used for the lower
intensity drive shots as the bulk of the molecular deuterium adds a contribution of
the bound-free transitions to the total scattering spectrum. If one wishes to fit both
the inelastic electron and elastic ion features using the XRS code [139, 166l 29] to
include these transitions in the scattering spectrum for the lower intensity drive, a
very low ionization state (around 10%) has to be assumed, which is not physical. The
previous results from SOP and DFT-MD simulations suggest very high ionization of

around 70% for these conditions, which is consistent with reflectivity measurements
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by Celliers et al. [43] which show that around the shock velocity of 20 km/s the
reflectivity of deuterium reaches its maximum suggesting near full ionization in this
region. This discrepancy is resolved once one looks at the individual contributions
to the total scattering signal from different regions within the field of view of the
spectrometer.

The output of the HELIOS simulation was used as an aid to extract the individual
contributions from different spatial zones within the 500 um side scattering channel.
The simulations in figure [5.4| show that x-rays can scatter over a very wide range of
plasma conditions, which can be separated into three main regions contributing to
the total scattering signal. For the lower intensity drive at 10® W/cm?, these are:
the dense shocked material (mass density p ~ 0.7 — 0.8 g/cm?, T, = 0.7 — 5 eV,
Z =0.6—1), hot expanding corona of low density behind the shock (p ~ 0.05—0.005
g/em?3, T, = 50 — 500 eV, Z = 1) and the bulk of cold unshodked material before the
shock-wave (p = 0.175 g/cm?®, T, = 18 K, Z = 0).

The output of the simulations was then used to calculate a synthetic scattering
profile expected for each region. Each profile was computed using the XRS code
which computed a full scattering profile including the downshifted Compton feature,
calculated using the finite temperature RPA, and the elastic Rayleigh peak, where
bound electron response | f7(k) + q(k)|>Si(k), see equation [2.13] is obtained from the
screened one-component plasma model where screening term ¢(k) is allowed to vary
to become negative (SOCPN) [139, [166], 29]. These calculated profiles were then each
weighted by their mass density and relative volume to scale the relative contributions

to the total signal:

Siot(k,w) = ij ~w; - Si(k,w), (5.8)

where p;, w; and S;(k,w) is the mass density, width and a scattering profile of
zone j respectively. These profiles were then added up and overlapped with the
experimental scattering spectrum with an excellent agreement. All these fits for shot
58571 (Jul 2010) are shown in figure [5.10]

This result confirms that the scattering spectrum measured for the lower intensity
drive cannot be fitted with a single calculated profile due to the significant contribu-
tion of the cold scattering. The conditions within the shocked region in the HELIOS
simulation were p ~ 0.7 — 0.8 g/cm?, n, = 1.0 — 2.0 x 102 ecm™3, T, ~ 1 — 5 eV
and Z = 0.6 — 0.9 (conditions on the shock front: p =~ 0.7 g/cm?® n, ~ 1.0 x 10%
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Figure 5.10: Experimental data obtained for lower intensity laser drive at 10 W /cm?
(shot 58571, Jul 2010) overlayed with calculated plots for the hot expanding corona of
low density (cross-dashed/green line), cold deuterium (dot-dashed/gold line) and the
dense shock (dashed/blue line). Each contribution was weighted by its mass density
and relative volume. The total composite profile (thick/red line) was obtained by
adding all of the weighted contributions and scaling it to overlap the data.

em™2 T, ~ 1 eV and Z = 0.3 —0.7). This is in a good agreement with previ-
ous VISAR and SOP measurements and the DFT-MD simulations (p = 0.72 g/cm?,
ne ~2.0x10% cm™3, T, = 0.6 eV and Z ~ 0.7—1) [2]. Thus, once the cold contribu-
tion to the scattering signal is removed, the x-ray scattering measurement provides
a self-consistent EOS measurement with independent diagnostics supported both by
hydro and DFT-MD simulations.

The same analysis was applied to the shots with higher intensity laser drive at
10 W /cm?, figure (b). The shock as modeled by the hydro simulations is hotter
than for the lower intensity drive giving the following shocked region conditions:
p~0.6—0.7g/cm3 T, =16 — 25 eV, Z ~ 0.9. This time the simulations show that
by the time the scattering measurement is taken between 4 and 5 ns from the start of

the laser drive the shock wave has travelled right to the end of the scattering channel
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Figure 5.11: Experimental data obtained for higher intensity laser drive at 10
W /cm? fitted by weighted calculated plots for the hot expanding corona of low density
(cross-dashed /green line), cold deuterium (dot-dashed/gold line) and the dense shock
(dashed /blue line) and the composite profile (thick/red line) obtained by adding all of
the weighted contributions and scaling it to overlap the data. This figure also shows
the best single calculated fit calculated using XRS to the scattering data at T, = 15
eV and electron density at 0.8 x 102 cm™ (dotted/purple line).

leaving almost no cold material within the field of view of the spectrometer. This
confirms that the contribution to the scattering from the cold deuterium is negligible
and the scattering profile from the low density corona has no significant influence
on the overall shape of the scatterings spectrum. The measured spectrum can thus
be reliably fitted with a single calculated profile using the XRS code including both
the Compton and Rayleigh features providing a single measurement of the electron

density, temperature and ionization as shown in figure (dotted/purple line).

5.5.4 Single calculated profiles using XRS code

It has been shown in the above section that for the higher intensity drive scattering

spectra, it is possible to fit a single calculated scattering profile to the data sets as
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the impurities from the scattering from the cold unshocked material and the expand-
ing corona behind the shock provide a negligible contribution to the total measured
spectra. One can then assume that the conditions obtained from such a calculated fit
corresponds to the plasma conditions within the bulk of shocked WDM deuterium. A
single calculated plot using the XRS code computing the full scattering profile using
the finite temperature RPA and the SOCPN model to compute the Compton and
Rayleigh components [139, [166], 29] is shown in figure (dotted /purple line).
These single calculated scattering profiles are thus used to analyze the scattering
spectra from the higher intensity drive (10'* W /cm?) Omega shots for both old and
new target design. These results are compared with 1-D and 2-D hydrodynamic
simulations as well as the EOS data obtained from the DFT-MD simulations. The
noise levels within the measured spectra are also used to obtain the error margin for
the measurement of the various plasma conditions including the electron temperature
T,, density n. and the average ionization state Z. All spectral fits are calculated using
the XRS code using the RPA and SOCPN models to compute the full scattering
profiles including the elastic and inelastic parts. In the later experiments a new
function in the XRS code (version 3), which allows a manual input for the value

(intensity) of the ion-ion static structure factor S;;, is also used.

Error analysis using single calculated profile

In the case of the higher intensity drive, the scattering signal is dominated by the
shocked material and other contributions such as cold material are small. The noise
levels in the data can then be used to estimate the error in the measurement of the
theromodynamic conditions. Since, on top of the statistics and instrument response,
a gradient in plasma conditions within the field of view the spectrometer can give rise
to a spatialy and temporaly integrated scattering signal reflecting a range of values
of electron temperature and density.

Error bars were obtained by fitting to +0/2 (¢ stands for one standard deviation)
of the noise levels of the Compton peak with the calculated scattering profile with
different thermodynamic conditions. For shots at the 10* W/cm? drive using the
original target design with the Saran backlighter, we obtained electron temperatures
of 15+ 2 eV and 20 £ 10 eV, see table 5.1. The best fit for electron density ranged
between 0.2 and 1.0 x10% cm™3. One of such plots for one of the high intesity drive
shots is shown in figure [5.12]

These conditions obtained from the analysis of the scattering spectra are in a

good agreement with the 1-D and 2-D hydrodynamic simulations which predict tem-
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Figure 5.12: RPA fit to the experimental data obtained for higher intensity laser drive
at 10 W/cm? (shot 54957, Jul 2009). This figure shows plots at n, = 0.6 —1.0 x 10%
cm ™ for different values of electron temperature (13, 15 and 17 eV), with the best
fit at 15 eV.

peratures in the range of 15 — 25 eV and electron densities ~ 1.0 x 10?3 ecm™3. The
predicted ionization state was high Z = 0.7 — 1, which is consistent both with the

experiment as well as the DFT-MD simulations.

Improved signal-to-noise ratio

The final scattering data set has been obtained on a high intensity shot at 104 W /cm?
(shot 63214, Aug 2011) when a new target design with a different set of alignment
reticules and Parylene D as a new backlighter foil material. With Parylene D the x-
ray backlighter probe was significantly brighter and a 10x stronger scattering signal
was observed, see figures and [5.6f These upgrades in the target design thus
significantly improved the signal-to-noise ratio and constrained the error bars in the
scattering measurement.
2-D hydrodynamics simulations of the experiment were performed with the DRACO

code with the higher intensity drive input as described in section 5.3, the results of
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these simulations are shown in figure [5.3 These results predict a peak compressed
mass density p ~ 0.8 g/cm3, T, ~ 5 — 15 eV, and Z ~ 0.5 — 1 for the shocked liquid
deuterium. Since the measured scattered x-ray spectrum is spatially integrated, it in-
cludes contributions from shocked, unshocked liquid deuterium and the decompressed
plasma behind the dense shock with a large range of different plasma conditions.
An equivalent spatial integration was applied to the 2-D simulation to calculate
the average plasma conditions as would be seen by the scattering measurement. Since
the simulations were run in cylindrical geometry and given that the total number of
scattered photons is proportional to the number of particles in the scattering volume,
the mass density and volume averaged values for electron density, thermal velocity
(v, = (kT,/me)"? T %) and ionization were obtained from the following general-

ized relationship:

_ [ E,(r,2).p(r,z).rdrdz

F,
= [ p(r,z).rdrdz

(5.9)

where Fi(r,z) = n.(r,z), Fa(r,z) = Tel/Q(r, z) and F3(r,z) = Z(r,z) while z
denotes the dimension along the H7—H14 axis and r is the dimension along the radius
of the cryo cell. The average temperature is thus obtained from the thermal velocity
since the observed Doppler broadening of the inelastic peak in the scattering spectrum
is given by AE ~ k., o< T, el/ . The averaged thermodynamic quantities obtained
from the DRACO simulation are n, ~ 0.5 x 102 cm™3, 7T, ~ 3 eV and Z ~ 0.3
respectively. These values were then compared with the scattering measurement and
served as input parameters for DFT-MD simulations.

The incident spectrum of the Cl Ly-a emission is shown in figure (a) and the
scattered spectrum is shown in figure [5.13] (b). The incident spectrum is measured
by directly irradiating a Parylene D foil target on a separate laser shot. The scat-
tered spectrum has a strong Rayleigh peak around 2960 eV and a distinct Compton
downshifted feature. The splitting of the Cl Ly-a emission is observed in the scat-
tered spectrum, but not in the incident spectrum, due to differences in the amount of
source broadening in each measurement (i.e. the backlighter plasma is bigger than the
scattering volume). Scattered x-ray spectra were calculated using the x-ray scattering
(XRS) code, which uses the finite temperature RPA with static local field correction
[26], 139] to obtain the shape of the inelastic (Compton) feature.

