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Abstract

Whilst the field of High Energy Density physics spans a history of more than a century,

it lacks a reliable dynamic temperature diagnostic. This work presents computational and

experimental work on developing such technique based on the principle of detailed balance.

In molecular dynamics simulations, monocrystalline copper is shocked along [001] to pres-

sures ranging between ambient and 70 GPa, and its synthetic elastic and inelastic diffraction

signal is computed via the spatial and temporal Fourier transforms of the atomic coordi-

nates. In the plastic regime beyond the Hugoniot elastic limit, the crystals slip faults and

stacking faults arise, which cause certain Bragg spots to link up in reciprocal space. The

compression facilitates the detection of the inelastic phonon modes through pressure hard-

ening by increasing their spacing in energy space, yet the quasi-elastic signal linked to the

stacking faults can dominate the spectra outside of the first Brillouin zone. Whilst these

temperature measurements highly benefit from increased resolution, it is proposed that the

shock compression setups can also determine a Doppler-induced energy shift on the order of

meV, which could be used as a direct particle velocity diagnostic.

As part of a collaboration in the European XFEL experiment p2191, the ambient and

resistively elevated temperatures of monocrystalline diamond are determined. In order to

expand this technique into the field of dynamic compression, more results of experiment

p2191 and work of p2656 presented here recorded spectra for polycrystalline copper, cobalt,

and nickel samples. Whilst no temperature could be determined, the photon levels for a

seeded XFEL sufficed to generate high-resolution spectra of inelastic scattering that exhibit

varying asymmetry, indicating the presence of microstructure-related quasi-elastic scatter-

ing. Whilst predictions about the inelastic signal strength through a photometrics code

could be verified, diffraction data remained inconclusive due to poor grain statistics in the

polycrystalline targets.
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Chapter 1

Introduction

1.1 Motivation and Historic Context

Research in the field of matter in extreme conditions has kept mankind occupied for many

generations of scientists and has a rich, well-documented history[1–11]. In addition to purely

academic reasons – the mere fascination of understanding these exotic states – or to design

nuclear fusion reactors[12, 13], describing the interior of our own planet and characterising

the objects within our solar system (and beyond) is of growing importance[14–19]. On much

smaller spatial scales, ultra-high pressure research involves the prediction and generation

of novel metastable materials, with the prominent example of diamond being a recovered

variation of carbon that would not form under ambient conditions[20–24].

Due to their highly energetic nature, such extreme states of matter usually either exist

only for a brief time or need elaborate containment, which is why handling them comes

with unique challenges. To characterise their nature on microscopic scales, x-ray diffrac-

tion is one of the earliest structure diagnostics employed to characterise high-pressure or

high-temperature phase diagrams[25–29]. These techniques could be advanced in line with

improved x-ray and neutron beams, such as from synchrotrons and spallation sources, which

allowed to disperse scattered beams in energy to obtain high-resolution inelastic spectra[30–

36]. Particularly, intricacies like the collective motion of the constituent atoms under high

pressure could be analysed through the creation or annihilation of phonons[37–48]. Since

these modes–on the order of meV–are of very low energy, the relative bandwidth of interact-

ing x-rays–on the order of keV–is required to be extremely narrow.

As of today, there a several well-established methods of obtaining matter at such extreme

pressures. A prominent static route is through diamond anvil cells (DACs), where a small

sample is wedged between two brilliant-cut diamonds and pressures beyond 600 GPa can be
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obtained[49, 50, 43, 44, 51–55]. Apart from static compression, dynamic methods involving

inertial confinement often allow for even higher pressure states to be reached, for example

via rapid compression through explosives or gas guns[56–59]. More recently, the compression

through high-intensity lasers of nanosecond pulse duration has been combined with intense

x-ray beams of similar or shorter duration[60–90]. Such rapid loading usually results in the

compression wave gradually steepening into a shock when traversing the sample, where the

behaviour of the latter is described by the Rankine-Hugoniot equations[91, 92]. Shocking

significantly increases the entropy of the compressed material and, despite the higher confine-

ment due to increased pressure, causes most elements to melt around 100-300 GPa[93–95].

This can be circumvented through ‘quasi-isentropic’ (QI) compression, where the initial

strong shock (e.g., one top-hat laser pulse) either is replaced by several weaker laser shocks

or reverberates within specifically designed targets[96]. In the continuous limit, this can

be achieved through a gradually increasing ramp profile[97–100, 80, 101–105], where the

materials at several TPa were found to remain solid[106–111].

The field of high energy density (HED) physics highly benefits from the immense progress

in transient x-ray sources of increasing brightness, where early developments involved laser

generated plasmas[60, 61, 112, 64, 68, 69, 71, 76, 80, 113] that were complemented by

synchrotrons[114–116, 83, 86, 117]. The current state-of-the-art, 4th generation light sources,

are X-ray Free Electron Lasers (XFELs)[118–121], pushing the peak spectral brightnesses by

more than nine orders of magnitude beyond those of synchrotrons. This gave rise to a multi-

tude of publications[70, 72–75, 77, 78, 84, 122, 82, 87, 88], where these intense x-ray sources

are used to probe dynamically compressed matter through diffraction in order to extract

information of their microstructure with unprecedented temporal resolution on the order of

fs. Such work is supported by a wide range of simulations[123–131], which evolved alongside

increasing computing power, and help the analysis and design of experimental campaigns.

Given the highly transient nature of shock and QI compression, probes determining the
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thermodynamic properties of the compressed matter need to be equally confined in time,

where the sample density commonly is determined through Bragg or Laue diffraction from

the previously described sources. Furthermore, the pressure often is indirectly inferred from

the breakout velocity through Velocity Interferometer System for Any Reflector (VISAR)

measurements[132–134], where an equation of state is linked to the Rankine-Hugoniot re-

lations. Whilst these methods for density and pressure have a proven track record, as of

today, a precise dynamic temperature diagnostic is lacking. Due to complex microstructural

behaviour, where plastic compression and relaxation changes the heat within the solid, it

also cannot be reliably inferred like pressure is. A common route attempts to compare the

intensity of Bragg spots or the modulation of an x-ray absorption edge in Extended X-ray

Absorption Fine Structure (EXAFS), which both are linked to the Debye-Waller effect[135–

141]. However, this method directly relies on the Debye temperature of the sample, which

depends on the pressure and sample microstructure, and also itself is a function of temper-

ature again.

A proposed route to fully characterise the thermodynamic state of the compressed solid

is through its phonons. Hereby, an x-ray inelastically scatters off these thermalised lattice

vibrations by creating or annihilating phonons, corresponding to Stokes or anti-Stokes inter-

action. The relative intensity of these processes depends on the absolute temperature through

the principle of detailed balance[142, 30, 31, 143], and could be used as a direct diagnostic in

dynamic compression experiments[144, 145]. Given the low energy of these modes compared

to the x-rays employed to resolve the atomic lattice spacing, a highly monochromatised

beam of extremely narrow bandwidth is required, which comes at the price of photon flux.

Furthermore, the phonon cross section is about three orders of magnitude lower than the

elastic signal at a Bragg spot[32, 31], and usually the extreme pressure state is only existent

for a few ps. These are the main reasons for why only now, with the advent of extremely

brilliant XFELs, dynamic experiments based on this principle are being developed, such as
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at the Linac Coherent Light Source (LCLS)[144]. Particularly, related to the LCLS work

but on unshocked monocrystalline diamond, the ambient and resistively heated temperature

were obtained at the European XFEL (EuXFEL)[145, 146] with an uncertainty of about 9%.

Whilst this static experiment overcame the low photon numbers through integrating over

many XFEL pulses, recent developments such as seeding[147, 148] substantially increased

the potential photon flux. Further research on improving these sources for shock and QI

compression experiments is in progress, in order to combine the dynamic temperature diag-

nostic with intense, ultrashort, high-repetition-rate drivers, such as the DiPOLE laser[149]

at the EuXFEL.

This work reports on progress being made towards using inelastic x-ray scattering as

temperature and microstructure diagnostic in shock and QI compression. Molecular dynam-

ics (MD) simulations of shocked, monocrystalline copper provide insight into the interplay

of elastic and inelastic signal contributions and their effect on potential temperature mea-

surements. Further, two experimental campaigns covering proof-of-principle experiments at

ambient conditions inform the design of future dynamic endeavours, outlining anticipated

signal strengths and resolution requirements.

1.2 Structure of Thesis and Author Contributions

Due to the collaborative nature of experimental work in HED science (and most research in

general), parts of the results in this thesis were found through team efforts. This section aims

at outlining the content of the following chapters whilst highlighting the author contributions.

Chapter 2 provides an overview of relevant theoretical concepts employed throughout this

thesis that is based on well-known material covered in various textbooks. First, the structure

and dynamics of crystals is introduced, followed by the description of their behaviour under

shock compression. Second, the physics of x-ray generation through XFELs, and their inter-

action with solid matter through Compton and Thomson scattering is presented. Lastly, the
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computational concepts used to simulate shocked crystals and to extract inelastic Thomson

scattering from noisy x-ray detectors are outlined.

Work presented in Chapter 3 is about MD simulations of shocked copper crystals, with

pressures ranging up to 70 GPa, where synthetic inelastic scattering is compared to elastic

scattering. The simulations set up by the author, David McGonegle, and Patrick Heighway

were run with LAMMPS, which was developed by the Sandia National Laboratories. For the

parallelised spatial Fourier transforms, part of a code suite called ‘Son of Howard’ was used,

which was developed by past Wark group members. Part of the real-space analysis was done

with the commercially available program Ovito and the phase diagram demarcation data in

Figure 3.3 was extracted from Sadigh[150].

Chapter 4 features signal strength predictions of p2191 and p2656 based on an inelastic

photometrics code, qualitative simulations, and experimental diffraction data. p2191 was the

commissioning experiment of the EuXFEL HED instrument, where a large number of col-

laborators were involved, consisting of researchers from the EuXFEL, Deutsches Elektronen-

Synchrotron (DESY), Stanford Linear Accelerator Center (SLAC), Lawrence Livermore Na-

tional Laboratory (LLNL), Atomic Weapons Establishment (AWE), and the Universities of

Jena, Rostock, Trento, Warwick, and Oxford. Given the timeline of the beam time com-

petition, the proposal had been submitted prior to the author joining the University of

Oxford. The p2656 campaign was designed by the EuXFEL, the Indian Institute of Science,

and University of Oxford, and executed by the EuXFEL, the Helmholtz Zentrum Dresden

Rossendorf, and the University of Oxford. Particularly, the development of the four-bounce

(533) monochromator was led by Lennart Wollenweber. The experimental work in the HED

chamber involved a large number of EuXFEL scientists, where the author provided design

specifications, provided and mounted the Oxford targets, and informed the target selection

process with photon numbers. The p2656 Laue diffraction setup was designed and imple-

mented by Thomas Preston and the author. The initial EuXFEL data analysis (reading
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data, correcting x-ray camera signals) were done by Oliver Humphries, Lennart Wollenwe-

ber, Adrien Descamps, and the author. The Single Photon Counting routine was proposed

by Oliver Humphries and Adrien Descamps, and implemented by Oliver Humphries and the

author. The course of action during the experiments and the subsequent interpretation of

the p2191 experimental results were aided by discussions with the respective collaborators,

particularly Adrien Descamps, Emma McBride, Benjamin Ofori-Okai, Siegfried Glenzer,

Lennart Wollenweber, Thomas Preston, Ulf Zastrau, David McGonegle, Oliver Humphries,

Julian Lütgert, and Justin Wark. The shape function scattering code in Section 4.4.1 was

developed by Oliver Humphries, Ed Rowe, and the author. The mimicked polycrystal was

generated with the simulations described in Chapter 3, yet the parallelised Fourier spatial

averaging routine was developed by Pontus Svensson, Thomas Gawne, and the author.

Chapter 5 is about the experimental equivalent under ambient conditions at the HED

instrument of the EuXFEL of the simulations presented in Chapter 3, where high-resolution

inelastic spectra were obtained. These were analysed by the author with the program maleo,

which was designed by Muhammad Kasim.

The main findings of this work are summarised and put into context in Chapter 6, where

also future trends in the field of inelastic scattering in shocked solids are evaluated. Figure 6.1

was reproduced from Descamps[145].

The bulk of the work in Chapter 3 is included in the manuscript Karnbach 2021[151],

which was published in the Journal of Applied Physics. Part of the collaborative work

in Chapters 4 and 5 resulted in the publications by Preston[152], Descamps[145], and

Wollenweber[146], with the author of this thesis a co-author.
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Chapter 2

Selected Concepts of Shocked Solids, X-Ray Scattering, and

Scientific Computation

2.1 Introduction

This chapter provides an overview of selected background information and nomenclature

used in this thesis. Hereby, concepts of solid matter at extreme conditions and the physics of

x-rays, together with relevant computational methods will be featured. Given each of these

topics has been explored by physicists for many decades now, for a greater depth of detail

the reader is referred to the numerous publications on these matters[153–158].

2.2 Realistic Crystals and Shock Physics

2.2.1 Crystal Structures

Central to this work are crystals, that constitute a large fraction of condensed matter in

the universe. In the most general sense, crystalline matter consists of atoms arranged in a

periodic manner that, through this periodicity, exhibits unique collective features.

Matter consisting of Nα atoms and Nβ electrons is described by a highly complex wave

function accounting for the Nα+Nβ positions and Nα+Nβ velocities in 3D space, not even

taking into account intrinsic properties like spin. Yet, due to its extreme symmetry, a perfect

crystal can be described with much fewer parameters; that is as a sum of identical units–the

crystal basis–that are arranged on a periodic lattice. The latter is given by all positions R

through

R = m1a1 +m2a2 +m3a3 (2.1)
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bcc fcc hcp

Figure 2.1: Schematic of conventional unit cells of bcc, fcc, and hcp. The sc structure is the
same as bcc, yet without the central atom.

with m1, m2, and m3 ∈ Z. The vectors a1, a2, a3 are linearly independent (yet their

choice is not unique) and are called primitive lattice vectors if the parallelepiped they are

spanning–the primitive unit cell–contains only one lattice point. Its volume is V is given as

V = a1 · (a2 × a3)

and, placed at each lattice point R, fills the entire crystal space. For practical reasons, there

are several different choices of unit cells (conventional unit cells) that contain more than one

lattice point. Particularly relevant for this work are cubic crystals, where a1, a2, and a3 are

orthogonal and of the same length, hence spanning a perfect cube.

The crystal basis, which is repeated at each R, can consist of single atoms, multiple

identical atoms, or many different atoms, ranging from pure Cu crystals to ion lattices of

water ice, up to complex enzymes made of hundreds of atoms. Each atom itself exhibits

a structure depending on its nucleus and the configuration-specific electron cloud (charge

density) the respective element equilibrated at.

Lattices of the cubic family come in three main varieties as shown in Figure 2.1: simple

cubic (sc), face-centred cubic (fcc), and body-centred cubic (bcc). In addition, the hexagonal

close-packed (hcp) structure can be seen, which is part of the hexagonal crystal family.
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Examples of such structures at ambient conditions are Be and Co in hcp, Cr and Fe in bcc,

or Cu and Ni in fcc.

The position of each basis atom i within the crystal is found by

Ri = m1a1 +m2a2 +m3a3 + ri

with its position ri within the conventional unit cell. Hence, in a cubic system with a lattice

constant a (and a monoatomic primitive cell), the atoms are found at the following positions:

sc : r1 = a (0, 0, 0)

bcc : r1 = a (0, 0, 0) , r2 =
a

2
(1, 1, 1)

fcc : r1 = a (0, 0, 0) , r2 =
a

2
(0, 1, 1) , r3 =

a

2
(1, 0, 1) , r4 =

a

2
(1, 1, 0) .

Diamond, relevant in Chapter 4, forms a fcc lattice with a two-atomic basis, and is referred

to as face-centred diamond cubic (fcdc). The relative displacement of its two basis atoms

is 1
4 (a1 + a2 + a3) and the atoms of the diamond structure are located at the following

positions:

fcdc : r1 = a (0, 0, 0) , r2 =
a

2
(0, 1, 1) , r3 =

a

2
(1, 0, 1) , r4 =

a

2
(1, 1, 0) ,

r5 =
a

4
(1, 1, 1) , r6 =

a

4
(1, 3, 3) , r7 =

a

4
(3, 1, 3) , r8 =

a

4
(3, 3, 1) .

It is clear that these crystalline structures exhibit numerous symmetries in various direc-

tions and planes cutting through them. For that reason, it is convenient to use the Miller

indices h, k, and l that describe equally-spaced crystal planes of equivalent direction. Hereby,

the plane second-closest to the origin of the conventional unit cell intercepts the cell axes

spanned by a1, a2, a3 at a1/h, a2/k, a3/l respectively. For a cubic lattice, the spacing
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between the (hkl) planes is

dhkl =
a√

h2 + k2 + l2
.

Conventionally, negative Miller indices are denoted with a horizontal bar, e.g., the planes

with h = 1, k = −2, l = 3 are written as (12̄3). Furthermore, due the cubic symmetry, the

planes (100), (010), and (001) have equivalent spacing, they can be grouped through {100}

(referred to as a family of planes), which will be particularly relevant for polycrystalline

samples presented later within this work.

2.2.2 Reciprocal Lattice

Directions of high symmetry within the crystal can be defined with help of these planes. For

any given (hkl), the vector perpendicular to them is called reciprocal lattice vector Ghkl.

The reciprocal lattice is the real space lattice expressed in the basis of lattice planes, which

is used in x-ray scattering off such crystals as shown later in this chapter. It is constructed

from the Miller indices through the reciprocal lattice vectors b1, b2, and b3 by

Ghkl = hb1 + kb2 + lb3

and its magnitude is inversely proportional to dhkl. The reciprocal lattice vectors, that span

the reciprocal space in analogy to Equation 2.1, can be calculated from

b1 = 2π
a2 × a3

V

b2 = 2π
a3 × a1

V

b3 = 2π
a1 × a2

V
,
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with the volume V of the conventional unit cell and the constant 2π chosen such that the

symmetry found in diffraction studies becomes apparent. Hence, they satisfy the property

ai · bi = 2πδij . From the reciprocal lattice vector, the lattice spacing can be found through

dhkl =
2π

|Ghkl|
.

In analogy to the crystal planes, directions within the crystal are denoted as [hkl] and families

of directions as ⟨hkl⟩.

2.2.3 Phonons

The above expressions describe a perfect crystal where the atoms are spatially localised

around each lattice site, equivalent to a theoretical system at 0 K. At finite temperatures,

the atoms oscillate around these equilibrium points. Due to the coupling between the atoms

in a crystal, these thermal oscillations in the form of elastic waves can be described through

quantised quasi-particles called phonons, that behave like bosonic particles.

Phonons are attributed a magnitude, energy or frequency, direction, and momentum.

The latter two are commonly summarised as vector q, referred to as the phonon wavevector.

As bosons, the population of the mode with q is described by

〈
nqj
〉
=

[
exp

(ℏωqj
kBT

)
− 1

]−1

,

the Bose-Einstein distribution, where ℏωqj is the phonon energy with its angular frequency

ωqj , ℏ the reduced Planck constant, T the temperature of the crystal and kB the Boltzmann

constant. In this work, only monatomic crystals are considered and the index j describes

the acoustic transverse or acoustic longitudinal branch. For this simple case, the dispersion

relation of a one-dimensional crystal (an infinite chain of atoms separated by a) is found by

considering the nth atom and the classical interaction with its direct neighbours according
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to Newton and Hooke:

m
∂2xn
∂t2

= K [(xn+1 − xn) + (xn−1 − xn)] , (2.2)

with the effective spring constant K of their interatomic potential, xn the position, and m

the mass of the nth atom. With the educated guess

xn = A exp [i (qx− ωt)]

and A ̸= 0, Equation 2.2 can be solved for the phonon dispersion relation

ω (q) = 2

√
K

m

∣∣∣sin qa

2

∣∣∣
which is plotted in Figure 2.2. It describes the relation between the phonon energy ℏω and

its momentum q. Its maximum is at qmax = π
a with a frequency (the Debye frequency) of

ωD = 2
√

K
m , where its group velocity is zero whilst each atom is of directly opposite phase

as its neighbours, and it vanishes at qmin = m2π
a for m ∈ Z. The latter implies that phonons

only exist between the reciprocal lattice vectors G, where their energy is the highest exactly

in between two reciprocal lattice points. Note that for this monatomic 1D system, only

one solution per momentum is found (the acoustical modes), whilst for crystal systems with

polyatomic bases, additional polarisations and optical phonon branches arise.

The dispersion relation found for the monatomic case can be expanded into 3D for more

complicated crystals. Customarily, the functional dependence is displayed in a basis of

crystal directions of high symmetry. All other directions can be inferred via superposition

of several phonons. Note that there is no single correct choice of basis, but this choice of

symmetry reduces algebraic complexity.

In addition to describing which phonon modes exist, in the context of x-ray scattering it
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Figure 2.2: Longitudinal phonon dispersion relation for a monatomic 1D chain of equally
spaced identical atoms. For low momenta, the relation can be linearly approximated with
the slope given as the speed of sound.

also is helpful to understand their density of states g (ω) dω = ĝ (q) dq, i.e., how many phonon

modes can exist at a certain energy ω + dω or momentum interval q+ dq, which will affect

the scattering cross section. Hereby, the Debye model provides a instructive approximation.

For a cubic crystal of extent L and N atoms, the 3D mode density in q-space is
(

L
2π

)3
per polarisation. For one longitudinal and two transverse polarisations, the total number

of modes is 3N . The Debye model defines a highest wave vector qD or frequency ωD as a

cut-off, that defines a sphere such that the correct number of modes is contained:

3N =

∫ qD

0
ĝ(q)4πq2dq =

∫ qD

0
3

(
L

2π

)3

4πq2dq (2.3)

=
V

2π2
q3D (2.4)

with the real-space volume V = L3. Further, the Debye model assumes a linear dispersion

relation of ω ≈ vsq with the speed of sound vs. Thus the Debye frequency ωD = vsqD is
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found with Equation 2.4 as

ωD = vs

(
6π2N

V

)1
3

.

To find the density of states in energy space, Equation 2.3 is compared with the energy

density and converted with the derivative of the approximated dispersion relation dq
dω = 1

vs

as

g(ω)dω = ĝ(q)dq = 3
V

(2π)3
4π

(
ω

vs

)2 dω

vs

g(ω) =
9N

ω2D
ω2.

The key takeaway of this expression for a 3D crystal is the quadratic growth of the density of

states with the phonon frequency. Whilst the Debye model only is an approximate description

of the physics of phonons, experimental findings in monatomic crystals show that indeed the

density of states rising with ω is a good rule-of-thumb. Note that the presented considerations

are good approximations for phonons in crystals whose potential is quasi-harmonic (usually

a good approximation for low temperatures), but projecting the thermal crystal modes to

harmonics (cf. temporal Fourier transforms) has its limits at higher temperature, where

anharmonic effects such as phonon-phonon scattering will start to play a role.

2.2.4 Stress and Strain

In addition to phonon modes in ambient crystals, this work will investigate their behaviour

under compression through a force applied to one of their surfaces. This is referred to as

stress, and for the simple case of a normal force of magnitude F applied to a crystal face A

is defined as σ = F/A. This can be expanded into a 3D tensor σ to account for shear stress
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that arises perpendicular to the force applied in any of the three cardinal directions:

σ =


σxx σyx σzx

σxy σyy σzy

σxz σyz σzz


with the stress σij being the i-component of the stress applied on a unit area normal in the

j-coordinate. The mean pressure of the system is given by a third of the trace of this tensor.

Applying stress will change the crystal and cause a reaction (a resistance to being com-

pressed), where it can change its volume, shape, and orientation. Hereby, true strain is

defined as dϵ = dl
l and describes the infinitesimal length change dl along the normal of a

material of initial length l. The strain rate is the time derivative of ϵ, and affects which

deformation mechanisms are active.

For a normal compression in simple 1D uniaxial stress geometry, the strain is proportional

to the stress through Young’s modulus E as ϵ = σ/E and the crystal behaves elastically

(reversible length changes upon varied stress). For most crystals, this linear approximation

only holds true for small enough stresses as beyond a certain threshold (the yield stress), the

response of the crystal will encompass plastic changes (irreversible). Analogously to stress,

strain in realistic systems also is a tensor quantity and related to stress through a stiffness

tensor. In the plastic regime, there is coupling between the σii components and upon full

material yield (no internal strength), the system becomes hydrodynamic in character, where

σxx = σyy = σzz like it is the case in fluids.

2.2.5 Crystallographic Defects

So far, the crystal systems introduced in this chapter have been for perfect lattices with small,

thermal oscillations around their equilibrium position. Usually, materials are defective, where

their structure exhibits deviations from that order. It is useful to treat imperfect crystals as
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Figure 2.3: Schematic of the stacking sequence of close-packed structures. On the left, fcc
can be seen, which consists of three different layers A, B, and C when viewed at in (111)
(paper plane), described by an ABCABC... sequence. On the right, hcp can be seen, which
consists of only two alternating layers A and B.

a superposition of a perfect crystal and certain defects, that in turn have certain effects on

the physical properties of the material, e.g., their yield strength. Given the large number of

atoms present in even microscopic samples, there is a wide variety of defects which come in

different dimensionality.

The lowest ones are point defects, such as vacancies (an atom is simply missing within

the lattice), interstitial atoms (an arbitrary type of atom placed between the lattice sites), or

substitute atoms. One-dimensional deviations are line defects such as dislocations (primarily

full or partial edge and screw dislocations). One dimension higher, there are planar defects

such as stacking faults or grain boundaries, whilst lastly, holes/pores, cracks, or small regions

of different material are classified as volume defects.

This work focuses on grain boundaries and stacking faults. Grain boundaries are the
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imperfect link between two adjacent crystallites (e.g., created through the merger of two

growing crystals of mismatched orientations) and are numerous in polycrystals. Stacking

faults, which through homogeneous nucleation are the main defect arising behind the shock

front in the Cu simulations, are changes in stacking order. In Figure 2.3, the (111) plane of

a fcc crystal is shown (layer A). Superimposed is the next layer (B), followed by a final layer

(C) before A would be repeated again (ABCABC...). Similarly shown in Figure 2.3, the

sequence ABAB... is shown as the order for a hcp crystal. For a perfect fcc crystal, slipping

on plane relative to the rest can create a stacking fault. For example, the faulted order

ABCABABC... will locally be a hcp contribution to the lattice. At the edge of such faults,

partial dislocations can be found to reconcile the defects with the otherwise perfect lattice.

The example for a stacking fault spanning the entire sample can be seen in the Appendix A,

Figure A.1.

2.2.6 Shock Wave Physics

The experimental and simulation work in the field of HED physics frequently involves the

usage of shock compression to obtain extreme states of matter. Macroscopically, shock waves

are described as a discontinuity of pressure, density, and energy propagating faster than the

speed of sound in the unshocked medium. Such a scenario is shown in Figure 2.4, where a

medium of mass density ρ0, pressure P0, volume-specific internal energy E0, and velocity

U0, that is initially at rest (U0 = 0), is driven by a piston with velocity Up (the particle

velocity) generating a shock front at velocity Us and altering the state variables between the

piston and that discontinuity.

The behaviour of strong shocks, where the stress exceeds the yield strength of the material

and the system is dominated by fluid-like behaviour, is well described by the set of Rankine-

Hugoniot equations[91, 92]. These can be found by considering the conservation of mass,

momentum, and energy at the discontinuity defined by the shock front.
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P0, ρ0, E0, U0
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t = 0
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t = dt

P, ρ, E, Up
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Usdt

(
Us − Up

)
dtUpdt

Figure 2.4: Schematic of the shock compression model process used to derive the Rankine-
Hugoniot equations. A piston (black) drives into a medium of density ρ0 (light green) from
the left, compressing it to ρ (dark green).

Starting from the conservation of mass, at time t = dt > 0 the total mass in the com-

pressed region is found through its density and volume as m = ρV = ρA
(
Us − Up

)
dt.

Similarly, at t = 0, the corresponding uncompressed region corresponds to m = ρ0AUsdt.

Eliminating A and dt results in the 1st Rankine-Hugoniot equation:

ρ0Us = ρ
(
Us − Up

)
.

Further, according to Newton’s 2nd law, the change of momentum p of that mass m equals

the force F applied over dt, where

dp = (ρ0UsAdt)Up

Fdt = (P − P0)Adt

18



which yields the 2nd Rankine-Hugoniot equation:

(P − P0) = ρ0UsUp.

Similarly, based on the conservation of energy, the change of internal energy EV − E0V0

will be given by the amount of compression work done by the piston PdV (neglecting phase

transitions), and the kinetic energy 1
2mU2

p imparted. Equating these and dividing by Adt

results in

Eρ
(
Us − Up

)
− E0ρ0Us = PUp −

1

2
ρ
(
Us − Up

)
U2
p

and, solving for the change of specific energy using the specific volume v = 1
ρ , yields the 3

rd

Rankine-Hugoniot equation:

E − E0 =
1

2
(P + P0) (v0 − v) .

The three Rankine-Hugoniot equations are independent yet contain five unknowns. To un-

ambiguously find parameters as a function of only one other in order to predict the behaviour

of shock compressed systems, another constraint is required, which commonly is referred to

as Equation of State; unintuitively, this only determines the Hugoniot, rather than any other

part of the phase diagram. One route is to relate the shock to the particle velocity through

the polynomial expansion

Us = vs + S1Up + S2U
2
p + ...

where the ambient speed of sound vs and the Si are are tabulated parameters. This is the

empirical formula used to find the piston velocities required to obtain the high pressure states

in the molecular dynamics simulations presented in Chapter 3.
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One such prediction commonly sought after is the final pressure state reached as a func-

tion of specific sample volume, which is referred to as the Hugoniot. For an initial tuple of

pressure and volume, it describes the thermodynamically allowed states that can be accessed

through a single shock.

2.3 X-Ray Physics

Investigating the behaviour of crystals, where characteristic length scales are on the order

of Å, requires probes with extreme spatial resolution. Most commonly, this is done with

photons, electrons, or neutrons. Whilst the de Broglie wavelength of electrons and neutrons

even for moderate kinetic energies is on the order of most lattice spacings, x-ray photons

do not suffer from the limited surface sensitivity of electron diffraction as seen in Trans-

mission Electron Microscopy, nor require as large of a sample volume as neutron scattering

experiments do.

2.3.1 X-Ray Free Electron Lasers

There are numerous natural and man-made sources of x-rays, such as astronomical objects

like neutron stars or supernovae, cathode rays as used in medical imaging, or radiation at

synchrotrons. In the field of ultrashort lasers, development on high harmonic generation in

gases expanded the field of table top lasers into the extreme ultraviolet regime, bordering soft

x-rays. Whilst any of these come with various up- and downsides such as potentially low flux,

little beam control, or elaborate and costly setups, the sources adequate for the work in this

thesis are X-ray Free Electron Lasers[121] (XFELs). These provide short, pulsed radiation

of extreme brilliance, also called spectral brightness. For an x-ray source propagating in

z-direction it is defined as the incident photons per second per solid angle per sources area
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per frequency interval through

B =
Ṅ

µxµyσxσy 0.1% ·∆ω

with the Ṅ photons per second, the beam divergence µi in mrad, the source size σi in mm,

and its bandwidth ∆ω[158].

On a high level, an XFEL can be divided into two parts: an electron injector into a linear

accelerator followed by a undulator. The latter acts like a laser gain medium with single pass

operation. Due to the linear acceleration and single pass cavity, the physical extent of these

sources is on the order of kilometres, which partially is due to the lack of efficient reflective

optics in the x-ray regime.

The linear accelerator produces a relativistic electron beam in the GeV range at a radio

frequency repetition rate, which is designed to be of minimal spatial extent to provide a con-

fined gain medium. Then, the electron beam enters the undulator part of the XFEL, where

strong alternating magnets of undulator period λu divert the electrons through the Lorentz

force back and forth on a superimposed trajectory perpendicular to their initial direction of

propagation. Finally, the electron beam gets diverted and dumped. Beforehand, they oscil-

late at a frequency of ωu = 2πc
λeu

, where λeu = λu
γ is the Lorentz contracted undulator length

seen by the relativistic electrons. These periodic lateral diversions (accelerations) give rise

to synchrotron radiation through spontaneous emission centred at λeu in the electron frame.

After boosting back into the laboratory frame, the wavelength of the generated radiation

is λu
2γ2

(
1 + K2

2

)
[118, 119], with K a function of the undulator parameters. Typically, for

electrons with kinetic energies on the order of tens of GeV and undulator spacings of a couple

of centimetres, this corresponds to radiation on the order of keV, where the wavelength can

be tuned over a wide range of energies[120].

The emission of synchrotron light of electrons in the accelerator bunches is inherently a

stochastic process and the generated x-rays through spontaneous emission are incoherent.
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However, due to a effect called ‘bunching’ the electrons in the electromagnetic field of undu-

lator and radiation, that are initially smoothly distributed within a continuous accelerator

bunch, influence each other through their emitted photons, experience a slight drift, and

spatially group up, forming so-called microbunches along the XFEL axis with a period of

λeu. This amplifies the x-ray signal and is referred to as self-amplified spontaneous emission

(SASE). The overall repetition rate of the XFEL will be given by the radio frequency of the

linear accelerator and the bunch substructure. The temporal extent of each microbunch will

determine the lowest pulse duration (typically on the order of a few tens of fs).

An even better temporal coherence is achieved through self-seeding, where after a few

undulators, the electron beam is diverted, and the initial x-ray photons monochromated by

a diamond crystal. A higher order of the transmitted monochromatised component (tem-

porally later than the lowest reflection order) provides extremely monochromatic residual

photons, that are recombined with the electron beam and act as the seed in the following

undulators to obtain a very narrow bandwidth[159, 160].

The EuXFEL, a XFEL located in Hamburg with an approximate length of about 3.4 km

in total, provides x-rays in a range of 0.25 to 25 keV with a peak brilliance on the order of

5 · 1033 photons
smm2mrad20.1%∆ω

. It operates at a linear accelerator repetition rate of 10 Hz with

a 220 ns intra-bunch pulse spacing and up to 2700 pulses per bunch at 10 to 200 fs pulse

duration, whilst, at 7.5 keV, its SASE full-width-half-maximum (FWHM) is about 20 eV.

This can be improved down to about 1.2 eV upon self-seeding operation.

2.3.2 Compton and Thomson Scattering

Apart from absorption, x-rays in the keV regime primarily interact with matter via Compton

scattering, which in the low energy limit is referred to as Thomson scattering. For Compton
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scattering, the change of the x-ray wavelength λ0 is described by

λ− λ0 =
h

mec
(1− cosΘ) ,

with the wavelength λ after scattering, the electron rest mass me, the speed of light c, and

the scattering angle Θ. For photon wavelengths long compared to the effective Compton

wavelength, the scatter process can be described as elastic and the Thomson cross section

for a free electron is

dσe
dΩ

=
(
k′/k

)2( e2

4πϵ0mec2

)2 ∣∣ϵ∗α · ϵβ
∣∣2

σe =
8π

3
r2e

with the incoming k and scattered photon momentum k′, the elementary charge e, vacuum

permittivity ϵ0, the polarisation ϵ of the incoming α and outgoing β photon mode, and

the classical electron radius re = e2

4πϵ0mec2
. For linearly polarised x-rays, the second line

describes the average cross section of a free electron radiated into 4π.

The Thomson differential cross section in matter is given by

d2σ

dΩdE′ =
(
k′/k

)2
r2e
∣∣ϵ∗α · ϵβ

∣∣2 S(Q, ω) (2.5)

where the specific structure factor S(Q, ω) describes the correlation between the scatterers

(i.e., atoms). In case of solids, it can be split into a contribution of elastic and inelastic

scattering

S(Q, ω) = SE(Q, ω) + SI(Q, ω), (2.6)

whilst the overall scattering process can involve contributions from either one of these.
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Figure 2.5: Scattering triangle of Thomson scattering. An incoming photon of k is scattered
by an angle of Θ into direction k′, changing its momentum by Q = G + q, the combined
effect of lattice and phonon scattering.

Hereby, as sketched in Figure 2.5, the photon of momentum k is scattered at an angle

Θ into k′ and changes its momentum by

Q ≈ 2k sin
Θ

2

with the scattering vector Q = k − k′ = G + q, where G describes the elastic lattice and

q the inelastic phonon contribution. The magnitude of k and k′ is almost equal given the

negligible phonon energy is tiny compared to the photon energy.

2.3.3 Elastic Scattering in Ordered Structures

Elastic scattering commonly is referred to as Bragg (in reflection) or Laue (in transmission)

diffraction and in monatomic crystals[31] is described by

SE(Q, ω) =
Z2

ℏ
f2(Q)e−2W

[∑
m

exp iQrm

]
δ (ω) (2.7)

where Z is the atomic number of the sample, f(Q) the atomic form factor, W the Debye-

Waller factor, m runs over each atom in the sample, and ω is the photon angular frequency.

Evaluating Equation 2.7 for the immense number of atoms present in relevant samples is a

significant computational challenge and thus usually only possible for short times and small
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samples. However, it can be seen that due to interference, the elastic contribution to the

diffracted intensity depends on the coherent sum of scattering signal of each individual scat-

terer, e.g., each atom at position rm, weighted by a relative phase factor. The bracketed

expression in Equation 2.7 mathematically is just the Fourier transform of the atomic posi-

tions in Q, and in the case of a perfect monatomic crystal an infinite three-dimensional grid

of δ-functions in reciprocal space, i.e., the Bragg peaks as commonly found in single crystal

diffraction, described through

SE(Q, ω) =
Z2

ℏ
f2(Q)e−2W

[
L3

(2π)3

∑
G

δ(Q−G)

]
δ (ω) , (2.8)

with the sample extent L and the reciprocal lattice vector G. In experiments with poly-

crystalline samples, Debye-Scherrer rings will be found. This is consistent with Bragg’s law,

which states 2dhkl sin
Θ
2 = nλ with integer n and the x-ray wavelength λ.

Hereby, since the Ghkl often are based on the conventional unit cell, the set of allowed

diffraction planes is non-trivial for most crystal systems due to inference within the unit

cell. Whilst Equation 2.8 contains the Fourier transform of the whole lattice made up of

individual atoms, the system can also be described as an infinite lattice of conventional unit

cells with a basis consisting of n atoms. According to the Fourier convolution theorem, the

structure factor then is proportional to the convolution of all conventional Bragg δ-peaks

with the Fourier transform of the unit cell. The latter is given by

SE(G) ∝
∑
j

exp
(
iGrj

)

and modulates the Bragg peak intensities; particularly, it can vanish. Substituting in the
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relative atomic positions from Section 2.2.1 will yield

SE(G) ∝
∑
j

exp
(
i [hb1 + kb2 + lb3] ·

[
xja1 + yja2 + zja3

])
∝
∑
j

exp
(
2πi
[
hxj + kyj + lzj

])
(2.9)

with the rj =
(
xj , yj , zj

)
and where the property ai · bi = 2πδij was used. For the example

of a fcc lattice, this reduces to the sum over the four atoms as

SE(G) ∝
∑
j

exp
(
2πi
[
hxj + kyj + lzj

])
∝ exp (2πi [h · 0 + k · 0 + l · 0]) + exp (πi [h · 0 + k · 1 + l · 1])

+ exp (πi [h · 1 + k · 0 + l · 1]) + exp (πi [h · 1 + k · 1 + l · 0])

∝ 1 + (−1)k+l + (−1)l+h + (−1)h+k .

This describes the fcc selection rules of a finite SE(G) for h, k, l being all odd or all even,

and SE(G) = 0 otherwise. In Table 2.1, the allowed diffraction peaks for the most common

crystal structures are shown.

Structure Finite SE(G) Vanishing SE(G)

sc All h, k, l None
bcc h+ k + l even h+ k + l odd
fcc All h, k, l odd or even All others
fcdc All h, k, l odd, or even and h+ k + l divisible by four All others
hcp l even and h+ 2k not divisible by three All others

Table 2.1: The diffraction selection rules based on Equation 2.9 for the most common crystals.

Further than interference of atoms in the conventional unit cell and different crystallite

orientations within the sample, the overall crystallite shape affects the diffraction signal. A

finite crystal spanning the volume C, i.e. atoms in a periodic lattice of finite extent, can be
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understood as the product of an infinite perfect crystal and a shape function defined as

gS(r) =


1 if r ∈ C

0 if r ̸∈ C.

According to the Fourier convolution theorem, the Fourier transform of this product,

i.e., inserted into equation 2.7, is equivalent to the convolution of the Bragg peaks with

the Fourier transform of the shape function. Thus, the relative elastic intensity is found to

behave as

SE (Q) ∝
∑
G

g̃S (Q−G) (2.10)

with g̃S the spatial Fourier transform of the shape function. This describes an infinite sum

over G, which is impossible to numerically evaluate. However, given most shape functions

decay quickly in Q, for most scattering configurations in the keV regime, it usually suffices

to sum over a local reciprocal area. This deviation from sharp δ-peaks in reciprocal space

gives rise to the quasi-elastic scattering (QES) relevant in this work.

2.3.4 Inelastic Scattering in Ordered Structures

Inelastic scattering (IXS) involves a phonon and in a perfect crystal is approximated[31] by

SI(Q, ω) = Z2f2(Q)e−2W L3

(2π)3

∑
q0j

|q · e(q0j)|2

2mωq0j{〈
nq0j

〉
δ(ω + ωq0j) +

(〈
nq0j

〉
+ 1
)
δ(ω − ωq0j)

}
∑
G

δ(Q± q0 −G) (2.11)
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Figure 2.6: Detailed balance: Stokes (right) and anti-Stokes peaks (left) for a sample that
is hot, cold, or close to its Debye temperature. Overlaid is a potential QES contribution.
ωD is the Debye frequency, the most energetic phonon frequency in the crystal, and ωq the
energy of the phonon involved in the scatter process.

with the phonon momentum q, polarisation e, and the atomic mass m. In crystals, IXS is

much weaker than elastic scattering at the Bragg/Laue spots.

When dispersing the scattered beam of initial photon energy ℏω0 as shown in Figure 2.6,

two distinct peaks arise due to the Stokes and anti-Stokes process. In the former, the x-ray

photon creates a phonon of energy ℏωq or in the latter, absorbs a pre-existent phonon and

undergoes any energy upshift by ℏωq. This process is dependent on the Bose-Einstein factor

and thus the absolute temperature of the sample. The relative intensity of the peaks provides

a direct source of the absolute temperature via

I1
(
ω0 − ωq

)
I2
(
ω0 + ωq

) =

〈
nq
〉
+ 1〈

nq
〉 = exp

ℏωq
kBT

. (2.12)

Note that Figure 2.6 also shows a third peak, quasi-elastic scattering, which may be super-

imposed and can impair the temperature measurement principle featured in this work.
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2.4 Scientific Computation

A large fraction of the work in Chapter 3 involves high-performance computing to simulate

the behaviour of the metal crystals and analyse their signals. Hereby, as the computing

power grows, so does the accessible range of physics, where, e.g., the spatial extent and

duration of shock simulations can increase relative to past investigations. In addition, the

analysis of noisy x-ray detector images applied in Chapter 4 and 5 is outlined below.

2.4.1 Molecular Dynamics Simulations

In the field of solid state and shock physics, there are numerous simulation methods to model

and predict the physics observed in experiments. For static experiments, where the long-term

time evolution is of no concern, stable crystal structure prediction includes Density Func-

tional Theory (DFT), simulated annealing, and several Machine Learning implementations.

Whilst for full quantum-mechanical treatment most systems quickly grow too large to be

analytically or numerically handled, dynamic simulations covering compression and shocks

add even more complexity and come at high computational cost (one structure per time

step). This is why often, simplifications of the involved physics have to be made, and the

systems are approximated by their dominant physics (at the price of reduced accuracy). Such

methods include ‘hydrocodes’[161, 162] (modelling the sample as a liquid with an average

strength) and, most relevant to this work, MD simulations.

These classical simulations approximate the evolution of several millions of point-like

atoms through numerically integrating Newton’s equations. By knowing their positions and

velocities, the forces acting on these particles are found through interatomic potentials.