On the other hand, as discussed in Ref. [I05], the elastic scattering intensity
strongly depends on the degree of ion-ion correlations in the plasma via the ion-

ion static structure factor S;;(k). In order to constraint the value for S; we have
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Figure 5.13: Measurement of (a) Cl Ly-a emission incident on shocked liquid deu-
terium (shot 63212, Aug 2011) and (b) Cl Ly-« emission scattered from shocked liquid
deuterium (shot 63214, Aug 2011). The scattered spectrum has a strong Rayleigh
peak around 2960 eV and a Compton-downshifted feature. The splitting of the CI Ly-
« emission is observed in the scattered spectrum, but not in the incident spectrum,
due to differences in the amount of source broadening in each measurement. The
scattered spectrum was fitted with the x-ray scattering (XRS) code and T, = 3 £ 2
eV, n.=04+02x 10 cm™2 and Z ~ 0.35 & 0.15 were inferred.

performed DFT-MD simulations using the VASP package [I78], 37]. The simulations
indicate that for the average plasma conditions (see figure , there are weak
correlations (i.e. no visible peaks or valleys in the plot of the S;;(k) vs. k) in the
deuterium plasma, with S; close to unity at the scattering wavenumber relevant for
this experiment (ka = 2.1).

The plots in figure [5.13| were thus created using a new more advanced version of
the XRS code, where the input to the calculation of the scattering spectra as well
Ii];it’
intensity of the Rayleigh peak. This means that | f; (k) + ¢(k)|2S:(k) = I has been

set equal to the value given by that parameter. However, since f;(k) and q(k) are

as T, n. and Z also included a fitting parameter which determines the overall

both non-zero and determined by the specific calculation, this is equivalent to forcing
S;i(k) to be equal to a constant value. If I7" is used, the static model (OCP or SOCP)
is not used and Sj; is always given by Sy; = IZ" /| (k) + q(k)|? and provided as an
output after each XRS calculation. The input values were varied until the output of
the XRS calculation agreed with S; = 1 as predicted by the DFT-MD simulations.
The best fit to the scattering measurement was found for 7, = 3 eV, n, = 0.4 x 10?3
em ™3, Z = 0.35 and I = 0.3 with no local field correction (G(k) = 0) giving
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Figure 5.14: Ion-ion static structure factor S;;(k) from DFT-MD simulations for the
average plasma conditions obtained from the 2-D DRACO simulations with the higher
intensity drive.

Sii = 0.95, which is in good agreement with DFT-MD simulations.

The effective temperature can be estimated using the relations in equation [I.12]
giving T/ = 5.2 eV for the conditions obtained from the scattering measurement
above. This value can be substituted instead of temperature in the relationship for
the Debye length, equation [1.1) obtaining a screening length A valid in the mod-
erate coupling and degeneracy regime. This then gives the scattering parameter
a = 1/kAs = 0.57. In addition to Doppler broadening proportional T,, the width
and position of the inelastic feature are also dependent on the density contribution
n. for our value of scattering parameter o = 0.5 — 0.6. This allows us to bracket the
electron density and estimate the ionization charge based on the initial mass density
of the sample. The simulated scattering spectra computed using XRS were used to
find the error margin from the noise levels providing the range of plasma conditions
T.=3+2¢eV,n.=04+0.2x10% cm™3 and Z ~ 0.35 £+ 0.15. These values are in
agreement with the DRACO simulations, see figure [5.3]

5.6 Results and discussion

In conclusion, this work reports the first experimental observation of non-collective,
inelastic x-ray scattering from shocked liquid deuterium. A full set of thermodynamic
conditions including the electron temperature 7., electron density n. and an average

ionization Z were inferred from the line shape of the elastic (Rayleigh) and inelastic
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(Compton) components in the measured scattering spectra. 1-D and 2-D hydrody-
namic simulations utilizing equation of state models relevant to inertial confinement
fusion research and planetary interiors indicate that the predicted average state of
the probed plasma is in close agreement with the x-ray scattering measurements.
This is a significant step towards measuring all the thermodynamic variables needed
for EOS research including pressure P, mass density p, electron density n., electron
temperature T,, and ionization Z by combining simultaneous inelastic x-ray scatter-
ing observations with shock velocity measurements (VISAR) and optical pyrometry
(SOP).

The electron densities and temperatures measured in the various experiments,
including both VISAR and SOP as well as x-ray scattering runs, ranged between 0.3
and 2.15x10%% ecm ™2 and 0.6 — 20 eV, a set of WDM conditions directly relevant to
the interiors of giant gaseous planets [2]. A full set of the measured thermodynamic
conditions obtained from all the experiments employing different diagnostics (XRT'S,
VISAR and SOP) and simulations are summarized in table 5.1. There is an observable
difference in temperature between the higher drive experiments and between the
earlier and later experiments, which is attributed to the different target design with
more efficient cooling system, different backlighter and alignment system which can
all contribute to different plasma conditions being created during the experiment.

The conditions inferred from the scattering measurements yielded a range of values
for the degeneracy parameter (ratio of thermal and Fermi energies) of © =T, /Ty ~
0.1 —2.5, Wigner-Seitz parameter r; = d/ag ~ 2 —3 and an ionic coupling parameter
[y = e*/4dmeqdkpT, ~ 0.6 — 10. The analysis confirms that the state of matter
created falls into the WDM regime of moderately-to-strongly coupled, partially or
fully degenerate plasma at conditions equivalent to the interiors of giant planets.
Previous experiments and simulations suggest that the DF'T-MD simulations provide
an accurate description of such states [2, [105] in favor of chemical models such as
SESAME table [17] or the Saumon and Chabrier EOS model [122].

It should be noted that the conditions measured by x-ray scattering are not strictly
the Hugoniot conditions as measured by VISAR and SOP. An Al or quartz pusher
is generally used during shock velocity measurement experiments, which maintains a
steady shockwave with homogeneous conditions and minimizes the effects of preheat
resulting from strong laser drives. However such a pusher cannot be used during scat-
tering experiments as the stray scattering from the pusher itself would be significantly
stronger than the signal from the deuterium and would render this measurement im-

possible. Thus, in this experiment no pusher was used. The only reliable velocity
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Table 5.1: Summary of results. Data set no. 1 is from the previous experiment,
where density and pressure were obtained from a VISAR measurement combined
with DFT-MD EOS and temperature directly measured by SOP for lower intensity
drive (10" W/cm?) with additional density and pressure measurements (p = 0.72
g/em?® and 37.5 GPa). Data set 2 includes the shock front conditions extracted
from the HELIOS simulations for the low intensity 10'® W/cm? (with p = 0.72
g/cm?®), which are comparable with the VISAR and SOP measurements. Cases 3
to 6 correspond to XRTS measurements of n., T, and Z. Data set no. 3 was from
XRTS measurement carried out at 6 ns from the start of the lower intensity drive
(equivalent to the VISAR/SOP experiment). Measurements 4, 5 and 6 were obtained
from XRTS between 4 and 5 ns during the higher intensity drive at 10 W /cm?.
Data set 6 was obtained when the new target with the Parylene D backlighter foil
and new alignment reticules was used.

| Experiment | Electron density (n.) | Temperature (7)) | Ionization (Z) |

1. VISAR&SOP 2.15x10% £ 20% cm~3 | 0.57 4+ 0.05 eV 0.7—-1
low I drive

2. HELIOS (shock- || ~ 1.0 x 10* ¢cm™3 ~1eV 0.3—-0.7
front) low I drive

3. XRTS 1.0-20x102% ecm™ | 1-5eV 0.6 -0.9

low I drive

4. XRTS ~ 0.2 x 10% cm™3 20 £ 10 eV ~ 0.9
high I drive

5. XRTS 0.84+0.2x 10 cm™ |15+ 2eV 0.6 —0.85
high I drive

6. XRTS 04+£02x10B ecm™2 |3£2eV 0.35+0.15
high I drive

measurement could be taken at the start of the lower intensity drive when the effects
of preheat from the laser drive are not significant and this measurement can still lie
on the principal Hugoniot. A significant preheat from hard x-rays and energetic parti-
cles generated at the laser-plasma interface would change the conditions downstream
complicating the velocity measurement and at extreme levels even results in blank-
ing of the VISAR diagnostic. The scattering measurement for the 10 W/cm? is

then taken at a much later time when the shockwave travelled the maximum distance
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within the scattering channel, when the principal Hugoniot conditions are no longer
satisfied. The scattering measurement is thus consistent with previous measurements
by VISAR and SOP but not identical. The previous VISAR and SOP measurements
agreed with the DFT-MD equations of state, however due to the large error bars
XRTS is unable to resolve the difference between the physical and chemical models.

The total measured scattering signal consists of contributions from all areas of the
scattering channel including any remaining cold material, the dense shock itself and
the coronal plasma behind the shock. The intensity of the scattering signal depends on
the total number of scatterers and is thus proportional to the electron density and the
total volume of the sample. The hot coronal plasma therefore contributes very little
due to its low density and only offsets the total signal intensity by a small amount (due
the extreme broadening of the signal due to the high temperatures). The scattering
from the dense shock depends mainly on the width of the shock and the maximum
density achieved. The proportion of the scattering impurity from the cold material
is then given by the position of the shock with respect to the edge of the scattering
channel at the time of the measurement. If the total volume of the cold material is
large enough it can create a significant contribution even at lower density. Since the
shockwave created during the lower intensity drive only travelled at ~ 20 km/s and
by the time the XRTS measurement was carried out it only reached just over 100 pm
into the 500 pm wide scattering channel, much of the cold material remains within
the field of view of the spectrometer and the measured scattering signal contains a
significant contribution from impurity scattering of unionized matter. Under such
conditions, the XRTS analysis was aided by hydro simulations.

In the case of the higher intensity drive at 10'* W/cm? VISAR cannot be used
at all since without a pusher or filter material the preheat is too strong and VISAR
blanks immediately. Thus conditions in these experiments are never on the principal
Hugoniot. The shockwave created in these experiments is however much faster and
thicker, which means that it has travelled to the edge of the scattering channel by
4 ns from the start of the laser drive and the dense region from the majority of the
probe x-rays scatter is much bigger resulting in a stronger scattering signal originating
from a single shocked region and all the other contributions from the corona and cold
material are negligible. Such scattering signals could therefore be successfully fitted

with a single calculated profile reliably retrieving the shocked conditions.
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Chapter 6

X-ray scattering measurement
from hydrogen DAC

6.1 Introduction

A central feature of planetary research and laboratory astrophysics is the creation
of extreme high-pressure, high-temperature states of hydrogen and helium. At solid
densities and high pressures (above a few GPa) degeneracy and strong inter-particle
coupling start to play an important role in determining the equation of state (EOS) of
hydrogen, which is still largely unknown in this regime. To date, most experimental
efforts have concentrated on creating high density and temperature conditions in
fast shocks created by laser ablation [19, 20]. State-of-the-art EOS measurements of
laser-driven shocks on pre-compressed H and He samples, which employ specifically
designed diamond anvil cells (DAC) that can be used in conjunction with high power
laser drive, have been demonstrated using Velocity Interferometer System for Any
Reflector (VISAR) diagnostics [94], 95].

While the laser driven dynamic compression reaches higher pressures, DACs that
compress the samples statically can be used to create steady state conditions, under
which the sample exists in long-term equilibrium, which are more representative of
the planetary interiors than laser-shock experiments [21]. X-ray Thomson scattering
(XRTS) [81] is capable of providing more EOS information, such as electron temper-
ature, density and ionization state, and VISAR is less applicable at higher pressures
while XRT'S can still be used in such conditions, making it the preferred method for
measurements of the dynamic response of highly compressed H. This chapter thus
presents the first XRT'S data from statically compressed hydrogen using the diamond
anvil cells carried out at the Diamond Light Source (DLS) synchrotron facility at the

Harwell Science and Innovation Campus in the UK.
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6.2 Experimental setup overview

This proof-of-principle experiment was conducted on the 115 (Extreme Conditions)
beamline at DLS, see figure (c). The schematic of the experimental set up is

shown in figure (a).