Hereby, only the equation of motion of the ions is solved, since, as the electrons are more

than three orders of magnitude lighter than the nuclei and move much faster at the same

temperature, for the electrons the nuclei are quasi-static and the electronic system quickly

equilibrates even whilst the nuclei are moving, as described by the Born-Oppenheimer ap-
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proximation. Hence, the electrons are modelled as an effectively time-independent potential

governing the ion dynamics.

The Lennard-Jones potential was one of the first pair potentials used in MD simulations,

given by

V (r) = 4ϵ

[(σ
r

)12
−
(σ
r

)6]
,

with the parameters ϵ, σ, and the interatomic distance r. The first term describes the

steep repulsive force arising when atomic electron clouds begin to overlap, and the second

term the long-range attractive van der Waals forces. Whilst it has limited applicability

for metals, and all structures modelled with this potential assume a fcc configuration, its

historical importance arises from its low computational cost and ability to reproduce some

basic crystal properties.

Throughout this work, a potential based on the Embedded Atom Method (EAM) will be

employed. For a monatomic system, it describes the potential energy Vi of ion i through

Vi =
1

2

∑
i̸=j

ϕ
(
rij
)
+ F

∑
i ̸=j

ρ
(
rij
) ,

where rij is the distance between ion i and j, ϕ describes the pairwise interaction energy,

F the embedding function describing the energy required to place ion i within the electron

cloud of local density ρ. The latter usually is determined from the neighbouring atoms up to

a certain cut off, whose individual electron densities are treated as isotropic (note that the

Modified EAM incorporates an angular dependence yet at significant additional computa-

tional cost). Since the nuclei do not explore far away from their equilibrium positions, these

element-specific potentials are fine-tuned and benchmarked with empirical data and can turn

out to be good approximations of static properties up to pressures of several hundreds GPa

(e.g., elastic constants, defect energies). Note that given their classical nature, the particle
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velocities follow a Maxwell-Boltzmann distribution given by

f (v) d3v =
1

(2π)2/3 v3e
exp

(
− v2

2v2e

)
d3v

with ve =

√
kBTe
m , rather than the quantum-based Bose-Einstein distribution ⟨n⟩ that accu-

rately describes the phonon population.

The MD suite used in this work is Large-scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS)[163], which is an open-source code that can be executed in parallel on

computing clusters. It numerically integrates the Newtonian equations of motion of millions

of atoms using a Verlet algorithm, ensuring that the number of particles, the volume of the

simulation box, and the energy of the system are conserved.

2.4.2 Single Photon Counting

Here, a very basic routine[164, 165] to extract a scarce photon signal from pixel-based x-ray

detectors is presented that was used in the collaborative p2191 experiment[145, 146] at the

HED instrument of the EuXFEL as covered in Chapter 4 and 5.

In these experiments, 2D arrays containing the signal on the flat detectors made up of

hundreds of thousands of micron-sized pixels are generated at a repetition rate of 10 Hz.

Thus, efficient post-processing is required to inform the course of the experiments. Leverag-

ing the low signal strengths (the 2D arrays are scarce in respect to the number of detected

photons per image), a simple algorithm based on comparing the signal within the vicinity of

a pixel can extract the single photon hits.

An x-ray photon of energy ℏω0 registered by a single pixel gives rise to an average signal of

magnitude A. However, the photon can also excite multiple pixels, or spread across multiple

pixels upon readout. Summing such smeared signal similarly produces average counts of

A. Hereby, the noise floor of the camera systems employed in this work is on the order of
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20% · A.

The simple algorithm employed scans the 2D array for any pixels above the noise floor.

If the signal strength of the current pixel is (1± 0.2) ·A, it is noted down in a separate array

as single photon hit. Next, if the combined signal strength of the pixel and its eight adjacent

neighbours is (1± 0.2) · A, the cluster is classified as a multi-pixel hit and the most intense

pixel is noted down as a hit. Again, since the signal is scarce, multi-photon hits on the very

same pixel or adjacent clusters are extremely rare and hence disregarded.
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Chapter 3

Molecular Dynamics Simulations of Inelastic X-Ray Scattering

from Shocked Copper

3.1 Introduction

Whilst previous MD simulations have been post-processed to provide simulated high-pressure

diffraction (i.e. elastic scattering) patterns[125, 64, 126, 99, 166–168, 100, 169], little work

has been reported which attempts to investigate inelastic scattering in this regime. The aim

here is to provide a modest first step in this direction, assessing the feasibility of using x-ray

inelastic scattering to gather information about the phonons present behind the shock front

in a shocked single crystal. Note that extremely high plastic strain rates are present in such

systems, indicating that copious dislocations and other defects are homogeneously generated

at the shock front, and these have certainly been seen in previous MD simulations, where,

for example, dislocation densities of order 1013 cm−2 have been reported for shock pressures

of order 100 GPa[170, 171, 125, 66, 172–174]. Such a high density causes disruption to

the perfect periodicity of the lattice on the length scale of tens of lattice spacings, raising

the question as to the lifetime of coherent oscillations within the system, and thus whether

distinct phonon modes can be observed. Furthermore, such defects, whilst mobile during

the time that they are relieving shear stress, will by interrupting the lattice give rise to a

quasi-elastic scattering signal, even when scattering is occurring far from a Bragg peak. Ex-

perimentally, this quasi-elastic scattering must be differentiated from the inelastic scattering

from the phonons, potentially placing limits on the energy resolution required.

Whilst it will not be attempted here to address fully all of the above questions here, it will

be shown for the chosen conditions that although copious defects are indeed generated when

the crystal is shocked above the Hugoniot elastic limit (HEL), distinct phonon modes can still

be discerned, though the phonon dispersion relation is, as expected, significantly modified
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by the compression process. Furthermore, the defects present (in this case mainly stacking

faults[175, 176]) do indeed give rise to a quasi-elastic signal that competes with the inelastic

features. As will be shown below, at least for these single crystal simulations, the inelastic

signal should still be discernible in the first Brillouin zone, but care needs to be taken if

measurements are made beyond this region of reciprocal space, as the stacking faults present

will, at least along certain directions, completely overwhelm the inelastic signal. Finally,

it is noted that given the level of energy resolutions achievable, in an experimental signal

the particle velocity of the compressed portion of the sample will give rise to a potentially

measurable Doppler shift of the scattered x-rays that could be used as a further diagnostic

of the system.

This chapter is laid out in the following manner. First, in Section 3.2 the parameters

of the simulations, both in terms of the MD simulations themselves, are described and the

Fourier transform methods employed. In Section 3.3 the results are presented, where plots

of the simulated scattered intensity as a function of wavevector and energy transfer are

provided, and also a pathway to obtaining the mean particle velocity behind the shock front

via the Doppler effect is laid out. The implications of the results and proposals for further

investigations are discussed in Chapter 6.

The simulations and their analysis within this chapter were designed and performed by

the author, and are included in the manuscript Karnbach 2021[151] published in the Journal

of Applied Physics.

3.2 Simulations

3.2.1 Molecular Dynamics Simulations via LAMMPS

All simulations were performed using the open-source code Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS)[163] on a parallelised CPU cluster. The atomic re-
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Figure 3.1: Section of the simulation box. The sample has been shocked along [001] to 30
GPa and exhibits stacking faults classified as hcp as highlighted in red. The bulk sample
is in fcc configuration (green). The dominant types of one-dimensional defect are Shockley
and Hirth dislocations according to the Dislocation Extraction Algorithm (DXA)[177].

Figure 3.2: Section of the simulation box. The sample has been shocked along [001] to 70
GPa and exhibits stacking faults classified as hcp as highlighted in red. The bulk sample
formerly primarily in fcc configuration (green) is dominated by defects and now consists in
large part of hcp material.
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sponse was modelled using the Cu EAM01 Mishin 2001 potential[178], which specifically was

designed for high-pressure applications, accurately models dominant plasticity, e.g. stacking-

fault energies, and hence is commonly used for shock simulations. The simulation box size

was set to 50× 50× 455 unit cells in the [100], [010], and [001] direction, respectively. The

total of 4.55 million copper atoms were arranged in a perfect fcc lattice that was aligned

with the coordinate system. In the x- and y-directions, the boundary conditions were pe-

riodic, whilst in the z-direction the boundary condition was left non-periodic to allow for

compression.

The simulations were run with a time step of 1 fs and total duration of 30 ps. At first, the

initialised fcc lattice is thermalised at 300 K for the first 2 ps under constant-NVE conditions,

creating a realistic ambient crystal with temperature and pressure fluctuations on the order

of ±1 K and ±0.5 GPa respectively. The crystal is then shock-compressed by driving a rigid

piston consisting of 50 × 50 × 15 unit cells at the lower z-edge, at fixed velocity, for 28 ps

along [001]. The final pressure reached ranged from 0 to 70 GPa depending on the velocity

of the piston (i.e. the particle velocity behind the shock front). The strain rates vary from

3 ·1010 s−1 (10 GPa shock) to 6 ·1010 s−1 (30 GPa shock) up to 9 ·1011 s−1 (70 GPa shock).

During the last approximately 8 ps of each of the 8 simulations, the real-space positions of

all of the atoms in a central, fully shocked region of 50 × 50 × 50 unit cells extent and an

atom count of approximately 500,000 are saved (“dumped”) every 32 fs; any further analysis

will be only regarding these sets of atoms. The edge of the output box is approximately

50 unit cells distant from the piston, and its spatial extent is reduced for simulations with

higher final pressure given the compression of the lattice, such that the number of dumped

unit cells, and thus atoms, approximately stays the same.

The typical response of the crystal to the shock compression can be seen in Figures 3.1

and 3.2, where the atoms in the crystal have been colour-coded via a post-processing algo-

rithm using the Ovito code[179], where the colours are assigned according to the common-
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Figure 3.3: Phase diagram of Mishin copper[150] (black lines) with the pressure and tem-
perature states reached in this work (blue circles). This correctly suggest a significant hcp
phase above 50 GPa, yet given the directional shock nature of our MD simulations, the phase
boundaries are only a rough indicator (compare with hcp and fcc fraction results listed in
Table 3.1). Note that blue circles correspond to the 2D temperature in the xy−plane as
calculated by LAMMPS through the kinetic energy, where the z-component is excluded due to
the drift velocity of the centre of mass into z.
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neighbour-analysis (CNA)[180–182] and the Dislocation Extraction Algorithm (DXA)[177],

with atoms in an fcc environment being coloured green, and hcp atoms as red. The two plots

shown correspond to pressures behind the shock front of 30 and 70 GPa, respectively. As has

been found previously, for an initially perfect copper crystal the Mishin potential predicts

an onset of shock-induced plasticity[183] (at the HEL) at around 30 GPa[184], with entirely

elastic behaviour below this pressure. In Figure 3.1 this onset of plasticity is evinced by

the appearance of stacking faults, which appear as thin regions of hcp material in the {111}

planes. Furthermore, it is noted that for the Mishin potential employed here, a fcc-hcp phase

boundary at a shock pressure of approximately 55 GPa has been found in a computational

recrystallisation study[150]. This is illustrated in Figure 3.3, where the dynamically-reached

pressure states featured in this work are plotted within the high-pressure Cu phase diagram.

However, whilst in shock simulations, the fcc-hcp fraction saturates at equal fcc-hcp phase

fraction at the highest pressures explored in this work (60 and 70 GPa) and no full fcc to

hcp phase transition is found[185], during a shock the hcp material nucleated by plasticity

can be thermodynamically similarly favourable as fcc, and thus forms extended bands of

hcp material several atomic layers thick that cannot be realised by plasticity alone, as seen

in Figure 3.2. Nonetheless, they shall be referred to these hcp bands as ‘stacking faults’

throughout, since the fcc phase fraction always exceeds the hcp phase fraction, or is on the

same order of, for the shock pressures up to 70 GPa.

3.2.2 Modelling of the Elastic and Inelastic X-Ray Scattering

The approach to modelling the elastic and inelastic x-ray scattering from these shocked

crystals is to take the space and time Fourier transform of their atomic coordinates as

described by Equation 2.7. The intensity of x-rays scattered with change of wavevector k
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with an energy change of ℏω is calculated via

I (k, ω) =

∣∣∣∣∣∣
∑
j

(∑
i

exp ik · ri
(
tj
))

exp iωtj

∣∣∣∣∣∣
2

(3.1)

with the atomic positions in real-space ri and the simulation time steps tj . Given the

constraints of computational expense, calculation of the inelastic scattering (i.e. that which

is a function of ω) is only undertaken along specific directions of interest in reciprocal space

– i.e. in one dimension in reciprocal (k) space, plus one dimension in frequency (ω) space.

Such directions of interest can first be identified using calculations of the elastic scattering

alone, which can be modelled from the atomic coordinates dumped at a single moment in

time, but now calculated over a wide, three-dimensional volume of reciprocal space, as has

previously been outlined in Warren[154] and is analogous to the calculations of Velterop[186]

and Kimminau[187, 126, 188]. Note that the atoms are modelled with neither extent nor

form factor, i.e. as 3D delta-functions in real space. In reality, a form factor arising from

the spatially extended electron distribution will affect the long-range behaviour in reciprocal

space, which in this work however is of lesser importance as for any given k-value this

intensity-reducing effect identically affects both the elastic and inelastic signal alike.

It is noted that strictly speaking this approach cannot capture several aspects of the rele-

vant physics, especially for the modelling of inelastic scattering. Firstly, phonons are quanta

of vibrations of the normal modes of the lattice, and their discrete nature is not captured in a

classical simulation. Secondly, in merely taking the temporal Fourier transform the creation

and annihilation of phonons that occurs in the inelastic scattering process is completely

ignored. However, it is contended that this approach still provides useful information, in

that for modes with energies low compared with the thermal energy the classical amplitude

predicted by the MD should be a good indicator of the expectation value of the quantum

amplitude. Indeed, the use of classical MD simulations to identify and study physical pro-
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cesses mediated by phonons is an established technique[189, 190]. As phonon creation and

annihilation are not taken into account, the intensities of the Stokes and anti-Stokes peaks

will not be related by detailed balance, which should be the case in practice. If desired, this

could be mimicked by weighting the spectra as a function of k and ω by the factor[31] of

I (k,+ω)

I (k,−ω)
= exp

ℏω
kBT

, (3.2)

with the mode intensity I, the momentum transfer k, the mode energy ℏω, the Boltzmann

constant kB, and the absolute temperature T in the sample, as introduced in Section 2.3.4.

As this is trivial, and does not lead to any deeper understanding, this is not done in this

work.

In undertaking these calculations, consideration must be given to the appropriate reso-

lution in reciprocal space. Given that the largest spatial scale is that of the simulation box

(which in reciprocal space will, as is seen, give rise to diffraction features itself), the spacing

of the k-points in reciprocal space is chosen to be such that such size effects are resolved –

i.e in this work ∆k ≤ π/4Li, with Li the simulation box extent in direction x,y, or z. For

the inelastic scattering calculations the atomic positions were output every 32 fs for 8.192 ps

and thus Ntime = 256 data points were obtained at a sampling rate of 31.25 THz, yielding

an energy resolution of 0.5 meV covering an energy range of ±64.62 meV. To mitigate the

influence of the finite time box, a periodic Hann window filter[191] is applied. Note that

the finite mean velocity of the atoms in the shocked crystal (i.e. the particle velocity) will

introduce a phase shift into the Fourier transform. In the results given below, this phase

shift is removed, but on the observation of such a shift (which is related to the classical

Doppler effect) will be commented on in Section 3.3.3.
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3.3 Results

An example of such a calculation for the intensity of the elastic (ω = 0) scattering is shown

in Figure 3.4. Here the square modulus of the Fourier transform is plotted for a crystal

shocked to 30 GPa (i.e. just above the HEL) as an intensity-threshold plot around the origin

for a region in reciprocal space bounded by points with Miller indices (±3,±3,±3.45), where

the indices are referenced to the ambient unshocked material. At this shock pressure the

crystal has been compressed to 87% of its original volume.

This elastic scattering calculation exhibits several features of interest. Firstly, it is noted

that from each of the intense points in reciprocal space streaks along the ⟨100⟩ directions

(i.e. along the coordinate axes) are observed. This feature is highlighted at the origin of

reciprocal space in the figure, by colour-coding it red. It is the artifact of the finite size

of the simulation box in reciprocal space, i.e., in accordance with Equation 2.10, it is the

well-known result that an orthorhombic shape in real space of dimensions Lx, Ly, Lz, will

have a ‘shape function’ in reciprocal space that, in the vicinity of the reciprocal lattice vector

G, gives rise to a diffracted intensity

I(k) ∝

∣∣∣∣∣∣
∏

i=x,y,z

sinc

[
Li(ki −Gi)

2

]∣∣∣∣∣∣
2

, (3.3)

which has prominent ‘arms’ along the ⟨100⟩ directions[154]. Indeed, the intensity in these

directions due to the shape function of the box of atoms is so great that it overwhelms any

thermal diffuse scattering. For the shocked crystals, the same intensity pattern will dress

every reciprocal lattice point, which will have shifted owing to the crystal compression.

However, as well as this artifact due to finite size effects, lines of high intensity in recip-

rocal space can been seen linking certain reciprocal lattice points along different directions.

Specifically, there is considerable intensity between some of the reciprocal lattice points along

[1̄11] and [111̄]. This quasi-elastic scattering is associated with the planar stacking faults
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Figure 3.4: A calculation corresponding to the purely elastic scattering at a shock pressure
of 30 GPa, obtained from the spatial Fourier transform of the atomic coordinates. The ex-
tent of the reciprocal space is defined by the two corners with Miller indices

(
3̄, 3̄, 3.45

)
and

(3, 3, 3.45). The colour scale threshold was chosen such that the Bragg peaks are clearly vis-
ible whilst the gradient from white to black indicates low to high [010]-coordinate. Intensity
situated in the first Brillouin zone is colour coded in red. The fcc Bragg peaks in addition
to stacking fault related diagonal streaks in [1̄11] and [111̄] can be seen.
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seen in Figures 3.1 and 3.2[192, 193]. The fact that particular points in reciprocal space will

have a large streak in intensity emanating from them along directions associated with the

normals to stacking faults is well known. As shown by Warren[154] and has been seen in

previous atomistic and MD simulations[171, 192, 193], the phase shift, ∆ϕ, introduced into

an x-ray as it traverses a stacking fault in the (111) plane is given by

∆ϕ =
2π

3
n111 (h+ k + l) , (3.4)

where n111 is the number of faulted planes. Analogous relations hold for the other stacking

faults in the {111} family of close-packed planes. Thus, linear streaks in reciprocal space

caused by the disruption to the real lattice by the stacking faults are expected, along direc-

tions which are the normals to the stacking fault planes, for those reciprocal lattice points

for which ∆ϕ ̸= 2mπ, where m is an integer. This is illustrated in Appendix A, where the

reciprocal space for a perfect fcc crystal with a single stacking fault is plotted.

A study of Figure 3.4 shows that the main features are consistent with the above picture:

strong scattering due to the stacking faults is not seen at the origin (where only the shape

function is visible, at least at the threshold intensity in the plot) or, for example, around the

reciprocal lattice points corresponding to {3, 3, 3} in the unshocked system. As a result, such

effects are not prominent in the first Brillouin zone. In contrast, strong elastic scattering due

to the stacking faults can be seen close to, for example, reciprocal lattice points corresponding

to {2, 0, 0} in the unshocked crystal. This reduction in scattering due to these planar defects

around lattice points for which ∆ϕ = 2mπ with integer m is referred to as the ‘invisibility

condition’[192]. As shall be found below, the density of stacking faults found in these shocked

samples is actually so high, and the lattice so distorted, that the effects of the faulting can

still be discerned, although at a level considerably reduced compared to the case where the

invisibility condition is not satisfied.

To elucidate the above observations of this quasi-elastic scattering signal, and the effect
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(2, 0, 0)

(0, 0, 0)

(1, 1, 1)

(0, 2, 2)

(1, 1̄, 1̄)

(0, 2̄, 2̄)

(1̄, 1̄, 1̄)
(1̄, 1, 1)

(2̄, 0, 0)

1st B.Z.

P1

P2

Figure 3.5: Two-dimensional schematic of Brillouin zones viewed in the
(
011
)
plane at 30

GPa. The origin (0, 0, 0) is depicted in red. Dashed lines indicate the paths P1 and P2 along
which spatiotemporal Fourier transforms are taken in this work. Grey shaded bars illustrate
linear reciprocal-space features arising from (1̄11) faults. Grey circles indicate features in
[111̄] that protrude from the viewing plane.

that the stacking faults have upon it, the inelastic scattering along two high-symmetry paths

in reciprocal space will be considered: the first path, which is labelled P1 in Figure 3.5, con-

nects reciprocal lattice points (2, 0, 0) and (1, 1, 1) along the [1̄11] direction; the second path,

P2, connects the (0, 0, 0) and (1̄, 1, 1) peaks. For an fcc crystal with perfect translational

symmetry, in which all Brillouin zones are exactly equivalent, the reciprocal-space intensity

along paths P1 and P2 would of course be identical. In the presence of the copious shock-

induced stacking faults, however, P1 may coincide with an intense streak of quasi-elastic

scattering. This signal – when it exists – arises specifically from stacking faults of the type

(1̄11), whose invisibility criterion is failed by both (2, 0, 0) and (1, 1, 1) (and indeed by every

reciprocal lattice point along the line passing through them). Path P2, by contrast, is per-

manently shielded from any such quasi-elastic signal because (0, 0, 0) identically satisfies the

invisibility criterion of every stacking fault variant. It thus becomes clear that quasi-elastic

intensity detected between the Bragg peaks strongly depends on the Brillouin zone under
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Figure 3.6: Spatiotemporal Fourier transforms along the path k = G1 + q(G2 −G1) con-
necting G1 = (2,0,0) and G2 = (1,1,1) in [001] shocked copper from 0 to 70 GPa. These
peaks and various Stokes/anti-Stokes phonon modes are seen, as well as quasi-elastic x-ray
scattering above the HEL, which for these perfect crystals is between 20 and 30 GPa. The
logarithmic heat map indicates an increase of the absolute intensity of the spatiotemporal
Fourier transform, normalised to the respective maximum intensity within each line-out.
Explicit coordinates of the new reciprocal lattice vectors G1 and G2 for each shock pressure
(accounting for the effects of lattice compression, plasticity-induced rotation, and stacking-
fault-induced phase shifts) are given in Table 3.1.

investigation.

With this in mind, now the full spatiotemporal Fourier transforms of the crystal along

paths P1 and P2 in reciprocal space will be examined. As shall be shown, the linear quasi-

elastic features also have a signature that extends into the energy domain, which must be

taken into account when considering inelastic scattering.

3.3.1 Phonon Modes under Shock Compression

To illustrate the significant impact of the stacking-fault features found in the {111}-directions,

in Figure 3.6 the phonon modes along pathP1 joining (2, 0, 0) and (1, 1, 1) for shock pressures

between 0 and 70 GPa are shown using the method described in Section 3.2.2. The colour
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scale indicates the intensity of a mode of energy ℏω with momentum ℏk. At shock pressures

below 30 GPa, distinct (2, 0, 0) and (1, 1, 1) Bragg peaks can clearly be observed along the

zero-energy axis. Note that the effect of the star-like (triple-sinc-squared) shape function is

only felt very close to the peaks, because in the {111} directions it decays extremely quickly.

As the pressure is ramped up, the Bragg positions move in k-space, which is attributable

to the shock-induced lattice compression, and, from 30 GPa onwards, to small plasticity-

induced rotations[183, 68, 77] together with stacking-fault-induced phase shifts[154, 171].

These effects give rise to increased distances in reciprocal space between specific reciprocal

lattice points along P1 and P2 in addition to apparent rotations of these paths of up to 3◦ –

details of how paths P1 and P2 migrate due to compression and plasticity effects are shown

for reference in Table 3.1.

P [GPa] G1

[
2π
a

]
G2

[
2π
a

]
G3

[
2π
a

]
|P1|

[
2π
a
√
3

]
|P2|

[
2π
a
√
3

]
γ [◦] fcc [%] hcp [%] Other material [%]

0 (2.00, 0.00, 0.00) (1.00, 1.00, 1.00)
(
1.00, 1.00, 1.00

)
1.00 1.00 0 100 0 0

10 (2.00, 0.00, 0.00) (1.00, 1.00, 1.06)
(
1.02, 0.98, 1.04

)
1.02 1.02 0 99 0 1

20 (2.00, 0.00, 0.00) (1.00, 1.00, 1.10)
(
1.02, 0.98, 1.04

)
1.04 1.04 0 95 0 5

30
(
2.08, 0.01, 0.10

)
(1.12, 1.04, 1.00)

(
0.98, 1.02, 1.13

)
1.03 1.06 3 86 12 2

40
(
2.06, 0.06, 0.09

)
(1.12, 1.09, 0.95)

(
0.98, 1.06, 1.12

)
1.01 1.06 3 69 25 6

50
(
2.06, 0.04, 0.09

)
(0.94, 1.02, 1.23)

(
1.06, 1.10, 1.11

)
1.11 1.07 3 51 38 11

60 (2.02, 0.01, 0.04) (1.04, 0.99, 1.30)
(
0.98, 0.98, 1.28

)
1.08 1.12 1 46 40 14

70 (2.04, 0.04, 0.05) (1.00, 1.00, 1.32)
(
1.06, 0.94, 1.26

)
1.10 1.12 2 10 79 11

Table 3.1: Reciprocal lattice points G1 = (2, 0, 0), G2 = (1, 1, 1), G3 = (1̄, 1, 1), magnitude
of paths P1 and P2 as shown in Figure 3.5, and apparent deflection angle of G1 relative to
ambient G1 as function of pressure P . The reciprocal lattice points and distances are related
to the ambient lattice constant a. The Bragg peaks move in reciprocal space due to shock-
induced lattice compression, crystal rotations, and stacking fault phase shifts. Furthermore,
the volume fractions of fcc, hcp, or unclassified material as a function of the final shock
pressure within the dump box are given, determined using common neighbour analysis[180–
182].

Above 30 GPa, there also exists between the Bragg peaks themselves a strong quasi-

elastic signal along the zero-energy axis that arises from the presence of defects [namely the

stacking faults of the kind (1̄11), which do not undergo significant changes on the lattice

vibration time scale] whose pressure-dependent intensity is shown in Figure 3.7. Given

that the distribution and abundance of {111} stacking faults vary between simulations, no
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Figure 3.7: Central QES intensity (blue squares) and the density of any dislocation type
within the dump box (red circles), as obtained by Ovito’s DXA[179] as a function of the final
shock pressure within the dump box. Prior to plasticity, the elastic scattering between the
Bragg peaks is very low and the material primarily fcc. Once stacking faults and associated
hcp appear, a sharp increase of QES can be found.

trivial pressure dependence of the plotted QES signal is found once the plastic regime is

entered. Whilst the distinct jump between 20 and 30 GPa is clearly related to the sudden

increase in defect density, only the binary relation can be resolved that once stacking faults

in (1̄11) appear, the central QES signal increases by approximately five orders of magnitude

relative to the ambient case; beyond this, the complex interaction of various defects and

rotations means the signal strength along P1 in the plastic regime fluctuates by two orders

of magnitude between different simulations.

As well as being connected by these quasi-elastic signals, the Bragg peaks are also linked
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Figure 3.8: The Cu LA and TA phonons at
(
3
2 ,

1
2 ,

1
2

)
are plotted as a function of final shock

pressure. Due to the lattice being compressed along [001], the elastic constants increase and
raise the phonon energy. In the elastic regime (below 30 GPa), the TA modes are split due
to wavevector components along and perpendicular to the shock direction. Once plasticity
arises, they can no longer be distinguished and the central mode of the TA band is shown.

up by arcs that span non-zero-energy regions of the spatiotemporal Fourier transform. These

show the intensities of the classical Stokes- and anti-Stokes modes corresponding to the

Cu [qqq] longitudinal-acoustic (LA) phonon (upper arc) and [qqq] transversal-acoustic (TA)

phonon (lower arc). Compression of the crystal along its [001] direction causes its elastic

moduli to increase via pressure hardening, which, in turn, causes the LA phonon energy

to scale with shock pressure. This phenomenon is illustrated in Figure 3.8, in which the

maximum energy of the classical modes at
(
3
2 ,

1
2 ,

1
2

)
is plotted as a function of shock pressure.
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It is noted in passing that the TA modes can be described by components oscillating in

the (001) plane, and perpendicular to it in [001]. Hence, upon elastic compression of the

crystal along [001], the associated loss of isotropy causes the TA modes to split into one

approximately ambient component related to the (001) plane (lower TA), and one pressure-

hardened component along [001] (upper TA). At 20 GPa, one can clearly distinguish two

distinct TA modes because of the large anisotropy of the unit cell at approximately 5% elastic

shear strain. Above the elastic limit, the plastic flow mediated by the stacking faults permits

some fraction of the deviatoric elastic shear strains to relax and the residual shear strain is

only about 1%. This lowers the elastic anisotropy of the crystal to such a degree that the

two TA modes can no longer easily be distinguished, but instead form a continuum whose

central frequency grows with pressure, much like the LA mode. The tendency of the phonon

frequencies to increase with pressure should allow them to be more easily distinguished from

the QES, a point to which shall be returned to in Section 3.3.2.

Figure 3.9: Line outs at
(
3
2 ,

1
2 ,

1
2

)
for 0 and 30 GPa (solid line). The simulated signal is

convolved with an Gaussian instrument function of FWHM 10 and 50 meV (dashed line).
At 0 GPa, LA and TA phonons can be seen, whilst at 30 GPa intense QES linked to the
stacking fault features dominates and only the LA modes are discernible. Note that for these
energy resolution considerations no temporal Hann filter was applied.
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In these shock simulations, the overall noise in the spatiotemporal Fourier transform

increases at higher pressure due to a confluence of higher sample temperature, higher defect

density, and also the emergence of the hcp phase (the volume fraction of which is shown

in Table 3.1). When taken into consideration along with the aforementioned stacking-fault-

induced QES, these plasticity effects can cause the phonon modes to become far harder

to resolve at greater pressures. Such signal reduction could play an important role in real

experiments, which is why next, the limiting effects of realistic instrument functions will be

explored.

3.3.2 QES and Energy Resolution

Dynamical compression experiments involving laser-driven shocked samples probed using

XFELs are of far-reaching interest to the HED physics community. The IXS technique rep-

resents another means of exploiting the power of the XFEL to diagnose material behaviour

under extreme conditions. The method does, however, place stringent conditions upon the

energy resolution required of the instrument used to collect the inelastic signal. The reso-

lution in the simulations presented in this work is 0.5 meV, which is yet to be matched by

dynamic experiments: at the IXS commissioning experiment of the HED end-station of the

EuXFEL, the instrument function was on the order of 50 meV[146] – this has been and will

continue to be further improved upon in the future at both the EuXFEL and LCLS. Whilst

the influence of the instrument function on the scattering signal is in principle deconvolvable,

shot noise poses a limit due to finite integration time at experiments. In this section, the

spatiotemporal Fourier transforms calculated in Section 3.3.1 are used to estimate the kind

of energy resolution required to distinguish the phonon modes in shock-compressed copper

from the background QES owed to the copious defects.

In IXS geometries, usually photons that correspond to a small range of momentum trans-

fer are recorded, which would correspond to a vertical line-out in Figure 3.6. For this reason,
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Figure 3.10: Spatiotemporal Fourier transforms along the path k = G0 + q(G3 −G0) con-
necting G0 = (0, 0, 0) and G3 = (1̄, 1, 1) in [001] shocked copper from 0 to 70 GPa. These
peaks and various Stokes/anti-Stokes phonon modes are seen, as well as quasi-elastic x-ray
scattering above the HEL, which for these perfect crystals is between 20 and 30 GPa. The
logarithmic heat map indicates an increase of the absolute intensity of the spatiotemporal
Fourier transform, normalised to the respective maximum intensity within each line-out. Ex-
plicit coordinates of the new reciprocal lattice vector G3 for each shock pressure (accounting
for the effects of lattice compression, plasticity-induced rotation, and stacking-fault-induced
phase shifts) are given in Table 3.1.

in Figure 3.9 raw line-outs of the Fourier transforms along the energy axis are shown at a

scattering vector of
(
3
2 ,

1
2 ,

1
2

)
(i.e. at the midpoint of P1) for simulations at 0 and 30 GPa.

Shown also are the same signals convolved with a normalised Gaussian of FWHM 10 (left)

and 50 meV (right), whose purpose is to emulate the instrument function. The Stokes- and

anti-Stokes peaks are, as expected, symmetrically spaced around the zero-energy modes.

Given the classical nature of the simulations, aside from numerical fluctuations, their rela-

tive intensities are matched, and are not subject to the detailed balance described by Equa-

tion 3.2 – as mentioned previously, correcting for this detail is possible, but unnecessary for

the purposes of the present study. The key question that will be addressed is whether these

peaks can still be distinguished in the presence of the background QES.
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Figure 3.11: Line outs at
(
1̄
2 ,

1
2 ,

1
2

)
for 0 and 30 GPa (solid line). The simulated signal is

convolved with an Gaussian instrument function of FWHM 10 and 50 meV (dashed line).
At both pressures, LA and (faint) TA phonons can be seen, whilst in the plastic regime
background QES linked to the increased disorder is also present. Note that for these energy
resolution considerations no temporal Hann filter was applied.

At ambient pressure, peaks from the LA and TA phonons can be identified at approx-

imately ±34 and ±14 meV respectively, while at 30 GPa (in the plastic regime) the QES

arising from the stacking fault streaks overwhelmingly dominates the spectra, and only a

faint TA signature can be made out at approximately ±15 meV. For an instrument function

with FWHM 50 meV, phonons can be resolved in neither the ambient nor shocked case, and

the signal is simply proportional to the total scattered photons. For an instrument function

of just 10 meV FWHM, the TA modes are resolvable, but only under ambient conditions;

the ambient LA modes, meanwhile, greatly suffer from noise due to their being in the second

Brillouin zone (where the effects of stacking faults are large), and so remain unresolvable.

Once the plastic regime is entered at 30 GPa, not even the TA phonons can be resolved

thanks to the extremely intense QES, even with such high energy resolution. These spectra

indicate that the presence of stacking faults could render measurement of phonon modes in

the second Brillouin zone unfeasible, at least along these specific directions in the second
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Brillouin zone in shock-loaded single-crystal copper.

However, as was illustrated in Figure 3.5, the stacking faults should not adversely affect

the first Brillouin zone, which is why it is instructive to consider the same spectra obtained

midway along P2, i.e. still along the [1̄11] direction, yet starting at the origin rather than

(2, 0, 0). The corresponding spatiotemporal Fourier transforms are illustrated in Figure 3.10.

Just as in Figure 3.6, Bragg peaks are visible along the zero-energy axis [in this case, (0, 0, 0)

and (1̄, 1, 1)] that are again connected by LA and TA modes. Once more, a splitting of

the TA modes into two branches is visible in the elastic regime, becoming less distinct from

30 GPa onwards. Unlike those along path P1, the TA modes here in the first Brillouin

zone are noticeably fainter than are the LA modes. The most striking difference between

Figs. 3.10 and Figs. 3.6, however, is in the contrast between the classical modes and the QES:

along path P2, the QES does not completely dominate the signal as it did along path P1.

This, as explained in Section 3.3, is thanks to the origin satisfying the invisibility criterion

for all four stacking fault variants.

In Figure 3.11 the corresponding raw line-outs and synthetic experimental spectra are

shown at scattering vector
(
1̄
2 ,

1
2 ,

1
2

)
, where the spectra are shown again for 0 and 30 GPa.

The LA (TA) modes in this case are found at ±34 (±14) meV for 0 GPa and at ±43

(±16) meV for 30 GPa. A relatively weak yet still significant background QES is present,

which may be due to the small but finite strains associated with the network of copious

stacking faults and the general increased disorder in the plastic region behind the shock

front. For the ambient crystal, the LA modes can be resolved with an instrument function

as wide as 50 meV FWHM due to their higher energies compared with the dominant TA

modes at
(
3
2 ,

1
2 ,

1
2

)
. However, the QES still dominates the synthetic spectra once the plastic

regime is entered, and at 30 GPa no phonons can be resolved once again. For an instrument

function of only 10 meV FWHM, however, the LA modes in both ambient and shocked copper

can be measured, and at 30 GPa, even the effect of the TA modes on the spectrum can be
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resolved. Ignoring the detrimental effect of the increased background QES that inevitably

accompanies it, pressure hardening here is of great assistance: the inelastic peaks at higher

pressure can be more easily identified due to the increased separation of the phonons in

energy space – a crucial benefit conferred by the compression itself. In any case, these

spectra indicate that, even within the first Brillouin zone, energy resolutions better than

50 meV will be required to perform IXS measurements of shock-loaded single crystal copper,

at least along the directions studied.

3.3.3 Doppler Shift

As noted above, the current resolutions that have been demonstrated at 4th-generation light

sources are in the region of 45 meV at a photon energy of 7.5 keV – i.e., a resolution better

than one part in 105. In future developments, it is envisaged that the use of even higher

photon energies – with even greater resolution – will be possible. Indeed, resolutions of

order just a few meV (e.g. 3 meV at 17.79 keV) have been demonstrated in synchrotron

settings[34]. It is important to note that the shock or ramp compression process will impart

a bulk velocity shift to the compressed portion of the crystal – in the parlance of the shock

community this is the ‘particle velocity’ (as opposed to the shock velocity at which the

compression front moves). With the above spectral resolution, this bulk velocity will exhibit

itself as a Doppler shift of the scattered signal whenever the collection geometry differs from

pure forward scattering. In this final section, the prospects of exploiting this Doppler shift

to experimentally measure the particle velocity behind the shock front is discussed.

Typically, for shocks in the 100 GPa range, the particle velocity Up is several 1000 ms−1,

resulting in β = Up/c on the order of 10−5, with c the speed of light in vacuum. This factor

is sufficiently large that the relativistic Doppler effect will need to be taken into account

when analysing the scattered signal: indeed, it will contain a direct measure of the particle

velocity within the material. In these simulations, the bulk sample velocity Up behind the
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shock front equals that of the driving piston in [001], which could be ‘corrected for’ by

transforming into the centre-of-mass frame of the shocked material. Without this correction,

any spatiotemporal line-out with a component in [001] would experience a Doppler shift.

In general, for a given x-ray photon with energy ℏω0, the scattered frequency after ab-

sorption and re-emission is

ω = ω0
1− β cosΩa

1− β cosΩe
, (3.5)

with angle of absorption Ωa, and angle of emission Ωe in the rest frame of the source and of the

detector[194]. For a sample shocked to Up in direction n̂s and probed by x-rays with incident

and scattered wavevectors k0 and k, the angle of absorption follows as Ωa = arccos n̂s·k0
k0

,

and the angle of emission as Ωe = arccos n̂s·k
k . Given that for x-ray Thomson scattering, the

magnitude of the scattering vector q follows as q = 2k0 sin
Θ
2 , this Doppler shift will hence

be strongly dependent on the scattering angle[154]. Without loss of generality, setting

n̂s =


0

sinα

cosα

 and k0 = k0


0

0

1

 , (3.6)

but subsequently confining scattering to the yz-plane, k reduces to

k =


kx

ky

kz

 = k


0

sinΘ

cosΘ

 . (3.7)

This is illustrated in Figure 3.12, and in Table 3.2, a selection of such Doppler shift

cases is shown. Note that this shift tends towards unity for direct forward scattering, for

which the effects of absorption and re-emission cancel out. Typically, α is small, and thus

the energy shift is most significant for back-scatter. Considering the example of copper at

100 GPa with Up = 1714 ms−1 at α = 10◦, Θ = 30◦, and ℏω0 = 7.5 keV, as is typical for the
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Figure 3.12: Scattering geometry for the particular case of incident x-rays with wavevector
k0 scattered from a thin Cu foil into k in the yz−plane. The shock, e.g., arising from a
short laser pulse (green), propagates in direction n̂s (red).

current EuXFEL HED configuration, this would cause a shift of just 2 meV. For back-scatter,

however, at Θ = 170◦, this increases to 82 meV, significantly shifting the signal and providing

the opportunity to directly extract Up even with the current modest spectral resolutions of

45 meV. If higher resolutions in the sub-5-meV range could be obtained at FELs at the

greater photon energies cited above, then particular velocities should be directly measurable

with accuracies well below 100 ms−1. Whilst this Doppler-shift approach to measuring

particle velocity cannot compete with a standard VISAR diagnostic[132–134], it would give

a velocity measurement within the material, without need for observation of motion of a

boundary, and without making the assumption that the velocity at a free surface is twice the

particle velocity. Furthermore, as it does not rely on optical reflection from a surface, such

an approach would not be subject to ‘blanking’ due to poor reflectivity. These considerations

illustrate that the Doppler effect in IXS could yet play an important role in the diagnosis of

materials rapidly compressed by laser-ablation.
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Shock angle α [◦] Scattering angle Θ [◦] ω
ω0

∆ω [meV]

0 0 1 0
90 1− β −25

180
[
1−β
1+β

]
−50

90 0 1 0

90
[

1
1−β

]
+25

180 1 0

270
[

1
1+β

]
−25

180 0 1 0
90 1− β −25

180
[
1+β
1−β

]
+50

Table 3.2: Doppler shift as function of the angle made by incident x-ray beam with the
direction of the shock, α, and of the scattering angle, Θ, when the scattered beam is confined
to plane spanned by n̂s and k0. The final column gives illustrative values for a particle
velocity of 1 km s−1 and incident beam energy of ℏω0 = 7.5 keV.

3.4 Summary

In summary, this work has made two modest steps towards understanding the physics of

shock experiments that use high-resolution IXS as a diagnostic. First, it was shown how

and why quasi-elastic scattering can be a challenge when measuring phonons via inelastic

scattering, particularly when intending to reliably determine the absolute temperature of

shock-compressed material by trying to resolve the Stokes and anti-Stokes peaks. Second, it

was demonstrated that through the shock-induced Doppler shift of the inelastic scattering

signal, it should be possible to directly extract the yet-inaccessible net particle velocity

behind the shock front.

The simulations presented here provide insight into a rich selection of physics. Upon

shock, the phonon energies rise due to pressure hardening. The resulting enhanced separa-

tion of the Stokes- and anti-Stokes peaks proves experimentally to be advantageous, as it

relaxes the energy resolution required to distinguish them. However, it also was shown that

collecting photons between the Bragg peaks (in order both to maximise this phonon energy
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and to avoid elastic scattering signal) can still be a challenging task when looking at defective

matter traversed by stacking faults, which give rise to QES. In particular, the 3D spatial

Fourier transforms show that certain regions in k-space are exceptionally affected, via linear

features connecting certain Bragg peaks in higher Brillouin zones. Indeed, due to the overall

increased disorder of the shock-compressed system, even within the first Brillouin zone there

exists a background QES that could impair phonon measurements if the diagnostic’s energy

resolution were insufficiently great, at least along the particular directions studied. The sim-

ulations herein have provided an indication of the kind of resolution required to distinguish

the inelastic peaks from the quasi-elastic signal threatening to swamp them (i.e. a few tens

of meV).

To generate the spatiotemporal Fourier transforms shown in Figs. 3.6 and 3.10, the

reciprocal-space paths along which the reciprocal space was probed were moved ‘in sync’

with the compression, in order that the paths always coincided with the Bragg peaks. For

real experiments, however, it is more common to commit to one small, predetermined k-range.

This could mean that the streaks drift through the detector range, potentially saturating any

phonon signal in temporally integrating setups. That being said, whilst the ⟨111⟩-streaks

caused by stacking faults can impair inelastic measurements, deliberately probing higher

Brillouin zones so as to maximise such linear features could be utilised to make statements

about the plasticity-induced microstructure of the shocked material.
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Chapter 4

Photometrics of X-Ray Thomson Scattering

4.1 Introduction

Through inelastic x-ray Thomson scattering, it is possible to directly measure the temper-

ature of solid materials via the principle of detailed balance as described in Chapter 3,

Equation 3.2. Photons scattered by the phonons within a thin solid are collected at a cer-

tain scattering angle Θ by Spherical Diced Crystal Analysers[195–198] (DCAs) and thereby

dispersed onto an x-ray detector. It is essential that the instrument function of the setup

is narrow enough to resolve the phonon peaks that are on the order of a few tens of meV,

provided these high-resolution (hr) spectra are not limited by shot noise. This is why, so far,

previous work only has showcased static hr IXS, done at synchrotrons of high photon flux

with long integration times of mere-continuous x-ray beams. This work is part of a collabo-

ration for proposal p2191 and p2656 at the EuXFEL HED instrument, which extended the

applicability of such temperature diagnostic into the dynamic regime using XFELs.