(a) [-15 20 keV
X-ray Beam

¢=100 micron

Gasket loaded
with H

Straight-through

1
Dectris !

Pilatus 100k 367 mm
Detector

Von-Hamos @ 3¢ order
HAPG Crystal

100 micron thick Riamond anyilg

diamond

Figure 6.1: Diamond experiment layout including (a) a schematic of the apparatus
arrangement with the cylindrically bent HAPG crystal spectrometer in Von Hamos
geometry, (b) photograph of the Oxford cell holding the diamond anvils with hydrogen
gas load, (c) photograph of the Diamond synchrotron facility (from the DLS website)
and (d) microscope view of the compressed H DAC gasket interior with colourful
birefringence effect resulting from the strain within the diamond anvils.

The hydrogen gas loaded inside a 0.1 mm thick steel gasket with diameter of 250
pm was compressed using a diamond anvil cell and probed by monochromatic 19 952
eV (~ 20 keV) x-rays from the synchrotron. The inelastic x-ray scattering spectra
from hydrogen DACs at P; = 2.8 GPa (liquid phase) and P, = 6.4 GPa (solid phase),
probing the phase transition of fluid hydrogen to a polycrystalline solid, were observed

in Von Hamos geometry using a curved highly annealed pyrolytic graphite (HAPG)
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mosaic crystal [195] coupled with a photon-counting detector (Pilatus 100k). Any
radiation coming from the direct line of sight was blocked with a set of thick tungsten
beam blocks. The straight-through beam stop was a tungsten rod, up to 3 mm in
diameter, and ~ 18 mm long and with a concave cone at the beam side to absorb any
side scatter. The scattering angle was 32.241.1°, corresponding to a regime where the
magnitude k of the scattering wavevector (k = 5.5940.19x 10! m~1) is comparable to
the Thomas-Fermi screening wavenumber of the electrons (krp = 1/A\pp = 1.7 x 101°
m~1) giving the scattering parameter o = 0.3 corresponding to the non-collective
scattering regime. The DAC was positioned with 20 um accuracy, corresponding to
an uncertainty of 10 um (~ 1 eV) at the detector plane.

The pure hydrogen gas was loaded in the cell prepared by Prof. Andrew Jephcoat
using a high pressure apparatus at Oxford. The steel gaskets are first pre-indented
using the aligned diamond anvils and a 250 pum hole is drilled at its centre using
precision needle drill. The DAC is then reassembled with two ruby spheres loaded
within the gasket and the diamond anvils are pushed closer together only leaving a
small gap for the hydrogen gas to fill the gasket. The prepared cell is then loaded
inside a pressure cylinder used for gas loading connected to a compressed gas pump.
During the gas loading process the cylinder is first flushed with pure hydrogen gas
at 10 000 psi multiple times to ensure that no air particles remain inside. When all
impurities have been removed the hydrogen gas is loaded at 30 000 psi. When the
desired pressure is achieved and holds steady, the DAC is manually closed (leaving
no gap for the gas to escape again) by turning the screws in the gear box connected
through the gas loading cylinder, which can be operated from the outside. When
done, the gas loading cylinder is released and the fully loaded hydrogen DAC is ready
for experiments.

Before the compression the gasket had a diameter of 250 um, after compression
its diameter decreased to 200 um an upon release the pinhole was left deformed into
and oval shape with long and short axes of ~ 114 pym and ~ 137 pm resulting in
slight sample area/volume variation between ~ 49.2 x 103 um? for the uncompressed
sample and ~ 31.4 x 103 pum? for H DAC under pressure.

Beamline 115 (Extreme Conditions) operates at optimal energy range of 20 — 80
keV providing a collimated (beam size ~ 10’s of pum), narrowband x-ray probe with
a photon flux at sample of 10° ph/s at 50 keV. The layout of the beamline set up is
shown in figure 6.2 The beamline uses an Si(111) double crystal monochromator to
provide the narrow wavelength band incoming x-ray beam with a divergence-limited
bandpass/energy resolution of AE/E & 1073 (theoretical best ~ 107*). The 1% and
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Figure 6.2: Schematic of a layout of the I15 beamline at the Diamond Light Source
including the collimating and monochromatic optics systems (image taken from the
DLS website).

2nd crystal dimensions are 172 x 50 x 70 mm? and 170 x 20 x 5 mm? respectively.
The monochromator uses cryogenic nitrogen cooling. The large Kirkpatrick-Baez
mirror system is used for vertical and horizontal focusing and for rejection of high
photon energies. The vertical focusing mirror (VFM) and horizontal focusing mirror
(HFM) operate in white and monochromatic beam. The different coatings of the
HFM provide a set of cut-off energies at a constant reflection angle. The purpose of
the secondary, micro-focusing mirrors (small Kirkpatrick-Baez mirror system) is to

provide a focal spot size of the order of 10 um (FWHM) in the monochromatic beam.

6.2.1 Von Hamos HAPG spectrometer

The crystal spectrometer used in the DLS experiment was set up in the Von Hamos
focusing geometry as shown in figure[6.3] In order to obtain a higher signal collection,
the HAPG Bragg crystal was curved along the sagittal (non-dispersive) plane with a
radius of curvature of R = 107 mm. The best focusing in both sagittal and meridional
(dispersive) directions is thus achieved when the source-to-crystal and crystal-to-
detector are both equal to the Von Hamos focusing length F' = R/ sin g ~ 384 mm,
where 0 = 16.1° is the Bragg angle for the third order diffraction of the 20 keV
probe radiation [103], 225]. The spectral resolution of the spectrometer is then given
by:

AE Ey
Ay 2Ftanép

~ 94.2 eV/mm, (6.1)
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where y refers to the spatial distance on the detector plane along the dispersive
direction and FEy = 20 keV.

Detector

F = R/sin(0p)
~384 mm

) ——0,=16.1°

Curved HAPG
crystal

DAC target

20 keV x-rays
from synchrotron

Figure 6.3: The x-ray HAPG crystal spectrometer designed to detect the scattering
signal from the hydrogen DAC sample was set up in the focusing Von Hamos geometry
to maximize the intensity of the collected data.

The cylindrically bent crystal is used to focus the scattered radiation in the non-
dispersive direction (z), which increases the intensity of the measured signal. The
flat surface is then placed along the dispersive dimension (y) satisfying the Bragg
condition for the third order diffraction of the ~ 20 keV probe and thus selecting the
desired range of wavelengths for the scattering measurement. For technical reasons
the detector plane was placed perpendicular to y with its base mounted on the optical
table. The source (DAC target) and the centre of the PILATUS detector chip were
placed close to the cylindrical axis of the HAPG crystal. The crystal spectrometer
thus operated in the mosaic focusing mode where the dispersive dimension also acts
as if bent reducing the blurring effect of the source size [101], [199]. This effect was

described in more detail in section 3.3.1.
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Highly annealed pyrolytic graphite (HAPG) is a similar mosaic graphite crystal
to the highly oriented pyrolytic graphite (HOPG) described in section 3.3.1. The
main advantage of a HAPG crystal is its much lower mosaicity and with it a better
energy resolution similar to Si(111) Bragg crystal and with an integral reflectivity
comparable or higher than that of Ge(111) [226], [195]. For large mosaicity a photon
has to penetrate much deeper into the crystal before it reaches a crystallite with
the correct alignment to reflect from. For crystals with small mosaicity the reflec-
tion occurs closer to the crystal surface as the crystallites at the surface screen the
crystallites in the depth [226] 195]. Since the reflections do not occur deeper within
the crystal the depth broadening effect, described in section 3.3.1, is reduced which
in turn improves the energy resolution of the crystal. The thin HAPG crystal was
chosen for this experiment, as opposed to the thicker HOPG type with much larger
mosaic spread, primarily due to the high energy of the probe. At energies as high as
20 keV, the depth broadening becomes significant due to the larger penetration depth
of the x-rays into the graphite [I99]. This means that the crystal must be kept thin
with a low mosaicity while its reflectivity is still reasonable, which makes the HAPG

type an excellent candidate.

6.2.2 PILATUS detector

The PILATUS detector is a novel type of x-ray detector, which has been developed at
the Paul Scherrer Institut (PSI) for the Swiss Light Source (SLS). PILATUS detec-
tors are two-dimensional hybrid pixel array detectors, which operate in single-photon
counting mode, see figure [227]. Each hybrid pixel consists of a preamplifier, a
comparator and a counter. The preamplifier enforces the charge generated in the
sensor by the incoming x-ray; the comparator produces a digital signal if the incom-
ing charge exceeds a predefined threshold and thus, together with the counter, one
obtains a complete digital storage and read-out of the number of detected x-rays per
pixel. The PILATUS 100k detector consists of a single module and has 487 x 195
pixels with a pixel size of 0.172 mm. The active area spans over 84 x 34 mm?. Each
pixel contains a charge-sensitive preamplifier and shaper, a single-level comparator
with a 6-bit individual threshold adjustment, a 20-bit counter with a count rate of
~ 1.5 MHz/pixel/s.

These detectors exhibit several advantages compared to current state-of-the-art
CCD and imaging plate (IP) detectors. The main advantages of the photon-counting
detectors include: no readout noise, superior signal-to-noise ratio, faster read-out

time of 5 ms, a better dynamic range of 20 bit, high detective quantum efficiency and
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Figure 6.4: The PILATUS 100k photon-counting x-ray detector. Part (a) shows a
photograph of an exposed PILATUS 100k detector used at the DLS experiment and

part (b) is the graphic representation of the photon-counting detection procedure,
after Ref. [227].

the possibility to suppress fluorescence by a energy threshold that is set individually
for each pixel. The short readout and fast framing time allow for diffraction data to
be taken in continuous mode without opening and closing the shutter for each frame
[2217].

In the case of the integrating detectors (such as CCD’s or IP’s), charge is accumu-
lated and then converted. In the case of single photon counting we have an amplifier,
an energy threshold for each pixel and a comparator, which sends only those pulses
to the counter which are higher than the energy threshold. This thus removes the
read-out noise and dark current. A schematic view of the photon counting procedure
is shown in figure (b). This increases the sensitivity of the detector to weak x-ray
signals making it particularly suitable for the study of weak diffraction phenomena

such as diffuse scattering.

6.2.3 Pressure and density measurement

The pressure within the anvil cell was measured through the well known relationship
for the spectral shift of fluorescence of chromium-doped ruby (AlyOs: Cr®") under
pressure [92]. An example of this spectral shift is shown in figure (b). One or
two small ruby spheres were buried inside the anvil cell together with the hydrogen
sample, as shown in figure (a), and the fluorescence was measured using an optical
laser and a calibrated spectrometer. Ruby is a popular choice for pressure sensor
material in DAC experiments due to its high fluorescence intensity and a relatively

large pressure shift (~ 0.365 nm/GPa) [90]. It is chemically inert and thus does
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not react with the sample within the gasket. The pressure response of ruby is well
documented to high pressures. The 115 beamline operates a blue Laser Quantum solid
state laser operating at 473 nm for the ruby measurement. The spectral response of
the ruby through optical luminescence was measured using the HR-320 spectrometer
from Horiba Jobin Yvon coupled with a CCD detector.