For well-behaved samples such as monocrystals, the signal relevant for the temperature

measurement consists of only two peaks[145], the Stokes and anti-Stokes, however, crystallo-

graphic defects such as grains add a third peak to resolve, a QES contribution[144]. To get

an understanding of what IXS and QES signal strength to expect in various geometries, this

chapter outlines work on a IXS photometrics code and benchmarks it against the experiments

p2191 and p2656 at the EuXFEL HED instrument[146]. Furthermore, two simulation routes

are pursued to illustrate the incoherent elastic signal arising from multigranular materials,

whilst, lastly, an experimental attempt at characterising such samples is presented.

First, the photometrics code will be presented, followed by phonon signal predictions for

a wide range of materials highlighting promising materials for hr IXS with 7.5 keV photons

for an ambient proof of principle. Second, the setups of the experiment p2191 and p2656 are
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introduced and the principle of the close-to-backscattering Bragg diagnostic is outlined. This

is followed by numerical predictions of the relative signal strength arising from the samples

shot, who, considering the experimental error margins, are found to be in good agreement.

Next, the qualitative elastic signal arising from the random summation of spherical, cubic,

cylindrical, and polygon-prismatic crystallites are presented to generate artificial Debye-

Scherrer patterns of spherical polycrystals that illustrate the decay of Bragg peaks, a method

commonly utilised in Small-Angle X-ray Scattering (SAXS) experiments[199–201, 122, 193].

Similarly, based on MD simulations, the spherically averaged elastic signal is calculated

between the Cu {1, 1, 1} and {2, 0, 0} Bragg peaks upon shock compression in [001] as a

first demonstration of the potential of the employed Fourier methods to model the signal of

dynamic experiments. This is concluded with presenting Debye-Scherrer diffraction from Cu

and rolled or electrodeposited Ni targets of p2656, which are exhibiting granular structures

in the {1, 1, 1} and {2, 0, 0} rings. It is found that whilst for sufficiently poly-crystalline

materials as numerically shown in this chapter, the QES at the same scattering angle yet

rotated about the Debye-Scherrer ring axis is comparable, the number of illuminated grains

is too low to inform the hr IXS analysis.

4.2 Inelastic X-Ray Scattering Photometrics

Due to the monochromatisation process required to achieve the extreme energy resolution,

the XFEL beam is highly attenuated and hence the hr IXS signal-to-noise ratio affected. To

resolve the Stokes and anti-Stokes peaks, it is crucial to collect a high number of photons.

Since the interaction is linear, in principle the signal could be increased by integrating trains

in the proof of principle experiments. However, to keep measurement times reasonably short,

it is essential to optimise the scattering signal; particularly in light of future dynamic exper-

iments with drive lasers where the samples are destroyed. This section presents predictive

numerical work on which material to shoot at what scattering angle Θ and experimental
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results on the number of photons expected to scatter inelastically.

4.2.1 Numerical Implementation

The IXS cross section of solids is given by Equation 2.11 and depends on a range of exper-

imental (q, ω0, T ) and intrinsic material parameters (Z, f , L, ma, ωq0j , G). The total

number of photons NDCA that get inelastically scattered onto a DCA analyser covering the

solid angle ΩDCA is

NDCA = N ′
0

∫ ∂σ(q)
∂Ω

dΩDCA
4π

Aspot

where N ′
0 is the number of photons interacting with the sample and Aspot the EuXFEL spot

size. It is found from N0, the number of photons incident on the sample after monochroma-

tisation as

N ′
0 = N0 ·

zabs
z

· e
−z/zabs
cosΘ − e−z/zabs

1− 1
cosΘ

, (4.1)

where z is the sample thickness, zabs denotes the absorption length of the material, and

sample-internal absorption of scattered photons is accounted for. Note that the QES contri-

bution in Equation 2.6 from SE(q, ω) will not be featured here but treated qualitatively in

Section 4.4.

To evaluate the cross section, several steps are taken:

• Given the XFEL photon energy of 7.5 keV and its energy change upon scattering being

on the order of meV, the fraction k′/k in equation 2.5 is set to unity.

• The polarisation factor |ϵ∗α · ϵβ |2 can be rewritten as 1− cosΦ2 sinΘ2.

• Confining scattering to within the first Brillouin zone (reasonable experimental angles),

only longitudinal modes will be considered. Hence, when integrating over energy, the
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factor in the second line of Equation 2.11 reduces to 2 ⟨n(Q)⟩+ 1.

• The atomic form factor is implemented as described by Brown[202] and numerically

computed in accordance with Resel and Hadley[203].

• The Debye-Waller factor is approximated in accordance with Als-Nielsen &McMorrow[158],

Section 5.4.

Thus, the cross section over solid angle can be calculated from

dσ

dΩ
(Q) = r2e

(
1− cos2Φ sin2Θ

) ℏQ2

2maωQ
Ns

×Z2f2(Q)e−2W (Q) (2 ⟨n(Q)⟩+ 1) ,

where Ns =
ρm
ma

V = ρm
ma

z Aspot denotes the total number of scatters within the illuminated

sample volume V = L3 with mass density ρm. These scattered photons are collected by

DCAs, reflected, and thereby dispersed onto a detector. Each DCA consists of approximately

2500 square, flat silicon crystals that are arranged on a spherical dome with R = 1m

curvature, i.e., a focal length of f = 50 cm. As shown later in this chapter, these are

providing ultra-high dispersion through close-to-backscattering reflection (Θ ≈ 90◦) off the

(533) planes. The cross section relevant to the EuXFEL experiments using DCAs is found

as

σ =

∫
dσ(q)

dΩ

dΩDCA

4π

with ΩDCA the solid angle covered by the DCA. The numerical code then integrates over

each crystallite, where the total solid angle covered is approximately Md2

l2
with M the total

number of silicon crystallites, d2 the area of each individual crystallite, and l the distance

between the sample and the DCA. The final number of photons detected by the x-ray camera
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per analyser is found by

N = N ′
0

σ

Aspot
ηDCA ηdet,

with ηDCA the analyser and ηdet the detector efficiency, where the former takes into account

the rocking curve and angular dependence of the (533) reflection.

4.2.2 Potential Targets at p2191 and p2656

Based on this numerical code to predict the IXS signal strength for the p2191 and p2656

campaigns, the results informing their target selection are presented here. In addition to the

photon count considerations, it also is essential to

• keep the thickness z of the material small and the scattering angle Θ low to avoid

source broadening,

• maintain a wide peak spacing along the energy axis to ensure they can be resolved by

the instrument,

• and avoid highly toxic or radioactive elements for the proof of principle runs.

Thus, for the photon energy of 7.5 keV set by the EuXFEL, numerous materials were consid-

ered and an overview of prime candidate elements is provided in Table 4.1 for 1010 incoming

photons on the target. The scattering angles are chosen to be just halfway between [000] and

the first Bragg peak for the most energetic phonon with the highest density of states. Since

the signal strength is maximised when z is close to the absorption length zabs, depending on

the central XFEL photon energy, materials will vary in their suitability where Be, Mg, Si,

and Al can be ruled out. Diamond resembles a strong scatterer with wide phonon spacing,

however, given the planned polycrystalline experiments were intended to be done at room

temperature, its Debye temperature of 2250 K suggests a low anti-Stokes peak[144]. To
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increase the peak height, scattering would need to be collected from a less energetic phonon

in closer proximity to the zone boundaries (Bragg peaks), which in turn would have the

detrimental effect of an increase in the QES contribution (cf. Section 4.4).

Z Lattice ρm
[
g/cm3

]
TD [K] zabs [µm] z [µm] Q

[
Å
−1
]

ωq [meV] Θ [◦] NDCA

Beryllium 4 hcp 1.8 1031 4200 4100 0.9 62 13 210
Diamond 6 fcdc 3.5 2250 530 510 1.5 130 23 62
Cobalt 27 hcp 8.9 386 22 22 0.8 27 11 25

Magnesium 12 hcp 1.7 330 120 120 0.6 22 9 21
Nickel 28 fcc 8.9 345 19 18 1.5 35 23 12
Silicon 14 fcdc 2.3 692 55 54 1.0 45 15 11
Copper 29 fcc 9.0 310 18 17 1.5 30 23 9.8

Aluminium 13 fcc 2.3 390 60 58 1.4 40 20 3.9
Chromium 24 bcc 7.2 424 4.5 4.3 1.1 39 16 2.8

Iron 26 bcc 7.9 373 3.4 3.3 1.6 38 24 1.9

Table 4.1: Selected materials of interest for the EuXFEL p2191 and p2656 experiments. For
N0 = 1010 incoming photons at 7.5 keV the total IXS photons NDCA on a single DCA are
shown, where diamond and Be are particularly strong scatterers.

Thus, to optimise the contrast of Stokes and anti-Stokes intensity other materials with

a more closely matched Debye temperature are considered. Overall, Co, Ni, and Cu proved

to be the most desirable samples due to their peak spacing, scattering intensity, and limited

extent along the optical axis (as for these thicknesses, source broadening is not relevant

since the instrument function is dominated by the bandwidth of the incident beam and the

analyser[146]).

4.3 High-Resolution X-Ray Thomson Scattering at the HED

Instrument

In the following the experimental setups for both proposal runs p2191 and p2656 are pre-

sented. The p2191 setup is designed similar to the McBride experiment at LCLS[204, 144]

and introduced in detail by collaborators from the EuXFEL[146].

Both experiments use an XFEL incident on a thin target inside a vacuum chamber, giving

rise to Thomson scattering. Photons are collected at a predefined scattering angle by DCAs
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in a close-to-backscatter Rowland geometry of ultra-high dispersion and focused onto an

x-ray detector. After coarse alignment of each DCA onto the ePix100 or Jungfrau detectors

with the full SASE or seeded source, the beam is hr monochromated and poly-methyl-

methacrylate (PMMA) is shot. Its amorphous structure gives rise to a strong omnidirectional

elastic Thomson signal and, due to its low sound speed, only low energy inelastic modes.

It is used to fine tune the DCA tilting and positions of detector, DCA, and sample on the

Rowland circle. In p2656, a Laue diffraction and an XRTS detector were added for additional

information on the sample structure and XFEL energy. Then, metal targets are illuminated

and over the course of several hours, detector readouts for each train at 10 Hz are taken.

For practical purposes, the data acquisition is split into ‘runs’, where each run lasts between

a few seconds up to several tens of minutes. This is to keep the generated data files of the

accumulated data (10 detector images per diagnostic per second) on the EuXFEL cluster at

a manageable size. Runs of the same experimental configuration then will then be merged

in the ensuing post-processing steps.

4.3.1 Setup of p2191

A schematic of the experimental geometry in p2191 is shown in Figure 4.1. From the left

through a vacuum system connected to the EuXFEL accelerator system, the x-ray beam

enters the HED interaction chamber 1, partially scatters and partially propagates through

the targets at the very chamber centre, and then gets absorbed in a beam dump. The

XFEL gives rise to XRTS, in particular Laue diffraction and scattering off phonons, the

latter which is collected by three DCAs of 10 cm diameter and energetically dispersed onto

an ePix100-detector[205] next to the sample.

The target holder is mounted on a 2D-translational mount and contains PMMA of 50 µm

thickness, a thin yttrium-aluminium-garnet (YAG) to aid alignment through x-ray fluores-

cence, and the target foils of 12.5 µm Co, 25 µm electrodeposited Ni, and 25 µm rolled Ni.
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Sample

DCAs

hr-IXS detector

ω0
Θ

CRLs

Figure 4.1: Schematic of the experimental setup of the HED p2191 experiment at the Eu-
XFEL (not to scale), where the (monochromated) x-ray beam of central energy ℏω0, incident
from the left, is collimated by compound-refractive Be lenses (CRLs), and interacts with the
sample. Scattered photons are collected by three DCAs and detected by an ePix100-detector
(yellow, only shown for central DCA). The DCAs are mounted on rails with a respective
horizontal distance of 10 cm and can move along curved rails with a radius of 1 m (green
dashed trajectory) to adjust the scattering angle Θ. The whole experiment is located within
an interconnected system of vacuum chambers.

The DCAs are mapping reflected photons onto the detector, the latter which is put as

close as possible to the target position, and forms with the sample and DCAs a Rowland

circle of approximately 1 m diameter. All DCAs shown in Figure 4.1 are mounted on a

single translation stage that allows for the scattering angle Θ to be varied. Their straight,

horizontal mounting results in slightly higher scattering angles for the outer DCAs (referred

to as DCA 0 and DCA 2) relative to the central one (DCA 1): for the two configurations of

12◦ and 21◦ for the central analyser (optimal for a temperature measurement of materials

under investigation, cf. Section 4.2), the outer ones are at 15◦ and 23◦. The DCA reflec-

tion efficiency is about 10% for the approximately 7.5 keV XFEL photons, covering a total

bandwidth of about 460 meV.

The change of energy as a function of position on detector is found through the Bragg

equation as shown in Figure 4.2. For small angles, the energy difference ∆E between two
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Figure 4.2: Sketch to illustrate the dispersion per pixel in the p2191 and p2656 campaigns,
where the XFEL beam impinges on a sample and scatters onto the DCAs, being reflected
and dispersed onto a detector with pixels of width p (not to scale). For two XFEL photons
that were sent one pixel apart, one followed a scatter angle of Θ and the other Θ+∆Θ. By
means of geometry and the Bragg equation, their energy difference will be ∆E as described
by Equation 4.3.

photons hitting one pixel apart (pixel-size p) can be geometrically related to a variation in

Bragg angle of ∆Θ by taking the fraction of the derivative of the Bragg equation to itself,

∆λ

λ
=

∆Θ

tanΘ
,

and using the identity ∆λ = −∆Eλ2

hc to obtain

∆E = −∆λhc

λ2
= −∆ΘE

tanΘ
. (4.2)

From Figure 4.2 one can find the geometric expression of ∆Θ = arctan
( p
2l

)
with the diameter

of the Rowland circle l = 1m. Substituting this, and the rearranged Bragg equation solved

for Θ, into Equation 4.2, one obtains the analytical expression for the pixel dispersion

∆E =
−pE

2l tan
(
arcsin hc

2dE

) , (4.3)
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where d denotes the Si lattice spacing of the DCA (533) reflection.

The EuXFEL can provide a wide range of x-rays to the HED instrument as described

in Section 2.3.1, where at p2191, single pulses of photon energy of 7,492 eV at 10 Hz were

delivered. The SASE pulses had a resulting typical pulse energy of 600 µJ with a bandwidth

on the order of 20 eV. To align the three DCAs with the PMMA, the entire SASE spectrum

was used, which resulted in three fully illuminated squares on the detector. For the hr IXS

measurements, the EuXFEL bunches were heavily monochromated by Si(111)- and Si(533)

monochromator pairs (at room temperature) to a bandwidth of about 50 meV and defocussed

by CRLs to an approximately 25 µm spot onto a metal foil sample.

At this, the temporally chaotically-varying SASE structure of the pulses within the

bunches is not of importance as for the linear process of Thomson scattering, only the

total photon count is relevant. However, since throughout the experiments the foils are not

scanned but static, and shots on the same spot are accumulated, care has to be taken as

to whether the metal samples remain unchanged by the x-rays. Whilst for the 50 fs XFEL

pulses potential intra-pulse lattice dynamics (typically on the order of ps) can be ruled out,

single shot melting and heat accumulation with temperatures reaching beyond the melting

point could affect the target microstructure within the XFEL spot.

The average temperature change ∆T from absorbing the fraction η within a small volume

V that contains N atoms can be approximated given by

3NkB∆T = ηE,

where N = V · ρ/mA with the mass density ρ and average atomic mass mA of the absorbing

material. The optimal thickness of the metal targets is about one absorption length, which

results in η ≈ 0.4. After the hr monochromators, the highest pulse energy estimate provided

by the EuXFEL is about Ep = 20 µJ, and the spot size 25 µm in diameter. This rough

estimate results in an average temperature increase of 200 K for nickel, a change which,
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Figure 4.3: Schematic of the experimental setup of the HED p2656 experiment at the Eu-
XFEL (not to scale). The hr IXS setup is identical to p2191, whilst a backward XRTS
spectrometer and a forward diffraction detector have been added in this campaign.

starting from room temperature, is far below its melting point of 1728 K. Furthermore, at

single pulse operation at a repetition rate of 10 Hz, the temporal spacing of the XFEL pulses

is 100 µs. Given that the thermal diffusion coefficient of the metals targets is on the order of

100mm2

s , an approximate diffusion length of 3 mm indicates that once the next pulse arrives,

no residual heat remains within the micron-sized XFEL spot.

4.3.2 Setup of p2656

A schematic of the experimental geometry in p2656 is shown in Figure 4.3, where a top and

side view of the expanded experiment in the HED interaction chamber 2 can be seen. Similar

to p2191, the XFEL beam of 7,501 eV, defocussed to about 25 µm, gives rise to IXS in a

Rowland geometry that consists of thin targets, the DCAs, and a Jungfrau detector[206]. In

addition, a Laue diffraction detector (further details and results in Section 4.5) and a Highly

Annealed Pyrolytic Graphite (HAPG) von Hámos spectrometer are added.

The scattering angle Θ for the outer DCAs (DCA 0 and DCA 2) is 23◦ and for the central

one (DCA 1) 21◦. The Laue setup using a Jungfrau detector covers the forward scattering
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angle range from 35◦ to 58◦ that contains a 12◦ radial section of the {111} and {200} Debye-

Scherrer rings of Cu and Ni. The HAPG spectrometer as backscatter diagnostic at Θ ≈ 170◦

collected XRTS photons, focussing and dispersing them onto a Jungfrau detector, where an

energy range from 6680 to 7542 eV is covered.

Again, the targets are mounted on a 2D-stage perpendicular to the x-ray optical axis

and feature poly-methyl-methacrylate of 50 µm (PMMA) thickness, a thin YAG, a foil of

17.5 µm Cu, and the same Ni targets as shot in p2191: 25 µm electrodeposited Ni, and 25 µm

of rolled Ni.

Since the commissioning experiment p2191, the EuXFEL was further developed and in

p2656, for the first time, a seeded beam of two pulses per train (444 ns intra-train peak

separation) and about 175 µJ was used for hr IXS. The bandwidth provided to the HED

instrument was on the order 1.2 eV prior to hr monochromatisation, whilst pulse energy

fluctuations were 100%, resulting in some pulses to be twice as intense as the average, or

entirely non-existent. In principle, there can be significant heat retention between the first

and second intra-train pulses if their temporal spacing is too narrow (for a 444 ns gap, the

diffusion length is on the order of 7 µm), however, it was found that upon monochroma-

tisation, transmitting the first pulse reduced the transmission of the second one to below

the noise floor of the photodiodes monitoring the XFEL intensity. This is attributed to the

thermal expansion of the monochromators, which then changes the backscattering angle and

causes the second pulse to experiences increased partial absorption and to be misdirected,

hence not reaching the experimental chamber anymore. In principle, for a intra-train pulse

pattern with sufficient time for the metals to cool down again (e.g., having a time spac-

ing of 5 · 444 ns) in order to avoid the build-up of heat, the signal strength would highly

benefit from the extra photons, however, even for two pulses with the maximum intra-train

spacing (49 · 444 ns), the monochromatisation setup would not transmit more than the first

existing pulse. Still, the experiment was run with two such bunches at maximum intra-
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Figure 4.4: Representative median/dark image (left) and mean signal (right) of p2191. This
run on PMMA at 21◦ contained 1099 trains. In the median image, the four square ePix100-
sub-arrays can be seen, together with an even finer substructure resulting from the readout
process. For the strong signal of PMMA, in the mean image photons from the three DCAs
can just about be distinguished by eye within the noise.

train separation, since given the fluctuations, using two pulses still enhanced the total flux:

if the first pulse happened to not be delivered, the second pulse encounters an unchanged

monochromator and is transmitted.

4.3.3 Raw Data Processing of p2191

The ePix100 detector consists of 768 x 702 square pixels of 50 µm edge length and its readout

is synchronised with the XFEL beam, resulting in stacks of 768 x 702 xNtrains with Ntrains

the number of trains per run. A single photon of 7.5 keV creates a signal of about 120

analogue-to-digital-unit (ADU), which however is much lower than dark currents of the

detector. That is why raw images need to be corrected for their background (reference to

signal zero) and for malfunctioning pixels. Given the photon signal throughout the hr IXS

experiments is extremely low (about one photon per train), the data shots can be treated

as dark images (detector signal without XFEL beam). The pixel-wise median, as shown
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in Figure 4.4, is subtracted from each raw image as background correction. Furthermore,

the standard deviation of each pixel is computed, and any signal from pixels that have an

extremely low (dead/cold pixel) or strongly varying standard deviation (hot pixels) are set

to zero. In Figure 4.4 also the mean image for all PMMA runs at 21◦ is shown, where three

regions of interest – the foci of the DCAs – can be seen. However, the signal is embedded

in a significant noise floor and is hardly discernible for the average photons per shot on

metals. Whilst the development of these cutting edge detectors is very challenging and in

this work they will be covered only in a limited depth of detail, it is important to note that

an x-ray photon can excite multiple pixels at once, spreading their generated charge across

several pixels, causing neighbouring signals below 120 ADU that will sum to the full signal.

Similarly, the read out process can occasionally spread the generated charge and thereby

cause artificial multipixels. These effects can be seen in Figure 4.5, where the histogram of

the corrected image stack is plotted. The peak around 0 ADU is the noise floor (most pixels

are not hit by an x-ray), whilst single photon hits can be found around 120 ADU. There

also are a few multi-photon hits above 130 ADU, and multipixel hits below 110 ADU. Such

multipixel hits and the significant noise floor in the mean images is why a SPC routine will

be employed, as described in Section 2.4.2.

The sum of all SPC images for all PMMA runs at 21◦ in equivalent experimental config-

uration is shown in Figure 4.5, where the three regions of interest (ROIs) corresponding to

each DCA can be distinguished. In Section 4.3.5, the average photon count per such region

will be compared with the numerical predictions based on the code presented in Section 4.2.