(b) 890 o ' ' ' ' (c) 2A (’E)
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Figure 6.5: Pressure and density measurements of hydrogen DACs. The top images
(a) show photographs of the hydrogen loaded gaskets ranging between pressures of 2
and 8 GPa the images show a formation of a solid hydrogen crystal (different cells
and systems were used in each picture). The red arrows point out the location of the
ruby spheres within the gasket. Image (b) then shows an example of ruby fluorescence
spectrum with both R1 (higher intensity) and R2 (lower intensity) lines taken at 21.5
GPa. The position of the R1 line at zero pressure applied at 300 K is marked by the
dashed green line, while the arrow points out the redshift of the line for ruby at 21.5
GPa. Part (c) includes a schematic of the transitions between the initial 24 and E
and final states A, giving rise to the R1 and R2 emission lines of Cr3* in Al,Os:
Cr¥t (ruby), after Ref. [228].

The Cr* ions occupy a trigonal site in a sapphire Al,O3 lattice as an impurity

replacing Al. The effects of the trigonal distortion, crystal-field effects and spin-orbit
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coupling due to the impurity give rise to strong absorption bands in the green (U
band) and blue (Y band) spectral ranges, which gives ruby its characteristic red
colour [228]. Electrons optically excited (e.g. by a laser) into the broad U and Y
bands non-radiatively decay into the metastable 24 and E states. From these states
the electrons decay radiatively into the A, ground state, see figure (c). At room
temperature (300 K) and ambient pressure (1 bar) ruby thus has two sharp emission
lines R1 and R2 at 694.2 and 692.8 nm respectively, emitted by the Cr3* ions.

The ruby fluorescence lines R1 and R2 shift towards longer wavelengths with in-
creasing pressure due to a combination of complicated mechanisms. Their description
is beyond the scope of this thesis but details on these processes can be found in Refs.
[229, 230] 231], [92]. The pressure measurement using the ruby gauge was first intro-
duced and calibrated against the Decker equation of state for NaCl up to 19.5 GPa
by Barnett et al. [91] and Piermarini et al. [232] who found the approximate linear
relationship of the spectral shift of the R-lines to pressure. An improved relationship
was suggested by Mao et al. [233], where the fluorescence is calibrated against the

room temperature isotherms of Cu and Ag. The following equation was thus devised

(1 + ﬁ—j)B - 1] , (6.2)

where pressure P is in GPa, A\g = 694.24 nm is the ruby R1 at ambient conditions
(1 bar and 300 K), A\ is the R1 line wavelength shift in nm, and constants A = 248.4
GPa, B = 7.665 for quasi-hydrostatic conditions [233]. This quasi-hydrostatic scale

for quasi-hydrostatic conditions:

P=A.

was calibrated up to 80 GPa, above this pressure the scale was extrapolated. For
non-hydrostatic conditions (at pressures > 100 GPa) A = 380.8 GPa and B = 5.0.
Since then other calibration scales for ruby have appeared [234], 235, 236]. These
scales were then united in the review article by Syassen [92]. A new revised pressure
scale, based on equally weighted least-squares fitting method to fit the combined data

for pressures up to 150 GPa, was proposed:

e gfeazgl e

where A is the redshifted wavelength of the R1 line, A = 1870 GPa and B = 5.9.
This expression deviates by less than 1.5% for the three calibrations [234] 235] 236]
in the pressure range 0 — 150 GPa [02]. There is little difference to Mao et al. [233]
scale for pressures < 50 GPa, thus both scales can be used for the purposes of the

DAC experiments described in this work.
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Figure 6.6: The hydrogen EOS measurements as presented by Mao et al. in Ref. [21]
(black circles). The data is fitted with a modified power-series based on the Birch
relation (red line) giving the Anderson and Swenson hydrogen EOS [237].

Since the pressure and temperature of the hydrogen in the anvil cell are known
(room temperature, T = 300 K) the electron density could be determined from the
equation of state (EOS) data for compressed hydrogen experimentally determined by
Mao et al. in Ref. [21] using x-ray diffraction technique, where a unit-cell volume of a
substance can be accurately measured. Their measurements of pressure and density
of hydrogen are shown in figure [6.6 The best fit to this experimental data was found
to be the hydrogen EOS by Anderson and Swenson [237], which employ a modified
power-series based on the Birch relation fitted to their original data obtained from
piston-displacement experiments. The density (p, in cm?/mol) information was read
off the plots provided in Refs. [2I] and [237], see figure The electron densities
were then found from simple relations n, = Na/p,, where Ny = 6.022 x 10?3 is
Avogadro’s number. The number densities were found to be 6.0 x 10?2 cm™2 for
Py and 7.9 x 10*? ecm™ at Py at which hydrogen is fully degenerate (see table 6.1).
The rest of the quantities in the table were calculated from the known values for the

electron density.
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Table 6.1: Physical parameters in compressed hydrogen. The Wigner-Seitz radius
given by d = (3/(47n,))'/? is the inter-particle spacing at electron density n, and ap
is the Bohr radius.

P, = 2.8 GPa (liquid) P, = 6.4 GPa (solid)

Brueckner parameter, r; = %: 2.99 2.74

Fermi energy, Fr = % (3%)2/3: 5.6 eV 6.7 eV

Degeneracy parameter, § = %—g: 0.0046 0.0039
1/2

Plasma frequency, w, = (;—5) : 912 eV 10.4 eV

6.3 Scattering data analysis

Pure air scatter (background, i.e. scattering signal obtained when the sample was
removed keeping all other conditions the same) images were subtracted from the
1800 sec exposure PILATUS 100k spectra of empty and H loaded DACs at pressures
of 2.8 and 6.4 GPa. Line-outs of 50 x 195 pixels were taken (exactly the same pixels
for each image). The total intensity of each scattering spectrum (empty cell, and
H loaded DAC at 2.8 and 6.4 GPa) was scaled by readings of the ring current, the
electron current in the storage ring, which is proportional to the total x-ray output
from the synchrotron, and x-ray intensity readings from a diode placed just before the
DAC for each shot, which provided an additional intensity corrections due changes in
the apparatus alignment during the experiment.

This was necessary as the electron current in the synchrotron gradually decreases
between the fills into the storage ring (done ~ every day) resulting in lowering of
the x-ray probe intensity. The intensity of the Diamond beam is also attenuated by
any adjustments in energy and position of the 115 beamline x-ray optics that may
occur between taking the shots. The dispersion was found from the Pilatus images
of relative shifts in energy of the measured spectra by varying the wavelength of the
[15 beamline giving a spectral resolution of ~ 17 eV /pixel. The absolute energy
calibration was found using the Pd-edge absorption, see figure (b).

6.3.1 Spectral calibration

The I15 beam line output was set roughly to the desired 20 keV narrow band x-ray
source using a set of monochromating crystals as described above. However, the exact

energy of the probe x-rays was unknown as thus had to be measured exactly in order
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to correctly calibrate the measured spectra. The dispersion as calculated from the
geometrical set up of the HAPG crystal spectrometer was estimated to be ~ 94.2 eV/
mm = 16.2 eV /pixel (with 0.172 mm pixels).

Vertical axis on Pilatus detector e L
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_ \\ ——D2m3 y = 17128 + 18051 eV
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o] 21 x
o
= < X
S o6} ?
<] = *
£ T=05 ~. 205
pt o)
_5 04t o »
3 ul
£ 20+ »
2 oz2r 24.399 keV 1
©
= \ “*'N'-x *
9 : : . : : 195 ; : : :
2437 2438 2439 244 2441 2442 2443 100 120 140 160 180
Energy (keV) Pixel no.

Figure 6.7: The energy calibration of the HAPG crystal spectrometer. Image (a)
shows overlayed data sets for various energies in the 19 — 21 keV range showing the
system dispersion as well as an obvious ~ 6° tilt in the spectra direction away from
the vertical direction, (b) shows transmission scan across the Pd K-absorption edge
at 24.351 keV, and (c) shows the linear fit to the dispersion calibration obtained from
part (a).

The actual dispersion of the spectrometer was calibrated using the Diamond fa-
cility capability to change the energy of the output x-ray beam from the synchrotron.
The narrow energy band radiation was selected using a set of monochromatic crys-
tals, while the roughly calibrated system would provide the approximate energy of
the beam. The alignment of the monochromatic crystals was then varied to provide
different beam energies ranging between 19 and 21 keV (as read by the 115 beamline
control system). The overlayed spectral images obtained for the different beam en-
ergies are showed in figure (a). The experimental verification of the dispersion
calibration exhibits a good linear fit to the pixel location of the various energies within
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the 19 — 21 keV range giving the dispersion of ~ 17.1 eV /pixel (see figure (c)),
which is a good agreement with the theoretical value and the difference is attributed
to the uncertainty in the system alignment.

Prior any manipulation all data images are also subtracted by background/air
scattering for a given exposure time and probe energy. Despite the best efforts aligning
the Bragg crystal the spectral axis as seen in the detector plane (Pilatus 100k chip) is
not parallel to the vertical axis, but exhibits a slight tilt of @ =~ 6.7 4 0.05°, see figure
6.7 (a). All measured data therefore have to be corrected for this tilt by rotating the
image before spectral lineout can be taken prior the analysis.

The offset of the spectrum was obtained from the Pd K-shell absorption edge
(24.351 keV). A set of photodiodes before (D2) and after (D3) 47 pm thick Pd foil
was used to measure its transmission through the experimental measurement of the
D2/D3 intensity ratio while scanning through a range of beam energies across the
Pd edge. Figure (b) shows the transmission curve across the energy range of
24.375 — 24.42 keV (these numbers correspond to the system energy values, not the
actual calibrated energy). The transmission T = D2/D3 = 0.5, assumed to be the
central energy of the Pd K-shell absorption edge at 24.351 keV, while the DLS system
read 24.399 keV, which corresponds for 48 eV shift towards the lower energy. This
means that all spectra (plotted using the relationship in figure (c)) have to be
offset by this shift in order to obtain the correct energy axis. Thus the 20 keV beam as
set by the beamline systems was in fact 19.952 keV. Uncertainties in the synchrotron
energy (as determined using a Pd filter) were also found to be within £+1 eV, which
is comparable to the energy error due to target/DAC positioning, see above. This

error estimate was obtained from the variation in the D2 and D3 diode readings.

6.3.2 Data reduction

The scattering spectra obtained from the diamond anvil cells loaded with compressed
hydrogen were dominated by the Compton scattering from the diamond anvil ob-
scuring the hydrogen data of much lower intensity. The weak scattering signal from
hydrogen compared to the diamond is a result of the small sample volume needed
to achieve high compression of the hydrogen gas within the larger anvils (the x-rays
travel through 4 mm of diamond while the thickness of the H sample is only 0.1 mm)
and the fact that each C atom has many more electrons to scatter from than the H
atoms.

In order to compensate for the dominant scattering from the diamond, we re-

trieved the hydrogen scattering data in the form of a ratio of spectra from hydrogen

148



at P; and P, through a careful reduction analysis procedure using the measured signal
referenced to the empty cell. The ratio of the 2.8 GPa to 6.4 GPa spectra was com-
puted using the following equations. The empty cell scattering spectrum corresponds

to:

IO =B- Sam)il (64)

And the scattering spectrum of hydrogen loaded DAC at pressures P; = 2.8 GPa
(liquid hydrogen) and Py = 6.4 GPa (polycrystalline solid):

]P1 = AP1 : (Sanvil + S}P}l), (65)
IPQ = APQ : (Sanm'l + ng)a (66)

where A and B are calibration constants, which depend on the absolute response
of the measuring apparatus and their ratio is a well defined quantity given by the
ratio of average background noise levels of the empty and H loaded DAC spectra,
and Sunuil, Sgl and SI];Q are the dynamic structure factors proportional to the total
spectral intensity of the scattering signal from the diamond anvils only and hydrogen
at pressures P; and P, respectively. The expressions [6.4] and can then be
combined to give the experimentally determined ratio of the scattering signals from
compressed hydrogen at the two pressures (liquid and solid phases) linked to the
known response of the empty cell:
Sit_ (B/Ap)(Ip/To) — 1 (6.7)
st (B/Ap,)Ip,/1) — 1 .
Since the quantity on the RHS of equation is directly obtained from the exper-

imental data using the measured spectra from the empty cell and the DACs loaded

at the two pressures, the ratio S f}l /S 52 is well defined.

6.3.3 Data smoothing

The quantity on the RHS of equation was obtained directly from the experimental
data using the lineouts from the PILATUS spectra of empty and H loaded DACs at
pressures of P; = 2.8 GPa and P, = 6.4 GPa providing the ratio of the scattering
spectra at the two different pressures. The result gave a noisy spectrum. Therefore

various Matlab codes were developed to smooth the spectral ratio which included
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Figure 6.8: Comparison of original spectral ratio of H DAC data signals obtained
from equation before (top plot) and after (bottom figure) the Savitzky-Golay
smoothing filter was applied.

the low pass filter, high frequency noise filter employing the fast Fourier transforms
(FFT) and the Savitzky-Golay smoothing method [23§].

The Savitzky-Golay code turned out to be the most effective for our data, see
figure [6.8f This method makes use of the least-squares technique that fits a high
order polynomial to the data, which essentially performs a local polynomial regression
(of degree n) on a distribution (of at least n + 1 equally spaced points). The main
advantage of this method is that it preserves the shape including the maxima, minima
and width of peaks unlike the other methods mentioned above. The code employed
a moving window of adjustable size, over which a polynomial of a higher order (also
adjustable) was fit, and the newly computed values were then averaged to draw the
new smooth plot [239]. The optimal polynomial order for this plot was n = 4. This
filter preserved the shape of the scattering spectra between 19.5 keV and 20 keV,
while it reduced most of the strong peaks outside this range, where no scattering
signal was observed, but the background subtraction of small values resulted in high

amplitude spikes.
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6.4 Local field correction (LFC) measurement

The principle of local field correction (LFC) G(k,w) was outlined in section 2.2.2 in
part describing the free electron term in the scattering spectrum. LFC characterizes
the strong coupling effect between free electrons through measuring the difference
between the bare Coulomb interaction and the screened response. These effects re-
sult from the higher interaction terms, which become important under the conditions
of the Diamond experiment. The LFC incorporates the short-range correlations ne-
glected by the RPA into the expression for the free electron-electron structure factor,
equation [2.20f The effect of non-zero values of LFC therefore manifests itself through
spectral shifts of the Compton feature in the scattering spectrum, which is a mea-
surable quantity. Local field correction can be linked to dynamic properties of the
compressed material, namely the isothermal compressibility and conductivity, thus a
non-zero value of LFC has a direct impact on the EOS.

The most common assumption used in computing the LFC is to describe it as a
weak function of frequency, i.e. the static local field correction (SLFC): G(k,w) —
G(k). Various approaches to calculate the SLFC are summarized in Refs. [26], 240]
including the long-wavelength limit expression G(k — 0) given by the compressibility
rule and the short-wavelength G(k — oo) limit where LFC is written in terms of
the electron-electron pair distribution function at » = 0 as suggested by Kimball
[149,[150]. For simplicity, in this work we concentrate on the description of static LEC
in the limit of & — oo, which can be calculated by the simple parametric expression
provided in its explicit form in Refs. [206],[139]. The static local field correction already
gives a considerable improvement to the RPA, although the full dynamic local field
correction (DLFC) may be necessary for the correct modelling of strong coupling at

frequencies w 2 w,, where w, is the electron plasma frequency (equation [240].

6.4.1 LFC from Compton spectral shift

Since we only obtained the ratio of the scattering signals of hydrogen at the two
different pressures S f}l /S f}? (see equation , the dynamic structure at a given pres-
sure has to be retrieved from this ratio using a known result for the other pressure.
This is a ratio of signals from liquid and solid hydrogen with significant structural
differences. In the next step, the experimentally determined ratio was multiplied by
a synthetic spectrum to obtain a dynamic response of fluid hydrogen. The inelastic
scattering response from solid hydrogen at P, = 6.4 GPa was calculated using a code

that implemented the zero temperature RPA described in section 2.2.3 and Appendix
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B. The spectrum for liquid hydrogen at P; = 2.8 GPa (solid blue line in figure
was then retrieved from the experimental ratio (see equation multiplied by the
calculated spectrum for solid hydrogen.

P, has been chosen for the calculated spectrum, because at the higher pressure
we have polycrystalline solid hydrogen (hexagonal close packed) [241]. The electrons
are effectively free as they satisfy the Bloch functions for electronic motion inside the
periodic potentials within the crystalline lattice of localized ions, i.e. the electrons are
weakly coupled with G(k) = 0. Since, in our experiment, k lies outside the Brillouin
zone boundary, the lattice does not influence scattering from the electrons. This phase
is also more degenerate (lower degeneracy factor © = kg1 /EF) resulting from higher
Fermi energy making the effects of finite temperature less important. Therefore the
calculation of the scattering spectrum for Py can be justifiably carried out using the
random phase approximation (RPA) at T = 0 K [163].

The electron-electron dynamic structure factor for electrons interacting via Coulomb
forces is given by the fluctuation-dissipation theorem (equation , for kpT < hw:

€0hk‘2 Im —1
we’n, e(k,w)

where n. is the electron density, e the electron charge, ¢y the permittivity of

SP(k,w) = (6.8)

free space, k is the magnitude of the change in wavevector due to the scattering
and w is the inelastic energy exchange. The dielectric function e(k,w) relates to the
electron susceptibility y(k,w) as e(k,w) = 1 — (e*/eok?) - x(k,w) [240]. The electron

susceptibility can also be written as:

k,w
X(k,a)) _ y XO( )
L+ WG(kjaw)XO(kv (U)
where xo is the Lindhard susceptibility at T = 0 K and G(k,w) is the local
field correction [240]. For G(k,w) = 0, x(k,w) = xo(k,w) and the pure RPA is

reproduced. The inelastic spectrum for solid hydrogen at P, = 6.4 GPa can therefore

(6.9)

also be calculated theoretically from equation using the dielectric function e(k, w),
calculated from RPA using the equations in Appendix B (with G(k,w) = 0). The
experimental spectrum for P; = 2.8 GPa is then obtained from this calculated profile
multiplying by equation [6.7] In the case of the fluid hydrogen at P; = 2.8 GPa, the
inelastic spectral response can also be calculated, but due to strong coupling effects
affecting the position of the free electron peak the local field correction have to be

included in the calculation.
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The resultant synthetic spectrum for Py is overlapped with the experimentally
deduced profile (blue line in figure with G(k) as a fitting parameter in equation
6.9 We obtained a good overlap of the experimental spectrum with the synthetic
profile for G(k = 5.59 + 0.19 x 10" m™ w ~ 130 eV) = —9 + 1.5 (red-dotted line
in figure [6.9). The error in the measurement of G(k,w) was determined from the
uncertainty in the scattering angle 32.2 + 1.1° given by the uncertainty in the sample
and crystal position, which then translates into error in determining the scattering
wavevector k = 5.59 4 0.19 x 10! m~!. The value of k enters the calculation of the
spectral profile and thus changes the position of the experimental plot in figure [6.9]
The values of G(k,w) of —7.5 and —10.5 respectively were obtained by carrying out

the same fitting technique for the two spectra calculated using extreme values of k.
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Figure 6.9: Normalized plots of the electron-electron feature of the scattering spec-
trum for H at 2.8 GPa. The solid blue line is the inelastic response of liquid hydrogen
at P; = 2.8 GPa obtained from the experimentally determined spectral ratio of hy-
drogen at the two different pressures SI]} / ng (see equation . The red-dotted
line is the calculated spectrum for liquid hydrogen at P; using fitting parameter
G(k,w) = —9 with the spectral shift overlapping the experimental spectrum. The
green dashed line then corresponds to another calculated profile for hydrogen at P, us-
ing the static LFC calculated from the Utsumi-Ichimaru theory [242] using equations
to which is G(k) = 0.907 for the relevant conditions.
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6.4.2 Comparison with Ichimaru LFC

In the previous section the local field correction was retrieved from an experimen-
tally measured spectral shift of the inelastic scattering signal. In this section, this
value is compared to a theoretically calculated value for G(k,w). Among the best
theoretical descriptions available to us at present time is the parametric form of the
Utsumi-Ichimaru equations in the short wavelength limit (kK — oo) of the static ap-
proximation, i.e. G(k,w) = G(k,w = 0) = G(k) [242] 26|, 139]:

0(1) — A4 2 4 8\ 2 4-Q% 12+Q
G'(k) = AQ" + BQ +C’+{AQ +<B—|—3A Q°—C| x 10 IHZ—Q’
(6.10)
where Q = k/kp, A = 0.029,
9 3 16
B = E’YO - a [1 - gee(o)] - 1_5A> (611)
3 9 16
C= L + 16 [1 = gee(0)] — EA’ (6.12)

where the electron-electron pair correlation function at » = 0 is denoted as:

0ee(0) = é {ﬁ] g (6.13)

with z = 4(4/97)"%(r,/m)"/2, I,(2) being the modified Bessel function (first kind)
of the first order (n = 1) and 7 denoting the Wigner-Seitz parameter defined in Chap-
ter 1, equation [1.9. The parameter vy is evaluated in the following way accounting

for both exchange and Coulomb-correlation effects [139]:

1 7(4/9m)Y3 [ sd?E.(r,) dE,(rs)
OS:__ 3 05_22 c\s 6.14
where the correlation energy E.(rs) is obtained from the parametrization:
dE.(r, 1+ by
p BT g T - (6.15)
drs 1+ birs’™ 4 bors + bsrs

substituting for by = 0.0621814, by = 9.81379, by = 2.82224 and b3 = 0.736411.
This expression is particularly applicable in the regime k ~ 2kp, with the Fermi

173 relevant to the conditions of this experi-

wavenumber expressed as kr = (37%n,)
ment (rs ~ 3, k/kp ~ 4.6), where the Utsumi-Ichimaru theory correctly reproduces

the peak structure associated with discontinuity in momentum distribution at the
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Fermi surface [242]. This simple analytic expression for the static local field correc-
tion was obtained from parametrization of numerical data obtained from Green’s-
function Monte Carlo (GFMC) simulations which included exchange and Coulomb-
correlational effects in the degenerate electron fluid [242] 26] 139].

Figure 6.10: Static local field correction G(k) at r; = 1, 4 and 10 evaluated using
various theoretical methods, after Refs. [242] 26]. The solid line (marked as “present”)
corresponds to the parametric relation presented in equation by the current
Utsumi-Ichimaru theory. The dashed line marked as “UI-II” is an earlier result from
Utsumi-Ichimaru from 1980. Two earlier schemes from Hubbard (1958) and Vashishta
and Singwi (1972) which do not correctly reproduce the peak structure at k ~ 2kp
are also included for comparison [26]. The parameters of this experiment are r; ~ 3,
k/kp = 4.6 giving an Utsumi-Ichimaru value for G(k) = 0.907.