4.3.4 Raw Data Processing of p2656

The experiment p2656 was conducted more than two years later than p2191, by which time

development of XFEL seeding had progressed. These improvements, together with more

experimental time to integrate the signal, encouraged p2656. As shown above, the hr IXS
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Figure 4.5: Histogram of the corrected stack of all images of PMMA at 21◦ with 5242
trains and 14987 photons in total. The noise floor is around 0 ADU, single photon hits are
around 120 ADU, a few multi-photon hits are above 130 ADU, and multipixel hits are below
110 ADU. Corresponding single photon image. Apart from a few outliers (noise), the focal
spots of the three DCAs can be seen.

setup is almost identical, yet instead of an ePix100, a Jungfrau hr IXS detector is used, in

addition to an added HAPG and diffraction detector.

The Jungfrau detector consists of 1024 x 512 square pixels of 75 µm edge length, again

resulting in stacks of 1024 x 512 xNtrains. Due to the detector featuring three gain stages

(signal amplification depending on how many photons are incident), the background correc-

tion is more involved[206] and an automated routine implemented at the HED instrument,

where essentially three dark images at each gain stage are applied. With this calibration, a

single photon of 7.5 keV creates a signal of 7.5. Afterwards, the same hot/cold pixel correc-

tions and SPC routine as for the ePix100 are applied. The SPC images are then added for

runs of equivalent experimental configuration.
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4.3.5 Relative Photon Numbers at p2191 and p2656

In the following, the hr IXS photon numbers are shown and compared with the code pre-

dictions in Section 4.2. Due to commercial availability, the actual thickness of the Co, Ni,

and Cu targets shot during the experiments were 12.5 µm, 25 µm, and 17.5 µm respectively,

whilst the number of incident photons after monochromatisation of either SASE or seeded

beam was on the order N0 = 109. The average photon numbers per train of all runs are

obtained through SPC and shown in Table 4.2.

Experiment Sample Θ [◦] Ndet

Co 12◦ 0.08
p2191 Ni(r) 12◦ 0.09

Ni(r) 21◦ 0.07
Ni(e) 21◦ 0.14
Ni(r) 21◦ 3.8

p2656 Ni(e) 21◦ 3.6
Cu 21◦ 5.2

Table 4.2: Average photon numbers per train for three DCAs at p2191 and p2656 for the
Co, Ni (rolled), Ni (electrodeposited), and Cu targets. Due to XFEL intensity fluctuations,
care needs to be taken when comparing the scattering signal of different runs and elements.

In principle, based on these experimental numbers, the code could be calibrated by

replacing the undetermined efficiencies ηdet (close to 100%), ηDCA (on the order of 10%, yet

alignment-dependent), and N0. Whilst there is some uncertainty arising from the analysis,

e.g., mutlipixel hits that contain contributions split up below 25 ADUs that are filtered

out, the photons per train for two different runs on the same material exhibit significant

variations. This is shown in Figure 4.6 of p2656 run 244, where the counted photons per

train fluctuate in time. This is attributed to intensity fluctuations of the XFEL, which

were found to arise from pointing jitter through the HED x-ray optics, i.e., the mirrors and

monochromators. The beam fluctuations consist of non-deterministic jumps plus a multi-

minute-timescale decay and thus imply only a short time correlation.

Hence, the only inter-material correlation is between adjacent trains of subsequent runs
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Figure 4.6: Number of photons obtained via SPC as a function of train. The XFEL operated
at 10 Hz, implying that this run lasted 18 minutes. Whilst fundamentally the number of
photons per train will vary due to shot noise, long term drifts on the order of several minutes
can be observed due to variations in the XFEL intensity.

to ensure a comparable XFEL intensity. This could be done in p2191 for runs 451 and 452

for Ni(r) and Co at 12◦, and in p2656 for runs 234 and 234+235 of Cu and Ni(e) at 21◦, as

shown in Figure 4.7. The intensity fractions Cu/Ni(e) and Co/Ni(r) (for the last and first

100 trains) are 1.27 and 1.13 respectively. Note that the overall signal-to-noise ratio is much

lower for p2191.

The respective numerical predictions yield Cu/Ni= 0.97± 0.05 and Co/Ni= 1.14± 0.07.

The theoretical errors refer to the effect of potential thickness fluctuations of the foils that

are quoted by the manufacturer as ±15%. Provided the potential QES contribution to the

counted single photons for any of the samples did not demand a significant signal reduction,

within the significant beam fluctuations the relative IXS strength predicted matches the

experimental observations.
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(a) Signal of p2656 Cu followed by Ni(e)

(b) Signal of p2191 Ni(r) followed by Co

Figure 4.7: Number of photons obtained via SPC as a function of train for adjacent runs
of p2191 (top) and p2656 (bottom). The XFEL operated at 10 Hz. Again, a long term
drift can be observed due to variations in the XFEL intensity, which complicates the direct
comparison of signal strength.
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4.4 Qualitative Modelling of Quasi-Elastic X-Ray Scattering

In addition to predicting the IXS part of the signal, it is crucial to understand the origin

of the QES contribution. Its nature is less deterministic since often the grain structure of

the material under investigation is not (well) characterised. However, this section aims at

providing some qualitative models to aid intuition when designing or analysing experiments

with the goal of using hr IXS to measure temperature. First, analytical diffraction patterns

for several crystallite shapes will be presented to cover a few fundamental building blocks

of QES, followed by a synthetic Debye-Scherrer pattern for spherical diamond crystallites.

Then, spherically averaged diffraction from a mock defected polycrystal will be presented.

4.4.1 Shape-Function Diffraction

As shown in Equation 2.10, the diffraction signal of a single crystallite is proportional to the

Fourier transform of its shape function that replaces each sharp Bragg peak. It follows that

for a spherical crystallite of radius R, described by a shape function

gS(r) =


1 if |r| ≤ R

0 else

,

the diffraction pattern behaves as

IE ∝

∣∣∣∣∣∑
G

R3 sin (x)− x cos (x)

x3

∣∣∣∣∣
2

, (4.4)

where x = R |∆k−G|. Similarly, a cuboid of dimensions Lx, Ly and Lz is described by

gS(r) =


1 if x ∈ [−Lx, Lx] ∧ y ∈

[
−Ly, Ly

]
∧ z ∈ [−Lz, Lz]

0 else
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and thus

IE ∝

∣∣∣∣∣∣
∑
G

∏
j∈{x,y,z}

Lj sinc

(
Lj
(
∆kj −Gj

)
2

)∣∣∣∣∣∣
2

,

where ∆kj denotes the j-component of the photon momentum change vector in an or-

thonormal coordinate system. A cylinder of height h aligned with the z-axis and radius R

is described by

gS(r) =


1 if x2 + y2 ≤ R ∧ z ∈ [−h/2, h/2]

0 else

and behaves as

IE ∝

∣∣∣∣∣∣
∑
G

R2
J1

(
R
√
∆k2x +∆k2y

)
R
√

∆k2x +∆k2y

h sinc

(
∆kzh

2

)∣∣∣∣∣∣
2

,

with J1 the Bessel function of the first kind. Finally, the Fourier transform of a general flat

polygon is described by Chu & Huang in [207, 208], which aids the description of the signal

arising from a hexagonal prism. Thus, in analogy to the cylindrical case, g̃S is the product

of this transformed polygon with a sinc-function in the direction of the prism axis.

These considerations provide an expression for elastically scattered intensity into the

direction defined by ∆k. Based on a chosen shape function, a numerical code creates a

diffraction pattern, covering up to 4π. For this overview, the much weaker contribution from

SI(q, ω) is disregarded.

For a diamond lattice with [001] aligned with the z-axis, the forward diffraction pattern

for the four different shape functions presented here can be found in Figure 4.8. Bragg peaks

up to {2, 2, 0} are included. The elastic intensity is not confined to the Bragg peaks anymore,

but is spread into all of 4π and the non-trivial patterns suggest sharp, distinct signatures in
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(a) Spherical shape function (b) Cuboidal shape function

(c) Cylindrical shape function (d) Hexagonal prism shape function

Figure 4.8: Shape functions of a single diamond sphere (top left), cuboid (top right), cylinder
(bottom left) and hexagonal prism (bottom right) at 7.5 keV for the Bragg peaks (0, 0, 0),
{1, 1, 1}, and {2, 2, 0}. Θ varies radially, Φ clockwise.
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Figure 4.9: QES from 100 randomly orientated spherical diamond crystallites at 7.5 keV,
where the {1, 1, 1} and {2, 2, 0} Debye-Scherrer rings are visible. Θ varies radially, Φ clock-
wise.

reciprocal space for these single crystallite cases.

To model an experimentally more common scenario, the code can randomly vary the

crystallite orientation of the crystal planes, i.e., G, relative to the shape, which allows for

the generation of Debye-Scherrer-like patterns. In Figure 4.9 the QES of 100 randomly

orientated spherical diamond crystallites with R = 500 nm at 7.5 keV is shown. The pattern

is angularly weighted by the Thomson polarisation (the x-rays are horizontally polarised),

Debye-Waller and atomic form factor and attenuated due to absorption within the crystal

as described by Equation 4.1. The fundamental Bragg peak in addition to the {1, 1, 1} and

{2, 2, 0} Debye-Scherrer rings are visible. The polarisation factor reduces the intensity at

Φ = 0◦ and 180◦. Significant elastic intensity is present between these rings, as seen upon

azimuthal integration in Figure 4.10.
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Figure 4.10: Azimuthally integrated intensity of the 100 randomly orientated diamond crys-
tallites of Figure 4.9. The Debye-Scherrer peaks (0, 0, 0), {1, 1, 1}, and {2, 2, 0} together
with QES intensity in between them can be seen. Close to (0, 0, 0), the fast oscillations of
the Bessel shape function are resolved, whilst around the other peaks effects of the sample
granularity are visible.

This basic model aims to provide qualitative insight into how shape function alter the

diffraction patterns. In the next section, polycrystalline diffraction with defects aims at

providing a first step towards understanding QES in polycrystalline shocked samples.

4.4.2 Polycrystalline Diffraction through Molecular Dynamics Simulations

Thus, to get an initial understanding of the signatures in reciprocal space of shocked poly-

crystals containing defects such as stacking faults, the 3D-averaged Fourier transform of the

dump boxes featured in Chapter 3 is calculated.

Hereby, a polycrystal is mimicked by, first, randomly selecting a direction in k-space of

the [001] shocked copper crystal, second, calculating the line out between a k-range of 1.65

and 2.60 2π
a (Cu lattice constant a) along that random direction (covering the (0, 0, 2) peak

for the 70 GPa compression of 77%), and, third, incoherently adding a large number of

these. To avoid a directional signature from the cuboidal simulation box in the form of sinc

function along the cardinal direction, a sphere fitting within the box was defined, where all
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atoms outside that sphere were dropped. This ensures the isotropic Bessel shape function

as described by Equation 4.4.

Due to the significant computational cost of evaluating Equation 2.7 for about 250,000

atoms, the code was parallelised with the Python package numba and run on a computing

cluster. The resulting Debye-Scherrer patterns from these reciprocal space shells are shown

in Figure 4.11. For elastic shock pressures (0 to 20 GPa), the {1, 1, 1} and {2, 0, 0} Debye-

Scherrer rings are visible (dressed by Bessel functions), where a pressure induced shift stems

from the z-component being affected by the compression. Once plasticity arises and the

system moves towards the hydrostatic pressure regime, the Bragg peaks split up and QES

between these peaks significantly increases. The actual positions of the Bragg peaks were

found by taking the 3D Fourier transform of each dump sphere and their positions are

indicated as triangles.

Note that since faulting will be different for shocks along different crystal axes, the

averages presented here only are of qualitative merit. Shocks in other directions generate

different defects, particularly in real crystals where the limited simulation size is not affecting

the stacking fault density. Furthermore, the actual shape functions of crystallites will not be

perfect spheres but a superposition of numerous shapes with defects on the grain boundaries

such as gaps and strain fields. Overall, whilst this numerical method has its limits, it is

clearly demonstrated that high QES arises even when averaging over multiple crystallites of

isotropic orientation with a stacking fault density as found in Chapter 3.

4.5 Debye-Scherrer Diffraction at the EuXFEL

To gauge the microstructure of the targets shot in p2656, as described in Section 4.3.2, a

diffraction detector was added to monitor the {1, 1, 1} and {2, 0, 0} Debye-Scherrer rings of

Cu and Ni, and, in reference to these peaks, the QES signal between them.

The Jungfrau detector was placed close to the focal spot in forward direction, covering
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Figure 4.11: For the sphericalised dump boxes of the shock simulations in Chapter 3, the
shell averages of the reciprocal space for k ∈ [1.65, 2.60] with 248 steps are plotted in addition
to an overlay of the Bragg peaks. The intensity of each line out is normalised by the number
of atoms in each spherical dump box and the number of line outs (about 107). From 0 to
20 GPa, the Bragg peaks (dressed by the Bessel shape function) are well defined and move
towards higher k due to the compression along [001]. Beyond that, they split and significant
QES arises between them.
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a wide angular range from 35◦ to 58◦ which includes two diffraction peaks. The EuXFEL

at a central photon energy of 7.5 keV is defoussed onto the Cu, electrodeposited Ni, and

rolled Nickel with a 25 µm spot. The raw images were corrected as described in Section 4.3.4

(yet, due to much higher signal, without any SPC) and damaged detector regions masked.

The results can be seen in Appendix B, where for each material two vertical lines are found,

sections of the anticipated the {1, 1, 1} and {2, 0, 0} rings. Based on these, the patterns are

calibrated and unwarped with Dioptas[209], with the final 2D patterns shown in Figures 4.12

and 4.13 (Φ varies anti-clockwise with a rotation axis aligned with the XFEL propagation).

Hereby, since the XFEL intensity fluctuates, the pattern for each batch is normalised by

the number of single hr IXS photons counted within that batch. Whilst the diffraction

intensities between materials vary as described by Equation 2.8, in order to compare Ni(e)

and Ni(r), only the IXS contribution should be used in the normalisation process (which is

influenced by, yet not as sensitive to the grain structure). Due to the lack of absolute XFEL

intensity, the normalisation by counted single photons (of both IXS and QES) resembles the

best possible guess. In addition to the Debye-Scherrer rings, in Figures 4.12 and 4.13, stray

signal is visible. Some of it is localised, as, for example, in the first batch of Ni(e) in the

region (Φ,Θ) of (2◦, 51◦), some spread out wider as in the first batch Ni(r) in the region of

(8◦, 50◦). Furthermore, even though the sample stages were ordered to move to the same

coordinates, for batches with the same targets, a slight deviation in the granularity of the

Debye-Scherrer rings can be noticed, which showcases the limited spatial resolution of the

stages.

The aims of these diffraction measurements are to get an understanding of the target

granularity, to characterise the decay and QES between the Bragg peaks, and to extrapolate

these findings to lower angles in order to inform the hr IXS temperature measurement.

Hence, first, a normalised metric Γ based on the standard deviation (std) along the ring is
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(a) 1st Cu batch.

(b) 1st rolled Ni batch.

(c) 1st electrodeposited Ni batch.

Figure 4.12: Unwarped normalised diffraction patterns for the samples shot at p2656 (1st

set of experimentally equivalent positions). From left to right, the {1, 1, 1} and {2, 0, 0} fcc
Debye-Scherrer rings can be seen. The Jungfrau also detected sample-position dependent
stray signal.
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(a) 2nd Cu batch.

(b) 2nd rolled Ni batch.

(c) 2nd electrodeposited Ni batch.

Figure 4.13: Unwarped normalised diffraction patterns for the samples shot at p2656 (2nd

set of experimentally equivalent positions). From left to right, the {1, 1, 1} and {2, 0, 0} fcc
Debye-Scherrer rings can be seen. The Jungfrau also detected sample-position dependent
stray signal which mostly differed to that seen in the 1st batch.
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calculated through

Γ =
stdi

(∑
j Li,j

)
∑

i,j Li,j

where Li,j is the discrete line out along a ring in i-direction with a width of 11 pixels in j-

direction. For a perfect polycrystal, the Debye-Scherrer rings are isotropic, no Φ dependence

is expected, and Γ vanishes. The results are shown in Table 4.3.

Sample Batch Γ{1,1,1} [a.u.] Γ{2,0,0} [a.u.] σ{1,1,1} [
◦] σ{2, 0, 0} [◦]

Cu 1st 2.2·10−3 2.1·10−3 0.13 0.24

2nd 2.1·10−3 1.0·10−3 0.13 0.25

Ni(r) 1st 1.4·10−3 10.3·10−3 0.18 0.15

2nd 2.0·10−3 2.9·10−3 0.14 0.25

Ni(e) 1st 7.2·10−3 9.3·10−3 0.08 0.12

2nd 2.1·10−3 12.1·10−3 0.10 0.11

Table 4.3: Normalised metric Γ taken along the Debye-Scherrer ring sections. The higher
the value, the higher the granularity. On average, the Ni(e) samples exhibit the highest Γ.
Furthermore, the FWHM of the rings is listed.

Second, the spectra are projected along Φ, shown in Figure 4.14, and their peak widths

extracted to assess the average Bragg peak decay per batch. To do so, each peak is fitted

with a local Voigt profile as shown in Figure 4.15 and the resulting FWHM σ{1,1,1} and

σ{2,0,0} are listed in Table 4.3.

In general, whilst some Debye-Scherrer rings are visibly inhomogeneous and some peaks

even exhibit some asymmetry, a slight change in the Ni(r) sample position caused a signif-

icantly altered diffraction signal, where the {1, 1, 1} and {2, 0, 0} peaks swap in being the

most intense signal. Furthermore, the average Γ per target varies, where Cu appears to be

the most constant along the ring, and Ni(e) the most variable. Upon examination of the two

Ni samples in Figure 4.14, one can find that the overall decay of Ni(r) does not match the

slope of Ni(e) (nor Cu).

As a rule of thumb, wider peaks suggest smaller grains (cf. Section 4.4) and thus a more
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Figure 4.14: Diffraction line outs of p2656 obtained from radial summation along Φ. The
signal of each batch was normalised by the number of hr IXS photons detected within that
batch. The Cu signal was offset by one order of magnitude for clarity. In addition to the
{1, 1, 1} and {2, 0, 0} Debye-Scherrer peaks, elastic intensity decreasing with peak distance
can be seen. At 41◦, 46◦, and 51◦, a drop of signal due to the detector pixel gaps can be
found; similarly at 53◦ for a vertical mask. Due to the different sample positions, there are
slight deviations of peak heights within each element arising from different illumated grains.

homogeneous Debye-Scherrer ring (averaging over more grains). However, whilst Γ of Ni(e)

is significantly larger than that of Cu and Ni(r), there is no clear inverse correlation between

Γ and σ. The stray signal of variable extent and intensity found on the detector chip, which

depends on the sample mount position, should only affect the fainter parts of the diffraction

signal and cannot be ruled out to alter the background of Ni(r), causing the atypical decay.

Overall, the grain statistics were quite poor, where a few dominant grains cause asymmetries

in the Debye-Scherrer rings and profiles, which limits the depth of analysis possible.

4.6 Summary

The aim of the work in this chapter is to inform experiments on expected signal strengths of

IXS and QES through insight gained from the simulations and the past experiments presented

here. From the inelastic Thomson cross section, a numerical code was presented that can
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Figure 4.15: Voigt fits of the {1, 1, 1} and {2, 0, 0} Debye-Scherrer rings. The fits converge
well around the intense parts, yet cannot describe the decay between the peaks which does
not follow the Voigt shape. Overall, the FWHM of rolled Nickel is found to be the widest.
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predict the intensity originating from crystalline targets, provided the beamline transmission

and detector efficiencies are characterised. Hereby, the code successfully modelled the relative

IXS between Cu, Ni, and Co to within the experimental error bars.

In addition to these IXS considerations, numerical work on the polycrystalline QES signal

was showcased. Whilst the decay of Bragg peaks to assess the microstructure of samples is

a whole field in itself, cf. SAXS, a route was laid out towards a rough understanding of the

effect of crystallite shape functions and stacking faults that aids the design and interpretation

of realistic shock experiments.

Lastly, the Debye-Scherrer diffraction found in p2656 shows significant structure within

the {1, 1, 1} and {2, 0, 0} rings. Additionally, since the detectors were very close to the

direct beam, sample position dependent direct scatter is detected. Both cause the line out

background and peak width to vary and no reliable deduction of the grain structure/size of

each foil can be made. There is a tendency that suggests that Ni(e) has less homogeneous

Debye-Scherrer rings, which could explain the presumed high QES contribution to the Ni(e)

hr IXS fits that will be outlined in Chapter 5: a dominant grain could be close to the probed

spot in reciprocal space.

Future work will be centred around expanding the photon code capacity towards shocked

polycrystals (average over pressure and temperature states) and advancements made at the

experimental facilities. Concerning the latter, once the transmitted XFEL intensity can be

characterised, it will be possible to further calibrate the IXS code, as for now, due to the

significant monochromatisation, the (relative) photon flux onto the sample was too low to

be detected with the current photodiodes installed at the HED instrument. Furthermore,

with additional diffraction detectors covering a wider Φ section than merely 20◦ of the

Debye-Scherrer rings, valuable predictions about the strength of QES collected by the hr

IXS spectrometer can be made.
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Chapter 5

Towards a Dynamic X-Ray Temperature and Microstructure

Diagnostic of Polycrystals

5.1 Introduction

As introduced in Chapter 3, Equation 3.2, hr IXS can be used as a temperature diagnostic by

applying the principle of detailed balance to phonon spectra. To successfully do so, the in-

strument function needs to be able to resolve the phonons with energies on the order of meV

and the photon signal strong enough to reduce the limiting effect of shot noise. The work

about the experiments p2191 and p2656 presented here aims at extending this measurement

to dynamic experiments using XFELs and drive lasers. At the run p2191, collaborators from

SLAC successfully obtained the temperature of ambient and resistively heated monocrys-

talline diamond[145]. This thesis reports on the Oxford results for polycrystalline metal

foils for the commissioning run p2191, and for an extended setup in p2656, informing future

experimental campaigns at further developed 4th generation x-ray sources.