Figure shows the original plots of G(k) calculated using equations to
. In case of liquid hydrogen at P; = 2.8 GPa (r; = 2.99, k/kr ~ 4.6), the
theoretical value of the static local field correction was estimated using the Utsumi-
Ichimaru equations to be G(k,w) ~ G(k) = 0.907 [26], and the spectrum calculated
using this value of G corresponds to the dashed green line in figure [6.9}
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Figure shows that there is a noticeable shift of ~ 17+ 1 eV between the peaks
of the calculated spectrum using the Utsumi-Ichimaru theory and the data obtained
from the experiment (obtained from the experimental ratio S f}l/ S 52, equation ,
assuming a nearly free electron gas for the solid H calculated spectrum). This indi-
cates a rather large deviation between the experiment and the theoretical prediction,
which may be a result of our assumptions breaking down in the case of liquid hydro-
gen, where the electrons are no longer free and short range correlations can become

important.

6.5 Results and discussion

For the first time inelastic x-ray Thomson scattering from statically compressed hy-
drogen was observed allowing us to measure the dynamic response of the compressed
medium within a diamond anvil cell [81], 130]. The liquid at 2.8 GPa and solid at 6.4
GPa phases of hydrogen were studied, as they were expected to exhibit significant
differences in their structure. This was a very challenging experiment, where the weak
inelastic signal from fluid hydrogen had to be retrieved from scattering spectra dom-
inated by the signal from the diamond anvils through a sophisticated data reduction
analysis. This proof-of-principle experiment has proven that it can provide useful
information on microscopic structure of statically compressed hydrogen in DAC [3].
This experiment obtained the first experimental measurement of the local field
correction G(k = 5.59 + 0.19 x 10" m™! w ~ 130 eV) = —9 + 1.5 retrieved from a
spectral shift of the inelastic scattering feature [26, 240]. This large value of LFC
suggests that under the conditions of this experiment the electron-electron coupling,
negligible in previously presented experiments, plays an important role in this highly
degenerate fluid (degeneracy parameter © = kgT./Er ~ 0.004). The measured value
for the local field correction G(k,w) obtained from the spectral shift of the Compton
feature shown in figure [6.9| was compared with theoretical model for the static LFC by
Utsumi-Ichimaru, which determines the screening function of the degenerate electron
liquids at metallic and lower densities, giving us the value G(k,w) ~ G(k) = 0.91 for
the conditions within the liquid hydrogen sample at P; = 2.8 GPa [26] finding a very
large deviation between the theoretical prediction and the experimentally obtained
value. However, since w ~ 130 eV is significantly larger than plasma frequency w, ~
10 eV, static approximations, such as that of Utsumi-Ichimaru, may not be applicable
here which could be the reason for the breakdown of the theoretical description when

it was compared with the experiment.
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Isothermal compressibility of ideal gas is ko = —% (35), = 1/P = 3.57 x 1071
Pa~!. Following from equation 2.5 in Ichimaru Ref. [26], we obtain the expression
for the local field correction for OCP in terms of the system compressibility for the

limit of small k:

. k? Ko

We thus obtain the approximate value of compressibility of hydrogen at 2.8 GPa:
k = 1.94 x 107'% Pa~! giving the compressibility ratio Z = r/kg ~ 0.54. Although
this approach is not strictly correct as conditions of this experiment do not satisfy the
small k limit (k?/k%, ~ 10), at least this expression gives a rough indication that the
compressibility of degenerate fluid hydrogen can be obtained in this experiment. The
value for Z quoted above is comparable with previous experiments by Stewart [243],
who used the piston displacement method to reach pressures in hydrogen samples
of up to 2 GPa at low temperatures (4 K). Stewart measured the compression ratio
V/Vy = 0.445 for hydrogen, where V' and Vj were measured values for sample volume
at ~ 2 GPa and ambient pressures respectively. Since under atmospheric pressure
hydrogen behaves like an ideal gas (Z = k(1 atm)/ko = 1.001) one can relate this
compression ratio directly to the compressibility ratio with ideal gas as a reference:
V/Vo = k/ko = Z, since kg = 1/P =V/NkgT.

Our findings indicate a much stronger effect of correlations than suggested by fluid
theories to date. This is important since the local field correction can be linked to
dynamic properties of the compressed material, namely the isothermal compressibility
and conductivity having a direct impact on EOS. These results were summarized in
the publication by Falk et al. [3].
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Chapter 7

Summary, conclusions and future
work

The comparison of experimental measurements of the thermodynamic conditions to
theoretical models is the backbone to understanding the complicated interaction and
structural processes in WDM. This work presents the first experimental measure-
ments of x-ray Thomson scattering from hydrogen and deuterium at extreme condi-
tions relevant to the planetary interiors and ICF created both via laser-driven shock
compression as well as static compression by diamond anvil cells obtained from exper-
iments at the Omega laser facility (LLE) and the Diamond synchrotron respectively.
In the case of warm dense deuterium a full set of thermodynamic conditions including
density, pressure and ionization state were inferred directly from the XRTS measure-
ment. The scattering measurement from statically compressed hydrogen using the
DAC technique then provided the first direct measurement of the local field cor-
rection which measures the effects of strong coupling in dense electron fluids. The
shocked deuterium under WDM conditions was also supported by an independent
shock velocity (with inferred density and pressure) and temperature measurements
using the Omega VISAR and SOP systems. All of the experimental results have
been compared to a number of standard theoretical models, equation of state tables
and computer simulations. On many occasions theoretical models were also used
to support the data analysis. A self-consistent approach between the independent
XRTS, VISAR and SOP diagnostics was found when the DFT-MD equation of state
was applied to the data analysis. The DFT-MD equation of state suggests a slightly
higher compressibility of deuterium in the studied regime than previously used chem-
ical EOS models. An estimate of hydrogen compressibility was also obtained from
the scattering measurement on hydrogen DAC, which was in good agreement with

previous experimental data. This work has made a significant step towards improved
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understanding of the microscopic structure and equation of state of the extreme states
of hydrogen isotopes and understanding the internal structure of the Jovian planets.

The experimental set up used in the deuterium shock-compression experiment at
the Omega laser facility described in Chapter 3 has proven to provide reliable EOS
measurements. The deuterium was kept inside a Cu cryogenic cell and cooled down
to ~ 18 —20 K undergoing a phase transition to a liquid state. In particular the target
design underwent a number of changes during the course of the three-year experimen-
tal campaign, which resulted in a steady improvement of the scattering data quality,
in particular towards to end of the campaign, where the signal-to-noise ratio was re-
duced significantly after the introduction of a new x-ray backlighter material (a 5 gm
thick Parylene D foil) replacing the previously used thicker (12 pm) Saran foil. The
narrow-band (~ 9 eV) Cl Ly-«a x-ray probe at 2.96 keV was emitted by highly ionized
hydrogen-like atoms in the ablation plasma heated by the inverse bremsstrahlung pro-
cess [19]. These conditions were created by sixteen tightly focused 1 ns beams at 101°
W /cm? with 500 J in each beam and a 200 pm focal spot incident onto a chlorinated
plastic backlighter foil. The radiation was then collimated by a Ta pinhole (200 pm
diameter), which created a strong x-ray pulse with the effective number of photons of
the order of ~ 10" photons. Time-resolved measurements of the x-ray probe showed
a good agreement with the duration of the laser pulse. The WDM conditions were
created within the shock ablatively driven by the 3w UV Omega laser drive (A = 351
nm) consisting of 6 pairs of 1 ns laser pulses with a flat intensity profile created by
phase plates and polarization smoothing [I88]. These square pulses were then stag-
gered in time forming a 6 ns constant drive with intensities of 10'* W/cm?, optimal
energy output 400 — 500 J/beam, and 10'®* W /cm? for FCC detuned beams.

The backlighter x-rays were scattered by warm dense deuterium scattered at 90°
to a gated Thomson spectrometer (GTS) composed of a HOPG mosaic crystal (ZYB,
mosaicity: v ~ 0.8° £ 0.2°) [I95] coupled with an x-ray framing camera (XRFC),
with a micro-channel-plate (MCP) combined with a CCD detector. The crystal was
placed at the optimal Bragg angle of g = 38.6°. The MCP camera has four individ-
ually powered strips charged in a sequence during the 1 ns backlighter providing an
improved temporal resolution of the scattering measurement. The integration time of
each strip was 250 ps. A Be blast shield was used to block any visible radiation and
stop any debris from damaging the specrometer. The target was also equipped with
gold shields designed to block any direct x-ray emission from any other part of the
target than the scattering channel. In addition to XRT'S, for the lower intensity drive

two-arm line-VISAR system, operating at 532 nm, was used to measure the shock
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velocity in the deuterium sample [70]. This system produced a continuous record of
the shock velocity history as well as a 1-D image of the spatial profile of the shock.
The shock diameter was measured by VISAR and was found to grow from 530 4 50
pm to 830+ 30 um, which is consistent with best-focus spot size expected for the
laser beams when phase plates have been used (600 — 800 pm). The density and
pressure of the shocked material can be derived from the shock velocity measurement
by applying the single shock Hugoniot equations with a comparison to a known EOS
table. An independent temperature measurement was obtained using the SOP di-
agnostic, which recorded self-emission from the shock front in a narrow wavelength
band around \. = 684 nm [71].

The VISAR and SOP measurements for the 10" W/cm? drive provided an initial
shock velocity of 16.9 £ 0.9 km/s and radiation temperature Ts,, = 0.57 £ 0.05 eV [2].
The velocity measurement was obtained by matching the phase shift measured by the
two VISAR interferometer arms with different optical delay [70]. The SOP data was
used to measure the shock surface temperature by comparing the measured emission
intensity with a grey body radiation distribution [2]. These results were compared
with 1-D HELIOS and 2-D DRACO hydrodynamic simulations. A good agreement
with the measured data was found for the HELIOS simulation at 3 TW /cm? (~ 70%
reduction of drive intensity), which produced shock velocities of ~ 16 — 19 km/s.
The simulated shock surface temperature was found to be around 1 eV. The shock
velocity predicted by the 2-D DRACO simulations was close to 20 km/s, but was
subject to fast fluctuations as a result of a large value chosen for the flux limiter
during the simulation, which decreased the effect of heat conduction. The density,
pressure and expected temperature of the shocked material was then extracted from
the velocity measurement by VISAR by applying the Hugoniot equations to known
initial conditions as described in Chapter 4. The three different theoretical EOS
models were used to carry out those calculations. These included the SESAME
table [17], widely used for ICF applications; the model by Saumon and Chabrier
(S&C) [122], 123], often used for astrophysical purposes, and the density-functional
molecular dynamics (DFT-MD) simulations of fluid hydrogen [37, 38]. Each of these
models then provided a different set of thermodynamic conditions. The results are
summarized in section 4.6. A significant difference in compressibility was observed
between the pure chemical models (SESAME and S&C) and the physical DFT-MD
EOS, which provided a significantly greater compressibility of deuterium under the
studied conditions. The self-consistency of the results based on the different EOS

models was checked by a direct comparison of their temperature prediction to the
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SOP temperature measurement. Only the DFT-MD calculations were consistent with
the SOP temperature measurement providing the shock pressure of P, = 37.5 + 3.9
GPa and mass density p, = 0.7240.01 g/cm?® and T, = 0.66+0.09 eV. The DFT-MD
predicts a very high ionization state 70 — 100 % at the given temperatures. This is
in agreement with the experimental results of Celliers et al. [43], which show that, at
shock velocities of interest, there was saturation of the reflectivity, which indicates a
fully ionized state of the compressed deuterium. The chemical models on the other
hand tend to underestimate the ionization of the system in this regime.

The scattering parameter was given by the geometry of the scattering process and
the plasma conditions within the sample and was found to be o =~ 0.6 — 1 for the vari-
ous XRTS shots, falling into the intermediate region close to the non-collective regime,
where the scattering spectrum is sensitive to both electron temperature and density.
A number of different techniques were employed to obtain fits to the scattering spec-
tra, which could be used to extract information on the thermodynamic conditions
from the spectral shapes. In the case of the lower intensity drive at 10 W/cm? the
scattering data was contaminated by signal from the bulk of the cold molecular deu-
terium, which remained within the field of view of the GTS spectrometer adding an
unwanted contribution of the bound-free transitions, and thus complicated the anal-
ysis of the total scattering spectrum. An alternative technique where a result of the
1-D HELIOS simulations was used to aid the data analysis of the scattering spectrum.
The output of the simulations provided an estimate of plasma conditions expected
for all regions contributing to the scattering signal including the dense shocked ma-
terial, hot expanding corona of low density behind the shock, and the cold unshocked
material before the shock-wave. This was then used to calculate a synthetic scatter-
ing profile expected for each region. Each profile was computed using the XRS code
which computed a full scattering profile including the downshifted Compton feature,
calculated using the finite temperature RPA, and the elastic Rayleigh peak, where
the bound electron response is obtained from the SOCPN model [139, 29]. These
calculated profiles were then each weighted by their mass density and relative volume
to scale the relative contributions to the total signal finding an excellent agreement
of the resultant fit to the scattering spectrum from the experiment. The contribution
from the shocked region (warm dense deuterium) then corresponded to the plasma
conditions: n, = 1.0 — 2.0 x 102 em™3, T, ~ 1 eV and Z = 0.6 — 1; which are in
a good agreement with previous VISAR and SOP measurements and the DFT-MD

simulations.
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Similar treatment was not necessary with the higher intensity drive at 10 W /cm?
where much a wider shock travelling at greater velocity was created leaving virtually
no cold material within the field of view of the scattering measurement, while the
contribution from the hot corona was found to have a negligible effect on the final
spectral shape of the scattering signal. At these conditions a single scattering profile
calculated using the XRS code could successfully be fitted to the scattering data
obtaining: n, = 0.8 £ 0.2 x 102 em™3, T, = 15 £ 2 eV and Z = 0.6 — 0.85. An
improved data with much lower noise ratio was obtained after improvement in target
alignment and cooling were made and Parylene D backlighter foil was used instead
of Saran. The best fit to this data set was calculated using a more advanced version
of the XRS code, where the free electron contribution was computed using the RPA,
but a more sophisticated approach was applied to the calculation of the Rayleigh
peak. Here the value of the ion-ion structure factor was fixed S;;(k) = 1, which was
obtained from DFT-MD simulations, and the ionization state of the plasma was then
obtained from this using the total intensity of the ionic peak as a fitting parameter.
The resultant conditions obtained from these fits were n, = 0.4 £+ 0.2 x 10% cm 3,
T,=3+2¢eV and Z = 0.35£0.15, which are in an excellent agreement with average
plasma conditions obtained from 2-D DRACO simulations: n. ~ 0.5 x 10?* cm3,
T, ~ 3 eV and Z =~ 0.3 respectively.

The conditions inferred by combining VISAR, SOP, XRTS and EOS models
yielded a range of values for the degeneracy parameter (ratio of thermal and Fermi
energies) of © = T./Tp ~ 0.1 — 2.5, Wigner-Seitz parameter ry = d/ag ~ 2 — 3
and an ionic coupling parameter I';; = €?/4dmegdkpT, ~ 0.6 — 21. The analysis thus
confirms that the state of matter created falls into the WDM regime of moderately-
to-strongly coupled, partially or fully degenerate plasma at conditions equivalent to
the interiors of giant planets. In this regime, the applicability of the chemical models
is questionable [37] but DFT-MD simulations provide a reliable description of such
states [2, 105]. Introducing SOP as a tool for temperature measurements together
with VISAR diagnostics has made it possible to identify the EOS consistent with both
shock velocity and temperature measurements without relying on pressure standards
[112].

A proof-of-principle experiment was conducted on the 115 (Extreme Conditions)
beamline at the Diamond Light Source. The hydrogen gas loaded inside a 0.1 mm
thick steel gasket with diameter of 250 pm was compressed using a diamond anvil cell
and probed by monochromatic ~ 20 eV x-rays from the synchrotron. The inelastic

x-ray scattering spectra from hydrogen DACs at P; = 2.8 GPa (liquid phase) and
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P, = 6.4 GPa (solid phase) were observed in Von Hamos geometry using a curved
HAPG crystal [195] coupled to a photon-counting detector (PILATUS 100k) with
scattering angle of 32.2+1.1° with the scattering parameter o = 0.3 corresponding to
the non-collective scattering regime. The DAC was positioned with 20 ym accuracy,
corresponding to an uncertainty of 10 ym (~ 1 eV) at the detector plane. The
pressure within the anvil cell was measured through the well known relationship for
fluorescence of ruby under pressure [92] (a small ruby probe was buried inside the
anvil cell together with the hydrogen sample and the fluorescence was measured using
an optical laser and a calibrated spectrometer). Since the pressure and temperature of
the hydrogen in the anvil cell are known (room temperature, T' = 300 K) the electron
density could be determined from the equation of state (EOS) data for compressed
hydrogen experimentally determined by Ref. [21] and was found to be 6.0 x 10%?> cm ™3
for P; and 7.9 x 10%2 cm~2 at P, at which hydrogen is fully degenerate.

The scattering signal from the hydrogen sample is weak compared to the dia-
mond as a result of the small sample volume needed to achieve high compression of
the hydrogen gas within the larger anvils and the fact that each carbon atom has
more electrons to scatter from than the hydrogen atoms. In order to compensate
for the dominant Compton scattering from the diamond anvils, we retrieved the hy-
drogen scattering data in the form of a ratio of spectra from hydrogen at P; and
P, through a careful reduction analysis procedure using the measured signal refer-
enced to the empty cell described in section 6.3.2. The single scattering spectrum
for liquid deuterium at P; = 2.8 GPa was obtained from this experimental ratio by
multiplication by a synthetic inelastic spectrum calculated for the solid hydrogen at
P,. This pressure was chosen, because at the higher pressure we have polycrystalline
solid hydrogen [241]. Thus the electrons are effectively free as they satisfy the Bloch
functions for electronic motion inside the periodic potentials within the crystalline
lattice of localized ions. This phase is also more degenerate (lower degeneracy factor
© = kgT/Er) resulting from higher Fermi energy making the effects of finite tem-
perature less important. Therefore the calculation of the free electron response in
the scattering spectrum for Py can be justifiably carried out using the RPA at T'= 0
K, which provides the Lindhard dielectric function and the structure factor is then
obtained through the fluctuation-dissipation theorem [163]. In this experiment, k lies
outside the Brillouin zone boundary, the lattice does not influence scattering from
the electrons.

The resultant spectrum obtained from the experimental ratio was then compared

to another profile, which was calculated using the RPA with the static local field
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correction estimated using the Utsumi-Ichimaru equations (assuming a nearly free
electron gas for the solid H) to be G(k,w) ~ G(k) = 0.907 to simulate the electron
coupling in the liquid hydrogen at Py = 2.8 GPa (r, = 2.99, k/kr ~ 4.6), the full
calculation is shown in section 6.4. There was a noticeable shift of ~ 17 £ 1 eV
between the peaks of the experimental and calculated spectra, which is a result of
our assumptions breaking down in the case of liquid hydrogen, where the electrons are
no longer free and short range correlations can become important. The calculated
response overlaps with the experimental data for G(k = 5.59 £ 0.19 x 10'° m™!,
w ~ 130 eV) = —9 + 1.5. However, since w ~ 130 eV is significantly larger than
the plasma frequency w,, static approximations, such as the one of Utsumi-Ichimaru,
may not be applicable here. Our results are the first experimental measurement
of local field effects across the liquid to solid phase transition in hydrogen. They
indicate a much stronger effect of correlations than suggested by fluid theories. This
is important since the local field correction can be linked to the dynamic properties
of the compressed material, namely the isothermal compressibility and conductivity
[26]. An approximate value of compressibility of hydrogen at 2.8 GPa was obtained:
k = 1.94x1071° Pa~! giving the compressibility ratio Z = x/k¢ ~ 0.54. This result is
similar to previous experimental measurements by Stewart [243], who used the piston
displacement method to reach pressures in hydrogen samples of up to 2 GPa at low
temperatures (4 K) to obtain the compression ratio of 0.445.

In conclusion, different conditions relevant to the interiors of Jovian planets have
been probed in this work. In the laser experiments the VISAR, SOP and XRTS diag-
nostics measured the thermodynamic conditions of warm dense deuterium at pressures
and temperatures directly relevant to the interior of Jupiter and similar planets. Un-
der these conditions the electron degeneracy (quantum effects) and ion coupling play
a very important role influencing the EOS, while the electron coupling is negligible.
Thus, the ideal gas description of this state of matter (WDM) is insufficient. The
experimental findings in this thesis have confirmed that the DFT-MD simulations
provide the most accurate description of this regime. The combined VISAR and
SOP measurement was used to reconstruct the Hugoniot curve of a shocked liquid
deuterium, which suggested a higher compressibility at the region of interest than
previously used EOS tables (SESAME, S&C EOS). The higher compressibility of
warm dense hydrogen as indicated by the DFT-MD EOS has serious implications for
Jupiter’s structure, in particular on the size of its core, the required concentration
of heavier elements, and the location of the molecular to metallic transition [14] [12].

Various simulations based on the DFT suggest the existence of a large central core
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of heavier elements inside Jupiter, which supports the theory of core accretion as
the standard model for the formation of hydrogen rich planets [I2]. Moreover, the
DFT-MD models predict a shift of the metallization transition layer closer to the
planetary core from previous chemical models resulting in decreased metallicity of
the mantle, low concentration of heavier elements in the mantle, and differential ro-
tation of the planet’s interior [12] [13]. DFT-MD simulations predict a continuous
transition from the molecular to a dissociated /metallic regime in fluid hydrogen as
a function of pressure, while the S&C model predicted this transition to be of first
order [37, 38, [12]. The higher compressibility of warm dense deuterium could also
have significant implications on the dynamics of ICF implosions [16]. A different set
of conditions were probed in the Diamond experiment described in Chapter 6, where
a hydrogen sample was statically compressed using DAC at room temperature. At
these significantly lower temperatures, the electron fluid is not only degenerate, but
it also exhibits effects of strong electron coupling. A direct measurement of the local
field correction suggested that this effect is more important than previously suggested
by fluid theories [26]. This has a serious impact on the EOS of hydrogen at these
conditions as well as measurable quantities such as compressibility and conductivity.
These findings are relevant to the structure of colder gas giants such as Neptune and
high pressure research.