The structure of this chapter is as follows: first, further processing of the hr IXS detector

images of the experimental setups of p2191 and p2656 at the EuXFEL HED instrument

through polynomial unwarping will be described. Calibrated through PMMA shots, the

first XFEL hr IXS spectra for cobalt, copper, and two nickel foils will be presented. One

Ni foil was manufactured through rolling, and one through electrodeposition, resulting in a

different microscopic grain structure. It will be shown that for p2191, the photon level is too

low for IXS or QES to be extracted and the signal dominated by shot noise. In contrast,

p2656 suffered from an instrument function three times as wide as the phonon energies to

be resolved. Albeit the signal level in this second experimental campaign is much higher,

and a clear spectral asymmetry is found (attributed to the Stokes and anti-Stokes peaks),

a fit error analysis with the Markov Chain Monte Carlo method suggests that a significant
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challenge in the parameter extraction remains.

5.2 High-Resolution IXS Spectra

In this section, the post-processing of the hr IXS detector images for p2191 and p2656 will

be presented in order to obtain calibrated spectra like shown in Figure 2.6.

5.2.1 Advanced Processing of p2191 SPC Images

The raw SPC images obtained in the previous chapter exhibit three regions of interest

corresponding to each of the three DCAs. The main direction of energy dispersion is along

the vertical. Due to the imaging of the XFEL spot via the DCAs onto the detector (i.e., the

image on the ePix100 is a projection of a radiation cone emerging from the DCAs) the three

line outs have a finite curvature along their equi-energy lines and are unwarped via a subpixel

shift routine. At this, each pixel is split up into 8 x 8 subpixels and the maxima for each

vertical pixel strip in each of the three ROIs is determined. Then, approximating a conic

intersection of large radius of curvature, a 2nd-order polynomial is fitted and each vertical

pixel stripe shifted such, that the polynomial is flattened to a constant. As an example, the

result for analyser 0 (left) can be seen in Figure 5.1.

The line outs can then be found by summing along the horizontal. The elastically scat-

tered photons will remain at their initial energy of 7,492 eV, which is used as a calibration for

the energy-transfer zero. It is found by fitting the line out with a Voigt profile, modelling the

instrument function consisting primarily of contributions from finite XFEL, hr monochro-

mator and DCA bandwidth, and detector pixel size. The dispersion of about 9 meV per

pixel is found through Equation 4.3, where the central XFEL energy E is inferred from the

Bragg angle through a monochromator beam offset scan in a known geometry[146].

The resulting calibrated line outs for PMMA at 12◦ and 21◦ are shown in Figure 5.2

and 5.3 respectively, where the influence of shot noise can be seen through the error bars. The
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Figure 5.1: Example of curvature-corrected single photon image of all PMMA runs at 21◦ in
equivalent experimental configuration for the ROI of analyser 0. Left, the raw image with a
finite curvature is contrasted to the corrected image on the right.

Figure 5.2: PMMA hr spectra of p2191 at 12◦. The unwarped data with shot noise error
bars and Voigt fits are plotted for each DCA. The instrument function of analyser 0 is best
and as low as 55 meV, yet its photon count is the lowest which is assumed to arise from
lower reflectivity due to higher surface roughness. Analyser 2 suffered from a significantly
wider instrument function due to misalignment.
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Figure 5.3: PMMA hr spectra of p2191 at 21◦. The unwarped data with shot noise error
bars and Voigt fits are plotted for each DCA. The instrument function of analyser 0 is best
and as low as 58 meV, yet again its photon count is the lowest. Similarly, the instrument
function of analyser 2 is the broadest.

instrument functions at 12◦ and 21◦ are (55, 59, 71) meV and (58, 59, 85) meV respectively

for analysers (0, 1, 2). Note that the instrument function and photon count varies among

analysers due to different alignment and DCA quality. Furthermore, for the same geometric

reasons as outlined in Figure 4.2, the energy zero defined by the peak of the Voigt profile

will shift for spectra recorded from samples positioned with a deviation ∆z from the physical

PMMA position along the XFEL optical axis.

5.2.2 Polycrystal Spectra of p2191

In the following, the line outs of p2191 from the polycrystalline metal foils are presented.

Given a potential ∆z upon changing targets with aid of the (imperfect) 2D-translation stage

or from surface roughness, each spectrum can have a position-dependent shift along the

energy axis. Thus, the runs have to be grouped into batches of equivalent experimental

configuration. Only then can the line outs be added for improved statistics. Unfortunately,

the significance of this effect has only been noticed after p2656.

In Figure 5.4, 5.5, 5.6 and 5.7, the line outs for the most intense batches for rolled Ni and

Co at 12◦, and rolled Ni and electrodeposited Ni at 21◦ respectively are shown. In addition
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Figure 5.4: Rolled Ni hr spectra at 12◦. The unwarped data with shot noise error bars are
plotted for each DCA, where for the low photon signal the shot noise is significant.

to the spectra S (discrete functions of the subpixels) the shot noise errors σS are plotted,

which scale as

σS =

√
S2

S + 1
. (5.1)

Also, the total number of trains and photons that gave rise to the spectrum are indicated,

with a typical data acquisition time of only 1000 s. In principle, a (broadened) spectrum as

shown in Section 2.3.2, Figure 2.6 is expected. Given the instrument function of 60 meV,

and the phonons on the order of 30 meV, it is impossible to resolve the spectra for such low

photon count. The latter was restricted due to the severe photon flux reduction from the

SASE beam monochromatisation combined with the very limited experiment time.

5.2.3 Advanced Processing of p2656 SPC Images

For p2656, in addition to the change of detector from ePix100 to Jungfrau, a HAPG

spectrometer[152] with a resolution of about 4 eV was added as an additional XFEL pho-

ton energy diagnostic. Since the data from the focus scan was corrupted (cf. p2191), the

HAPG diagnostic is the only reliable quantification of the photon energy in p2656. It con-
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Figure 5.5: Co hr spectra at 12◦. The unwarped data with shot noise error bars are plotted
for each DCA. There is high shot noise.

Figure 5.6: Rolled Ni hr spectra at 21◦. The unwarped data with shot noise error bars are
plotted for each DCA. Again, there is high shot noise.
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Figure 5.7: Electrodeposited Ni hr spectra at 21◦. The unwarped data with shot noise error
bars are plotted for each DCA. These runs of equivalent experimental configuration are the
most intense of p2191, yet shot noise still is severe.

sists of a Jungfrau detector with a focussing and dispersing crystal using the (200) reflection

of graphite, resulting in much higher transmission yet worse energy resolution than the Si

(533). As described in Section 2.3.2, the dominating features of the backward XRTS spectra

are a strong elastic peak at the XFEL energy in addition to a broad Compton feature at

lower energies.

As for the hr IXS Jungfrau, first, the background and hot/cold pixel corrections are

applied, where a typical detector image can be seen in Appendix C. Note that due to much

higher photon flux onto the detector, no SPC can be applied. A narrow stripe along the focus

of the main dispersion direction is summed perpendicular to its main direction of dispersion.

The resulting spectra are calibrated using a linear dispersion and the known Kα1 lines of Ni

and Co from dedicated calibration runs. Figure 5.8 shows the XRTS spectrum for PMMA,

with the full spectral range on the left and a close-up of the fitted elastic peak on the right.

Analogously to p2191, the PMMA spectra are unwarped via subpixel shifting and a

spectrum generated through summing along equi-energy lines. Using the HAPG energy,

a dispersion of 18 meV per pixel is found with Equation 4.3. The resulting spectra and

error bars for PMMA at 21◦ are shown in Figure 5.9, where the instrument functions of
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Figure 5.8: Left: full HAPG spectral range and spectrum for all p2656 PMMA runs of
equivalent experimental configuration. Around 7.5 keV, the elastic XRTS feature can be
seen, in addition to the broad Compton feature at lower energies. Right: Zoom into the
elastic feature. The Voigt fit yields a FWHM of about 4 eV and a central XFEL photon
energy of about 7,501 eV.

Figure 5.9: PMMA hr spectra of p2656 at 21◦. The unwarped data with shot noise error
bars and Voigt fits are plotted for each DCA. Similar to p2191, the instrument function of
analyser 0 is best and as low as 103 meV that of analyser 2 is the broadest. The photon
count is about 200 times as high as in the first campaign and shot noise very low. There
are slight deviation of the data from the best Voigt fits due to the finite pixel size of the
detectors and the slight asymmetry of the energy dispersion (cf. Equation 4.3).
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(103,122,130) meV for analysers (0, 1, 2) are found through fitting Voigt profiles. As shown in

Equation 4.3, because of the significantly higher XFEL photon energy the angular tolerance

of DCA reflection is wider, and hence the instrument functions are on average 76% larger

than they are for the same angle in p2191.

5.2.4 Polycrystal Spectra of p2656

Here, the spectra of p2656 from the polycrystalline metal foils of two batches of equivalent

experimental configuration per element are presented for each DCA. In Figure 5.10 the line

outs of the respectively strongest batches of copper (Cu), electrodeposited nickel (Ni(e)),

and rolled nickel (Ni(r)) at 21◦ are shown. In Appendix D, the other nine spectra are given.

Again, the error bars are found through Equation 5.1.

Whilst the photon signal is much higher in comparison to p2191, the significantly worse

energy resolution broadens the spectra and impedes the analysis. However, even by eye

the expected asymmetry is visible (skewed towards negative energy transfer), that would be

expected when convolving the Stokes and anti-Stokes peaks with the instrument function.

This sentiment is quantified through a discrete asymmetry metric of

Λ = min
k

{
m∑
n=1

∣∣∣Ŝ (n− k)− Ŝ(−n)
∣∣∣}

with the area-normalised discrete spectrum Ŝ of size m and k ∈ [1,m]. For Λ = 0, the input

S is entirely symmetric, yet the higher Λ, the higher the asymmetry. In Figure 5.11, the

results for the six batches of p2656 are plotted. Overall, there is a clear correlation between

batches that featured the same target foil and their asymmetry: for a given material, the

order of the analysers are the same and the value of Λ are similar. An exception is the 1st

batch of Ni(e), which is attributed to its low photon signal/high shot noise, and the order of

analysers between Cu and Ni(r), where analyser 1 at a more central position in the Rowland
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(a) 1st Cu batch.

(b) 1st rolled Ni batch.

(c) 2nd electrodeposited Ni batch.

Figure 5.10: Strongest hr IXS p2656 batches at 21◦. The unwarped data with shot noise error
bars are plotted for each DCA, where the energy zero is relative to the PMMA calibration.
Even for the wide instrument function, some asymmetry can be made out by eye.
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Figure 5.11: Asymmetry metric for the p2656 spectra as a function batch and analyser.
On average, Cu and Ni(r) exhibit more asymmetric spectra than the second batch of Ni(e),
where the first Ni(e) batch is disregarded in this analysis due to its low photon photon.

geometry appears to be particularly volatile to potential ∆z-misalignment. Other minor

deviations of Λ are attributed to slight differences in potential QES and ∆z. Overall, the

2nd batch of Ni(e) exhibits the least asymmetry of all samples.

5.3 Parameter Extraction and Error Estimation of p2656

Given the lower shot noise (relative to p2191) and observed asymmetry, in the following

an attempt is made at extracting information about the structure of the samples through

fitting, followed by an error estimation on these extracted fit parameters.

Based on Section 2.3.2, the signal is expected to consist of the sum of three Voigt profiles,

related to the Stokes, anti-Stokes, and potential quasi-elastic peaks. Their intrinsic width
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is negligible compared to the wide instrument functions, consistent with indications from

the classical simulations presented in Section 3.3.2. Hence, each of the 18 line outs (three

samples, three analysers, two batches of equivalent experimental configuration) is modelled

by the fit F (ω) given by

F (ω) =
∑

j∈{1,2,3}
Ij · V

(
ω − ωj , αG,j , γL,j

)
,

where ω = E/ℏ is the energy transfer, ωj the shift of peak j with intensity Ij , and V an

area-normalised Voigt profile with the Gaussian αG,j and Lorentzian γL,j width contribution.

These would be twelve parameters per spectrum, which would not converge reliably for the

finite level of shot noise encountered throughout the experiment. Hence, it is crucial to

significantly reduce the parameter space by adding constraints based on known physics:

1. Given the small peak separation, the dispersion across the DCA focus can be taken as

linear and hence the instrument function for each peak is the set to be the same, i.e.,

the one determined via the PMMA runs.

2. The QES will be at zero energy change, hence ω2 = 0 meV. The Stokes and anti-

Stokes peaks are at the same energy, hence ωq := ω1 = −ω3, with the energy ωq

of the involved phonon at that scattering angle Θ. Furthermore, in a polycrystalline

sample, numerous directions will contribute to the IXS signal, yet it is assumed to be

dominated by phonons from the peak of the respective dispersion relations, where the

slope tends towards zero and the density of states is the highest. Given the scattering

angle is known, the dominant phonon can be read off the phonon dispersion relation

of the material under investigation.

3. Given the varied sample positions (∆z) relative to the PMMA calibration target, the

energy zero of the spectra can be shifted and ω is replaced with ω − ωs, where ωs

parameterises this unknown shift.
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4. Since the pixel dispersion and the diameter of the Rowland circle come with a significant

uncertainty (4 eV resolution of the HAPG spectrometer, 20 cm error of the optimised

sample to DCA to detector distance), a parameter as to scale the energy axis is added

to not artificially constrain the fit.

5. Similarly, as also the instrument function itself varies as a function of ∆z, a scaling

factor bs is added.

This would result in a fit as described by

F (ω) = I1 · V
(
as
[
ω − ωs + ωq

]
, asbsαG, asbsγL

)
+ I2 · V (as [ω − ωs] , asbsαG, asbsγL)

+ I3 · V
(
as
[
ω − ωs − ωq

]
, asbsαG, asbsγL

)
with 1, 2, 3 corresponding to Stokes, QES, anti-Stokes. The free fit parameters are I1, I2, I3,

ws, as, and bs, i.e., six in total per line out. The phonon energies ωq of Cu are (30,29,30) meV

and of Ni (35,34,35) meV for analyser (0 ,1 ,2) respectively. Then, through I1 and I3, the

absolute temperature of the metal foils, and from I2, information about the microstructure,

could be obtained. Unfortunately, given the broad instrument function in combination with

moderate shot noise, also in p2656 a temperature measurement (reproducing the know 298 K)

is not feasible since the fits do not unambiguously converge.

However, in the following an attempt at extracting the QES signal is shown, where the

parameter space is reduced even further by adding in the known constraint of the known

ambient temperature. According to Equation 2.12, peak I1 and I3 are related by

I1
I3

= exp
ℏωq
kBT

,
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which reduces the fit function to

F (ω) = I1 · V
(
as
[
ω − ωs + ωq

]
, asbsαG, asbsγL

)
+ I2 · V (as [ω − ωs] , asbsαG, asbsγL)

+ I1 · V
(
as
[
ω − ωs − ωq

]
, asbsαG, asbsγL

)
· exp

ℏωq
kBT

,

leaving five free parameters per line out. Whilst still challenging, this multidimensional

problem is explored via the Machine Learning algorithm maleo as used by Kasim[210],

employing a covariance matrix adaptation evolution strategy (CMA-ES)[211] to find the

best fit in combination with a Markov chain Monte Carlo ensemble sampler (EMCEE)[212]

to get an understanding of the convergence of each parameter. Given the discrete signal of

single photons, the following cost function is used:

cost =
m∑

n=1

[S(ωn)− F (ωn)]
2

|S(ωn) + 1|

with the discretised energy axis ωn.

In Figure 5.12, 5.13, and 5.14, the line outs and CMA-ES fit of the three targets are

presented, where the final parameters are given in Table 5.1. Furthermore, the representative

EMCEE exploration for 1st Cu and 1st Ni(e) batch can be found in Figure 5.15 and 5.16,

whilst the other parameter sensitivities are shown in Appendix E.

The Cu and Ni(r) data is in good agreement with the fits and no parameter limits are hit,

whereas both batches of the Ni(e) data struggle to converge; particularly the 1st batch will

be excluded in further commentary due to its much lower signal-to-noise ratio. The Ni(e) fit

oscillation, and lack thereof in Cu and Ni(r), is attributed to a presumably higher/significant

QES contribution to Ni(e) indicated by the lesser asymmetry found in the previous section.

This suggests that instead of two Voigt peaks of about 60 meV spacing in the Ni(e) case,

three peaks with only 30 meV have to be resolved.
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(a) 1st Cu batch.

(b) 2nd Cu batch.

Figure 5.12: Cu hr IXS p2656 batches at 21◦. The unwarped data with shot noise error bars
together with the CMA-ES fits are plotted for each DCA, where the energy zero is relative
to the PMMA calibration. The fit parameters are in Table 5.1.
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(a) 1st Ni(r) batch.

(b) 2nd Ni(r) batch.

Figure 5.13: Ni(r) hr IXS p2656 batches at 21◦. The unwarped data with shot noise error
bars together with the CMA-ES fits are plotted for each DCA, where the energy zero is
relative to the PMMA calibration. The fit parameters are in Table 5.1.
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(a) 1st Ni(e) batch.

(b) 2nd Ni(e) batch.

Figure 5.14: Ni(e) hr IXS p2656 batches at 21◦. The unwarped data with shot noise error
bars together with the CMA-ES fits are plotted for each DCA, where the energy zero is
relative to the PMMA calibration. The fit parameters are in Table 5.1.
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Figure 5.15: CMA-ES parameter sensitivity obtained through EMCEE exploration for the
first Cu batch with about 50,000 EMCEE samples per analyser. The best fits are indicated
by dashed orange lines and narrow distributions around these are found. The uncertainty is
the largest for the central DCA.
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Figure 5.16: CMA-ES parameter sensitivity obtained through EMCEE exploration for the
first electrodeposited Ni batch with about 50,000 EMCEE samples per analyser. The best
fits are indicated by dashed orange lines. The fit cost is largely insensitive to significant
parameter variation and no reliable convergence could be found.
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Spectrum Analyser I1 I2 as ωs bs

0 32979 0 1.17 -27 0.86
Cu (1st) 1 38745 17545 1.44 -12 0.58

2 40538 0 1.30 -20 0.75
0 22292 0 1.16 -20 0.86

Cu (2nd) 1 25555 23551 1.57 -7 0.49
2 27188 0 1.23 -15 0.80
0 18930 0 1.15 -3 0.87

Ni(r) (1st) 1 25241 8135 1.52 7 0.50
2 23662 0 1.30 1 0.77
0 8740 0 1.13 -1 0.83

Ni(r) (2nd) 1 12265 1912 1.33 8 0.58
2 10449 0 1.32 3 0.73
0 457 857 1.02 -36 1.32

Ni(e) (1st) 1 607 1265 0.93 -20 1.30
2 538 1228 0.58 -60 2.13
0 4053 7636 0.92 -34 1.61

Ni(e) (2nd) 1 10563 8194 1.18 -4 0.92
2 5131 11550 0.52 -53 2.50

Table 5.1: Final results of the CMA-ES fits for all 18 spectra of p2656. The fit limits
are I1/2 ∈ [0, 1.2 · Smax], as ∈ [0.1, 2.5], ωs ∈ [−60, 60], and bs ∈ [0.1, 2.5] where scaling
parameters that are hitting the limits are highlighted in red.

However, whilst a consistently larger-than-unity as suggests that the XFEL energy was

slightly underestimated, the central DCA Ni(r) and Cu results for as vary much more than

the HAPG uncertainty σE = 4 eV and unknown sample to DCA to detector distance of σl =

2 · 10 cm would suggest. According to the propagation of uncertainty for these independent

variables, the error on the dispersion ∆E from Equation 4.3 is given as

σ∆E =

√
σ2E

∂∆E

∂E
+ σ2l

∂∆E

∂l

For E = 7, 501 eV and l = 1 m, this corresponds to a scaling of as between 0.76 and 1.24.

Whilst the results in Table 5.1 show that the fits can still distinguish between central and
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outer analysers, the stark variation of as in combination with the chancy occurrence of QES

only for the central analyser for Ni(r) and Cu suggests a systematic deviation. In p2656 due

to the added freedom of shifting/scaling the energy axis and a variable instrument function,

the fits are not sufficiently constraint. Hence, with the given shot noise level, ambiguous

solutions are possible and neither temperature T nor QES I2 can be extracted.

5.4 Summary

Whilst measuring the absolute temperature of solids through phonons is an established

procedure for static experiments on a wide range of samples, advances in the dynamic range

are quite recent. For well-behaved samples of monocrystalline diamond, Descamps[145] found

in p2191 the ambient and resistively heated temperature. This chapter gave insight into the

first polycrystalline metal foil endeavour via the two EuXFEL campaigns p2191 and p2656,

aiming at extracting the absolute temperature and information about the microstructure of

the targets, where both runs faced their individual experimental challenges.

In p2191, the photon count was extremely low due to the SASE beam losing a significant

amount of pulse energy upon monochromatisation, and the extremely short experimental

time at that commissioning run. In p2656, whilst the total number of photons collected was

much higher due to XFEL seeding and more experiment time, the instrument function was

about three times as broad as the peak separation to be resolved.

This results in the p2191 metal foil spectra signal-to-noise ratio being very poor where

no peaks can be resolved and hence neither temperature nor microstructure extracted. In

contrast, the p2191 part by Descamps[145] successfully obtained temperature, and, through

the lack of a QES contribution, a confirmation of the sample monocrystallinity. The main

differences here were the wider phonon spacing, the lack of a third, quasi-elastic peak to

resolve, and the higher photon count through much longer integration time (in addition to

intrinsically higher signal strength as found in Section 4.2).
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These results encouraged p2656, where a higher photon count through increased flux and

time was available. Hence, the results of p2656 suffered much less from shot noise. Yet

the wide instrument function due to a suboptimal central XFEL photon energy complicated

the analysis: whilst the Cu and Ni(r) spectra show a high asymmetry and the fits are more

stable, the models struggle for the Ni(e) runs. The latter is the most symmetric (possibly

due to a close strong Laue contribution in this more granular sample) and the fits find strong

QES. They are not as clear (EMCEE explores rather wide) as for such instrument functions

the three peaks (QES, Stokes, and anti-Stokes) cannot be resolved as well as if there were

only two (Stokes and anti-Stokes).