The experiments described in Chapters 3, 4 and 5 (Omega campaign) provide a
platform for the detailed study of compressed deuterium, and together they make
an important first step towards a simultaneous measurement of all thermodynamic
variables needed for EOS research including pressure (P), mass density (p), electron
density (ne), electron temperature (7,), and ionization (Z) by combining inelastic x-
ray scattering observations with shock velocity and optical pyrometry measurements
[19, 1, 244, 20, 2]. In the next stage of this experimental campaign at the Omega
laser the cryogenic target should be redesigned to allow for simultaneous XRTS and
VISAR/SOP measurements. Since the VISAR diagnostic is fixed to the H14 (TIM 5)
port the drive and backlighter beam configuration as well as the target itself will have
to be redesigned. After the improvement of the brightness of the x-ray backlighter
when Parylene D foil was used, a door opens for a collective scattering measurement.
A simultaneous collective and non-colllective scattering measurement would utilize
the full potential of the XRTS technique. Additional collective scattering measure-
ment would provide increased confidence in the measurements of n., through the
position of the plasmon feature, and 7, from the detailed balance, on top of the non-

collective measurement of these quantities as shown in Chapter 5. Such expansion
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of the XRTS technique is challenging as it requires two spectrometers positioned at
correct angles (ideally 90° for non-collective and ~ 40° for collective XRT'S), which is
not trivial at facilities such as Omega. Combined and simultaneous measurements of
collective and non-collective XRTS with VISAR and SOP diagnostics would provide
an entirely new platform for EOS measurements for not only for laboratory astro-
physics, but also for ICF, material science, geology and many other fields interested
in the study of properties of materials under extreme pressures and temperatures.

Building upon the results presented in Chapter 6, I would propose to expand and
improve the XRTS on diamond anvil cells method at free-electron x-ray laser facili-
ties (FEL), where laser-driven DACs can be both heated and further compressed to
the warm dense matter regime relevant to the planetary interior regime, and studied
with a high-power coherent x-ray source [95]. Such FEL x-ray sources are superior to
the older synchrotron technology in the intensity (photon number) of the beam and
are also capable of time-resolved measurement as their pulse lengths reach 60 — 80
fs FWHM and fast rep-rate. In particular the Matter under Extreme Conditions
(MEC) endstation at LCLS would be well suited for such experiment as it comprises
both high power lasers that could be used for shocking and heating pre-compressed
samples, while the FEL beam from LCLS can be used as a coherent narrow-band
x-ray probe. The current specs of the machine only allow the beam energy to go
up to 10 keV, however with planned advances in the FEL technology, such facilities
could potentially become a platform for the next generation of XRTS experiments
on statically compressed samples. Under these controlled conditions the scattering
wavevector could be varied allowing for the study of k-dependance of the LFC. With
a careful technique development in particular of the DAC set up and backlighter
source this experimental method could also be redeveloped for high power laser fa-
cilities such as Omega, NIF, or ELI, where more extreme conditions (in particular
higher temperatures) could be achieved [95]. The main challenges here would be the
development of thin flat anvil cells which could be ablatively driven by lasers. Also
materials other than diamond, e.g. sapphire, might have to be explored allowing for
study at lower x-ray probe energies. In the case of high power laser experiments new
x-rays backlighter techniques capable of producing bright line emission in the region
of ~ 20 keV, eg. Ag K-a at 22 keV, would have to be developed.
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Appendix A

Acronyms, constants and standard
variables

List of acronyms

ASBO Active Shock BreakOut system

BL Backlighter Laser beam

BS Beam Splitter

CCD Charge-Coupled Device

CID Charge-Injection Device

CTHS Cryogenic Target Handling System
DAC Diamond Anvil Cell

DESY Deutsches Elektronen-Synchrotron
DFT-MD Density-Functional Molecular Dynamics simulations
DLFC Dynamic Local Field Correction

DLS Diamond Light Source synchrotron

DPP Distributed Phase Plates

DPR Distributed Polarization Rotators
DRACO  2-D radiation hydrodynamics code (name)
DSF Dynamic Structure Factor

ELI Extreme Light Infrastructure project

EOS Equation of State

FCC Frequency Conversion Crystals

FEL Free Electron Laser

FWHM Full-Width-Half-Maximum

GFMC Green’s-function Monte Carlo simulations
GTS Gated Thomson Spectrometer

HAPG Highly Annealed Pyrolytic Graphite mosaic crystal
HED Harmonic Energy Diagnostic
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List of acronyms

HEDP
HELIOS
HFM
HNC
HOPG
IB

ICF

IP

IR

KDP
LANL
LCLS
LFC
LILAC
LLE
LLNL
MCP
MEC
ND

NIF
OCP
OTIS
PAW
PET
PILATUS
PIMC
PPT
PROPACEOS
PSI
RAL
RPA
S&C
SESAME
SLFC
SLS
SOCP
SOCPN

High Energy Density Physics

1-D radiation-magnetohydrodynamics code (name)
Horizontal Focussing Mirror

Hypernetted Chain Scheme

Highly Oriented Pyrolytic Graphite mosaic crystal
Inverse Bremsstrahlung

Inertial Confinement Fusion

Image Plate

Infra-Red radiation

Potassium Dihydrogen Phosphate crystal

Los Alamos National Laboratory

Linac Coherent Light Source, Stanford University
Local Field Correction

1-D hydrodynamics code (name)

Laboratory of Laser Energetics

Lawrence Livermore National Laboratory
Micro-Channel-Plate

Matter in Extreme Conditions endstation at LCLS
Neutral Density filter

National Ignition Facility

One-Component Plasma

Omega Transport Instrumentation System
Projector Augmented Wave

PolyEthylene Terephthalate crystal

pixel apparatus for the SLS, x-ray detector (name)
Path Integral Monte Carlo simulations

Plasma Phase Transition

PRism OPACity and Equation Of State

Paul Scherrer Institut

Rutherford Appleton Laboratory

Random Phase Approximation

Saumon and Chabrier equation of state

The Los Alamos National Laboratory Equation of State Database
Static Local Field Correction

Swiss Light Source

Screened One Component Plasma model

Screened One Component Plasma Negative model
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List of acronyms

SOP
SRF
SSCA
TCC
TF
TFM
TIM
TPS
TVS
uv
VASP
VFM
VISAR
VPF
WDM
XRFC
XRPHC
XRS
XRTS
XVIS
ZYA, ZYB, ZYD, ZYH

Streaked Optical Pyrometry

Shot Request Form

SIM Streak Camera A, x-ray streak camera
Target Chamber Centre

Thomas-Fermi model

Fourier Transform Method

Ten-Inch Manipulator

Target Positioning System

Target Viewing System

Ultra-Violet Radiation

Vienna Ab-initio Simulation Package
Vertical Focussing Mirror

Velocity Interferometer System for Any Reflector
Velocity Per Fringe

Warm Dense Matter

X-Ray Framing Camera

X-Ray Pinhole Camera

X-Ray Scattering code

X-Ray Thomson Scattering

VISAR analysis code (name)

HOPG crystals with various degrees of mosaicity

Table of constants

Constant Symbol Value Units

Speed of light in vacuum ¢ 2.99792 x108 m/s

Permittivity of free space &g 8.85419 x107!2 C?/(J-m)

Electronic charge (—) e 1.60218 x1071° C

Mass of an electron Me 9.10938 x1073! kg

Planck’s constant h 6.62607 x10734 m2kg/s
h=h/2n 1.05457  x 10734 m2kg/s

Bohr radius ap 5.29178 x10~% m

Boltzmann’s constant kg 1.38066 x1072 J/K

Pi s 3.14159
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List

of common variables

Symbol

Variable

k= ‘f\—z sin(6/2)

a=1/k)\

Sgev Si‘

[y = 2 /dmeodkpT,
© = kpgT./Er

rs =d/ag

wp = \/nee? [egme
As

Ape = V/eokuTL]en,

Arr = /220 Br 31,

vin = \/kBT./me

Ep = (72h2/2m,) (3n,/7)*?
Tr = Er/ks

kr = (37%n,)'/3

d = (3/(4mn,))"/?

Ne, Ty

p
1., T;
Z

=
(S

Scattering wave vector
Scattering parameter

Free electron-electron, ion-ion structure factor
Ion-ion coupling parameter
Degeneracy parameter
Wigner-Seitz parameter
Electron plasma frequency
Plasma screening length
Electron Debye screening length
Thomas-Fermi screening length
Thermal velocity of electrons
Fermi energy

Fermi temperature

Fermi wavenumber
Inter-particle spacing

Electron, ion density

Mass density

Electron, ion temperature
Ionization degree

Shock, particle velocity
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Appendix B

The Lindhard dielectric function
(RPA)

The dielectric function can be obtained from the random phase approximation (RPA).
A detailed derivation of the dielectric function can be found in a paper by Arista
and Brandt [163], who calculated it for all degrees of degeneracy. Many textbooks
also provide a good background on the RPA as well as the explicit expressions for
the Lindhard dielectric function at T" = 0 corresponding to a fully degenerate free
electron gas used in Chapter 6 [1406, [159].

Since the dielctric function can be linked to the dynamic structure factor, it is used
to calculate synthetic scattering spectra. The explicit expressions used to calculate the
free electron part of the dynamic structure factor S(k, w) used to calculate the inelastic
spectrum for the degenerate hydrogen in section 6.4. is provided in this appendix.
The dielectric response function can be separated into its real and imaginary parts
as [146]:

€RPA(]€,CU) 261(]{,W)+i62(k3,w), (Bl)

while the energy-loss function, which describes the spectrum of excitations in the
plasma through momentum and energy transfer, is defined through the fluctuation-

dissipation theorem as [130)]:

80hk2

—1 80hk'2 62(]{7,U)>
) : _ _ B.2
S(k‘,td) 7T€2ne m |:€<k’w):| 7T€2ne |€(k7w)‘2 ( )
_ gohk? ex(k,w) (B.3)

re?n, e2(k,w) + 3(k,w)’
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The explicit expressions for 1(k,w) and ey5(k,w) for a fully degenerate electron
gas are found from equations and by summing over the momentum space;
the calculation was first done by Lindhard (1954) [160]:

w — kvp + hk?/2m,
w + kvp + hk?/2m,

R (1 ke [ (w+ BE2/2m)?
51(]{5,(.4.)) = 1-‘-?{5—}—@ (ka)z —1 ln

_ 2 2 _ . 2
(W =Rk 2m.)* D ¢ kvg — hk*/2m, | (BA)
(kvp)? w + kvp — hk?/2m,
with
Tkip w hk?
52(k,a}) E?E’ fOI'OSWSkUF— 2’)77,8
K2 k (w- W>2 k2 k2
T Rpp RF 2me
= L - l1—->——""72 | for kvp — <w<k
4 k2 k (kvr)? ) HOFROE 2me — WS kup 2me,
2
= 0, for w > kvp + ;Lk : (B.5)
for k < 2kr and
2 w — 1 i 2 2
ﬂ-kTF ]i]p < B 2me> hk hk
= _EZ g —hvp <w< B.
go(k,w) 12k oor)? o kvp <w < -~ + kvp (B.6)

for k > 2kp. Here k is the scattering vector (equation , krp = 2w /Arp is
the Thomas-Fermi screening wavenumber of the electrons (equation and vp =
hkp/m. is the Fermi velocity with the Fermi wavenumber kr = (37%n.)"/3. These
expressions correctly reproduce many features in the scattering spectrum including
the effect of screening and plasmon oscillations at w, in the plasma. In the case of
calculated spectra in section 6.4.1 k > 2kp, thus equation was used to obtain
go(k,w).
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