Due to the error on the XFEL energy and sample positions, three scaling parameters had

to be added. The energy dispersion scale as in particular is found to be inconsistently large

compared to the experimental uncertainties on sample DCA detector distance and XFEL

energy resolution. Overall, due to too little constraint of the parameter space, whilst the

temperature could not be measured, some asymmetry of the spectra was seen. Future cam-

paigns will require improvements particularly from the resolution side and the experimental

implementation of reliable sample positioning.
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Chapter 6

Conclusion

6.1 Summary

In this thesis, work on the development of a temperature and microstructure diagnostic using

Thomson scattering was presented. Hereby, MD simulations on shocked crystals helped

understanding the scattering signal in shocks and the experimental high-resolution x-ray

spectra of ambient metals were analysed.

In Chapter 3, a Cu monocrystal was shock compressed to 0-70 GPa and its Thomson

signal computed through Fourier transforms in space and in time. At higher pressure, the

phonon energies increase, causing a wider Stokes- and anti-Stokes peak spacing, which will

benefit any temperature measurements relying on resolving them. At the same time, com-

pression beyond the elastic limit will generate defects such as stacking faults and thereby

a highly directional QES contribution, which connects certain Bragg peaks and potentially

poses a challenge to resolving the IXS signal. Whilst this QES signal can affect the temper-

ature measurements, it can also serve as a simultaneous microstructure diagnostic, where,

depending on the defect structure, only certain reciprocal space regions will exhibit such

quasi-elastic peaks. Furthermore, in the same chapter a simple prediction about a shock-

induced relativistic Doppler shift of the energy-resolved Thomson scattering outlines a novel

diagnostic for directly measuring the particle velocity Up behind a shock front, rather than

relying on VISAR which is only sensitive to the rear surface velocity.

In Chapter 4, work on elastic and inelastic Thomson signal strength prediction was

presented in order to inform the design of future experiments. A photometrics code was

showcased that is based on the Thomson cross section, which was able to model the relative

IXS strength of Cu, Ni, and Co of p2191 and p2656 within the experimental uncertainty.

Absolute predictions can be obtained if the XFEL intensity on the target and the DCA
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efficiencies are known. Additionally, numerical work on various crystallite shapes aimed

at providing a qualitative understanding of QES signal. Hereby, also a mock polycrystal

outlined future MD routes towards predicting relative intensities in faulted samples. This

was concluded with the analysis of Debye-Scherrer diffraction recorded throughout p2656,

where the signal suffered from poor grain statistics and direct stray intensity, hindering a

potential QES estimate.

In Chapter 5, the hr Thomson spectra of the experimental campaigns p2191 and p2656

for polycrystalline Ni, Co, and Cu foils were presented. Their shared goal was to extract

the absolute temperature together with information about the sample microstructure, where

two different types of Ni were investigated. In the HED commissioning experiment p2191,

a SASE beam was monochromatised and sent onto the targets at two different scattering

angles. For monocrystalline diamond at wider peak spacing, stronger scattering, and longer

integration times, the sample temperatures could be extracted. However, due to the low

total photon count arising from monochromatisation and limited experimental time, the

signal-to-noise ratio of the metal targets was extremely poor and the Stokes/anti-Stokes or

QES peak extraction was rendered unfeasible. In the following campaign p2656 with more

experimental time available, further EuXFEL development had taken place and a seeded

beam provided higher photon flux. This reduced the shot noise of the spectra taken of the

Cu and Ni foils, however, the instrument function turned out to be much broader due to an

unfavourable central x-ray energy. Even given a clear spectral asymmetry, the fits turned out

to be unreliable as the parameter space was too large, and hence, neither absolute sample

temperature nor QES contribution could be extracted.

6.2 Further Work

For future MD investigations in addition to different crystal structures and materials, it will

be instructive to investigate shock compression of fcc structures along other crystal axes of

114



high symmetry than the [001] direction to produce more isotropic plasticity[213]. Shocks

propagating along [111] and [110] are expected to primarily affect the density of generated

stacking faults and thereby the QES along the corresponding linear features in reciprocal

space. Since many of the shock-compressed materials already are, or at some point in the

compression process might be, in polycrystalline form, it also will be instructive to generate

synthetic diffraction and phonon spectra of such systems consisting of a large number of

grains.

Through being able to resolve the relativistic Doppler shift with hr setups such as found

at the HED instrument, for future experiments a novel complement or alternative to VISAR

measurements could directly obtain the particle velocity, where the expected energy shifts

of tens of meV arise for average velocities on the order of several 1000 ms−1. Hereby, the

small size of the XFEL spot would ensure probing a limited volume, avoiding averaging over

a wide range of particle velocities. This is particularly interesting for directly characterising

ramp compression, where a gradient of material at different velocities contributes to the

diffraction signal.

For the p2656 experiment presented, whilst the Ni(r) fits converge, a slight systematic

shape deviation is found, which suggests that the model of Stokes, anti-Stokes and QES

(three peaks) might be too simplistic for polycrystalline samples. In reality, many phonons

of different directions and their projections are involved. In a perfect Debye-Scherrer sample

(no inhomogeneity, e.g., a nanocrystalline powder), a distribution of scattering phonons could

be calculated, however, here due to inhomogeneous samples, this is remains indeterminable.

At the same setup of p2191 for a central scattering angle of 8◦ and instrument functions

on the order of 80 meV, Descamps led work on successfully extracting the temperature of

ambient and resistively heated monocrystalline diamond[145], where the results are shown

in Figure 6.1. The Stokes and anti-Stokes peaks with a spacing of about 59 and 87 meV are

visible by eye and the fit results suggest temperature errors of a few tens of K. Whilst for
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Figure 6.1: Results of p2191 for the monocrystalline diamond at ambient temperature and
at 503 ± 8 K, where the approximate photon count is on the order of 10,000 per line out.
The instrument function is (74,67,76) meV (ambient), (68,59,64) meV (heated), and the
dominant phonons (87,59,87) for (a,b,c). As expected for monocrystalline diamond, no QES
contribution can be made out by eye. Figure reproduced with permission from reference [145],
Scientific Reports.
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Figure 6.2: On the left, a representative synthetic hr IXS spectrum is plotted. It is generated
for a temperature of 298 K, the Ni phonon energy of 33.9 meV (central analyser), a 1:1 ratio
of Stokes to QES, an instrument function of 44 meV, and the scaling parameters as = 0.95,
ωs = 10 meV, bs = 1.0. On the right, the histogram of the accepted results of the EMCEE
exploration is plotted, together with the median temperature of T = 309+18

−17 K. The EMCEE
exploration range lies between 1-1000 K.

the metal targets neither temperature nor link between QES and Debye-Scherrer diffraction

was determinable, the p2191 and p2656 campaigns provided valuable benchmarks towards

how to be successful in these future experiments.

To provide such an estimate of the temperature error for metals, in Figure 6.2 the fit

of a synthetic spectrum of Ni with added shot noise is shown. Hereby, a resolution of

44 meV (as achievable at the HED instrument[146]) and the same numbers of photons as

recorded for the central Cu analyser of the strongest batch were assumed. For a sample

at ambient temperature (T0 = 298 K) and significant QES contribution with the same

strength as the Stokes peak, the CMA-ES fits and EMCEE exploration (shown in the same

figure) extracted T = 309+18
−17 K and approximated the equality between the Stokes and QES

contribution. Whilst this case is difficult to resolve since the QES contribution equals that

of the Stokes peak, and the instrument function of 44 meV remains worse than the peak

spacing of about 30 meV for Ni, the errors are on the same order as those for diamond. Apart
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from the existence of QES and provided shot noise is kept at a reasonable level (e.g., 50,000

photons for this synthetic spectrum), the setup resolution, or equivalently the phonon energy,

make the biggest difference in fit convergence. Since the phonon energy upon compression

will increase through pressure hardening, whilst also the cross section will increase with

the accompanying higher temperature, the performance of this temperature diagnostic will

improve in shock and ramp experiments. Recently, it was demonstrated that the ambient

temperature measurement of 286±30 K could be done for crystalline Fe with an instrument

function 22 meV, using a higher XFEL energy of 10.9 keV and a (931) monochromator-

analyser-setup[214].

Overall, in this experimental configuration and the accompanying challenges, it was hard

to resolve both IXS and QES. Given the non-destructive nature of the p2191 and p2656

experiments, it was possible to integrate many XFEL trains at the same sample position to

combat shot noise. Future campaigns, that include high-repetition drive lasers in destructive

measurements where samples are changed after each train, such as possible with DiPOLE

at the EuXFEL, will similarly be able to increase the signal-to-noise ratio, provided it can

be ensured that the coordinates of the Thomson scattering source remain the same.

6.3 Concluding Remarks

A temperature measurement based on IXS would answer a much sought-after question in

solid HED physics, where a reliable diagnostic currently is lacking. This thesis presented

steps of its development not only to cover static experiments or monocrystalline samples

but to expand its applicability into the realm of ultrafast shock and ramp compression.

It described necessary commissioning work and identified that, whilst here the hr spectra

suffered from shot noise and poor instrument resolution, most of the challenges outlined will

be overcome with the deployment of new, brighter x-ray sources, paving the way towards

making IXS a single shot temperature diagnostic in dynamic experiments.
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Appendix A

Reciprocal Space of an Ideal fcc Stacking Fault

This section briefly illustrates the signature of a single stacking fault within a perfect fcc

crystal. The atomic positions in real space are plotted in Figure A.1, where both the full

simulation box and the subset of only hcp atoms can be seen. The stacking fault with a

surface normal in [111] was generated by shifting half of the atoms by [112̄] /6.

The result in reciprocal space with the anticipated fcc Bragg spots upon taking the

Fourier transform of this faulted crystal is shown in Figure A.2. According to Equation 3.4,

only Bragg peaks where h+k+ l are not an integer multiple of three are dressed with streaks

in [111]. For example, the streaks in ⟨200⟩+ q · [111] are visible, where q ∈ R.

(a) Full simulation box (b) All hcp atoms

Figure A.1: Simulation boxes with atoms highlighted as fcc (green) or hcp (red). A stacking
fault along the [111] direction can be seen, classified as hcp.
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Figure A.2: The 3D Fourier transform of the perfect crystal containing a single stacking fault.
The extent of the reciprocal space is defined by the two corners with Miller indices

(
4̄, 4̄, 4

)
and (4, 4, 4). Again, the colour scale threshold was chosen such that the Bragg peaks are
clearly visible whilst the gradient from white to black indicates low to high [010]-coordinate.
Intensity situated in the first Brillouin zone is colour coded in red. The fcc Bragg peaks are
dressed by sinc-functions along the cardinal directions due to the simulation box. In addition
to stacking-fault-related diagonal streaks in [111] can be seen for Bragg peaks whose h+k+ l
are not an integer multiple of three.
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Appendix B

Average Detector Image of the Diffraction Diagnostic

In Figures B.1 and B.2, the normalised average images seen on the Jungfrau detector in p2656

are shown for each of the six batches of equivalent experimental configuration. The white

vertical and horizontal stripes are masked edge pixels and the gap between the diffraction

detectors. Furthermore, the rectangular white areas in the top and bottom chips on the very

right, and the broad horizontal bar across, are masked cold/hot pixels. In addition to the

two diffraction lines, batch-dependent scatter signal can be seen on the chip.
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(a) 1st Cu batch.

(b) 1st rolled Ni batch.

(c) 1st electrodeposited Ni batch.

Figure B.1: Normalised average detector image for the samples shot at p2656 (1st set of
experimentally equivalent positions). From left to right, the {1, 1, 1} and {2, 0, 0} fcc Debye-
Scherrer ring sections can be seen.
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(a) 2nd Cu batch.

(b) 2nd rolled Ni batch.

(c) 2nd electrodeposited Ni batch.

Figure B.2: Normalised average detector image for the samples shot at p2656 (2nd set of
experimentally equivalent positions). From left to right, the {1, 1, 1} and {2, 0, 0} fcc Debye-
Scherrer ring sections can be seen.
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Appendix C

Average Detector Image of the HAPG Diagnostic

In Figure C.1, the mean image of PMMA with 8953 trains of the HAPG spectrometer can

be seen. The Jungfrau detector consists of eight tiles that are fit together with a pixel

gap between (visible around the horizontal pixel coordinate of 800). The top section of the

detector contains a damaged tile (saturated white signal). On the bottom half, a horizontal

line out across four tiles can be found. The elastic XRTS signal is positioned at the right

detector edge and farther left, towards lower energies, a broad Compton feature can be seen.

The HAPG focuses the XRTS signal along this narrow stripe and to obtain a spectrum, a

few pixels centred at about the vertical pixel coordinate of 420 are summed to increase the

signal strength.

Figure C.1: Average Jungfrau image of the HAPG detector for all p2656 PMMA runs of
equivalent experimental configuration. The upper section of the detector chip is damaged.
In the lower section, the line out can be seen, where the main direction of dispersion is the
horizontal (low energies on the left, high energies on the right).
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Appendix D

Additional p2656 Polycrystal Spectra

In Figure D.1, the other nine spectra of p2656 from the polycrystalline metal foils of equiv-

alent experimental configuration at 21◦ per element are presented for each DCA. In Sec-

tion 5.2.4, Figure 5.10 other batches of copper (Cu), electrodeposited nickel (Ni(e)), and

rolled nickel (Ni(r)) are shown. The error bars are found through Equation 5.1. The signal

still is more intense than it was for any line out in p2191.

126



(a) 1st Cu batch.

(b) 1st rolled Ni batch.

(c) 2nd electrodeposited Ni batch.

Figure D.1: Weaker batches of p2656 hr IXS spectra at 21◦. The unwarped data with
error bars are plotted for each DCA, where the energy zero is in reference to the PMMA
calibration. Again, even for the wide instrument function, some asymmetry can be seen.
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Appendix E

Additional p2656 EMCEE Parameter Explorations

In Figures E.1, E.2, E.3, and 5.16, the EMCEE parameter explorations for the other spectra

of p2656 are presented, which have not been displayed in Section 5.3. Apart from the first

Ni batch, the distributions are narrow and contain the best CMA-ES fit results.
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Figure E.1: CMA-ES parameter sensitivity obtained through EMCEE exploration for the
second Cu batch with about 50,000 EMCEE samples per analyser. The best fits are indicated
by dashed orange lines and narrow distributions around these are found.
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Figure E.2: CMA-ES parameter sensitivity obtained through EMCEE exploration for the
first rolled Ni batch with about 50,000 EMCEE samples per analyser. The best fits are
indicated by dashed orange lines and narrow distributions around these are found.
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Figure E.3: CMA-ES parameter sensitivity obtained through EMCEE exploration for the
second rolled Ni batch with about 50,000 EMCEE samples per analyser. The best fits are
indicated by dashed orange lines and narrow distributions around these are found. The
uncertainty is the largest for the central DCA.
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Figure E.4: CMA-ES parameter sensitivity obtained through EMCEE exploration for the
first electrodeposited Ni batch with about 50,000 EMCEE samples per analyser. The best
fits are indicated by dashed orange lines. As for the first Ni(e) batch, the fit cost is largely
insensitive to significant parameter variation and no reliable convergence could be found.
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Hámos Spectrometer at the High Energy Density Instrument of the European XFEL”.
Journal of Instrumentation, 15(11):P11033–P11033, 2020. doi: 10.1088/1748-0221/
15/11/P11033.

[153] W. H. Zachariasen. Theory of X-Ray Diffraction in Crystals. Dover Publications, Inc.,
New York, NY, 1945.

[154] B. E. Warren. X-Ray Diffraction. Dover Publications, Inc., New York, NY, 1990.

[155] G. P. Srivastava. The physics of phonons. Taylor and Francis Group, New York, NY,
1990.

[156] M. A. Meyers. Dynamic Behavior of Materials. Wiley, New York, NY, 1994. doi:
10.1007/s11340-012-9598-0.

[157] D. C. Rapaport. The Art of Molecular Dynamics Simulation. Cambridge University
Press, Cambridge, 2004.

[158] J. Als-Nielsen and D. McMorrow. Elements of Modern X-ray Physics. Wiley, 2 edition,
2011.

[159] G. Geloni, V. Kocharyan, and E. Saldin. “Cost-effective way to enhance the capabilities
of the LCLS baseline”. arXiv, 2010.

[160] J. Amann, W. Berg, V. Blank, F.-J. Decker, Y. Ding, P. Emma, Y. Feng, J. Frisch,
D. Fritz, J. Hastings, Z. Huang, J. Krzywinski, R. Lindberg, H. Loos, A. Lutman,
H.-D. Nuhn, D. Ratner, J. Rzepiela, D. Shu, Y. Shvyd’ko, S. Spampinati, S. Stoupin,
S. Terentyev, E. Trakhtenberg, D. Walz, J. Welch, J. Wu, A. Zholents, and D. Zhu.
“Demonstration of self-seeding in a hard-X-ray free-electron laser”. Nature Photonics,
6(10):693–698, 2012. doi: 10.1038/nphoton.2012.180.

[161] C. E. Anderson. “An overview of the theory of hydrocodes”. International Journal of
Impact Engineering, 5(1-4):33–59, 1987. doi: 10.1016/0734-743X(87)90029-7.

[162] E. S. Hertel, Jr. “A survey of numerical methods for shock physics applications”.
osti.gov, 1997.

[163] S. Plimpton. “Fast parallel algorithms for short-range molecular dynamics”. Journal of
Computational Physics, 117(1):1 – 19, 1995. doi: https://doi.org/10.1006/jcph.1995.
1039.

[164] B. R. Maddox, H. S. Park, B. A. Remington, and M. McKernan. “Calibration and
characterization of single photon counting cameras for short-pulse laser experiments”.
Review of Scientific Instruments, 79(10):10E924, 2008. doi: 10.1063/1.2966374.

148



[165] S. Fourmaux, S. Corde, K. Ta Phuoc, P. M. Leguay, S. Payeur, P. Lassonde,
S. Gnedyuk, G. Lebrun, C. Fourment, V. Malka, S. Sebban, A. Rousse, and J. C.
Kieffer. “Demonstration of the synchrotron-type spectrum of laser-produced Betatron
radiation”. New Journal of Physics, 13(3):033017, 2011. doi: 10.1088/1367-2630/13/
3/033017.

[166] A. Higginbotham, M. J. Suggit, E. M. Bringa, P. Erhart, J. A. Hawreliak, G. Mogni,
N. Park, B. A. Remington, and J. S. Wark. “Molecular dynamics simulations of shock-
induced deformation twinning of a body-centered-cubic metal”. Physical Review B,
88:104105, 2013. doi: 10.1103/PhysRevB.88.104105.

[167] A. Higginbotham and D. McGonegle. “Prediction of debye-scherrer diffraction patterns
in arbitrarily strained samples”. Journal of Applied Physics, 115(17):174906, 2014. doi:
10.1063/1.4874656.

[168] D. McGonegle, D. Milathianaki, B. A. Remington, J. S. Wark, and A. Higginbotham.
“Simulations of in situ x-ray diffraction from uniaxially compressed highly textured
polycrystalline targets”. Journal of Applied Physics, 118(6):065902, 2015. doi: 10.
1063/1.4927275.

[169] D. Francom, D. J. Walters, J. L. Barber, D. J. Luscher, E. Lawrence, A. Biswas,
C. M. Biwer, D. Banesh, J. Lazarz, S. C. Vogel, K. Ramos, C. Bolme, R. L. Sand-
berg, and J. Ahrens. “Simulation and Emulation of X-Ray Diffraction from Dynamic
Compression Experiments”. Journal of Dynamic Behavior of Materials, 2020. doi:
10.1007/s40870-020-00254-8.

[170] J. S. Wark. “Picosecond X-Ray Diffraction from Laser-Shocked Copper and Iron”.
Journal of Applied Physics, 845:286–291, 2006. doi: 10.1063/1.2263319.

[171] K. Rosolankova, J. S. Wark, E. M. Bringa, and J. Hawreliak. “Measuring stacking fault
densities in shock-compressed FCC crystals using in situ x-ray diffraction”. Journal of
Physics: Condensed Matter, 18(29):6749–6757, 2006. doi: 10.1088/0953-8984/18/29/
014.

[172] R. Ravelo, T. C. Germann, O. Guerrero, Q. An, and B. L. Holian. “Shock-induced
plasticity in tantalum single crystals: Interatomic potentials and large-scale molecular-
dynamics simulations”. Phys. Rev. B, 88:134101, 2013. doi: 10.1103/PhysRevB.88.
134101.

[173] Q.-l. Xiong, T. Kitamura, and Z. Li. “Transient phase transitions in single-crystal cop-
pers under ultrafast lasers induced shock compression: A molecular dynamics study”.
Journal of Applied Physics, 125(19):194302, 2019. doi: 10.1063/1.5088371.

[174] N. Amadou, T. De Resseguier, A. Dragon, and E. Brambrink. “Effects of orientation,
lattice defects and temperature on plasticity and phase transition in ramp-compressed
single crystal iron”. Computational Materials Science, 172:109318, 2020. doi: 10.1016/
j.commatsci.2019.109318.

149



[175] L. Zhang, C. Lu, G. Michal, G. Deng, and K. Tieu. “The formation and destruction
of stacking fault tetrahedron in fcc metals: A molecular dynamics study”. Scripta
Materialia, 136:78–82, 2017. doi: 10.1016/j.scriptamat.2017.04.019.

[176] S. M. Sharma, S. Turneaure, J. Winey, P. Rigg, N. Sinclair, X. Wang, Y. Toyoda, and
Y. Gupta. “Real-Time Observation of Stacking Faults in Gold Shock Compressed to
150 GPa”. Physical Review X, 10(1):011010, 2020. doi: 10.1103/PhysRevX.10.011010.

[177] A. Stukowski and K. Albe. “Extracting dislocations and non-dislocation crystal defects
from atomistic simulation data”. Modelling and Simulation in Materials Science and
Engineering, 18(8):085001, 2010. doi: 10.1088/0965-0393/18/8/085001.

[178] Y. Mishin, M. J. Mehl, D. A. Papaconstantopoulos, A. F. Voter, and J. D. Kress.
“Structural stability and lattice defects in copper: Ab initio , tight-binding, and
embedded-atom calculations”. Physical Review B, 63(22):224106, 2001. doi: 10.1103/
PhysRevB.63.224106.

[179] A. Stukowski. “Visualization and analysis of atomistic simulation data with OVITO-
the Open Visualization Tool”. Modelling and Simulation in Materials Science and
Engineering, 18(1), 2010. doi: {10.1088/0965-0393/18/1/015012}.

[180] J. D. Honeycutt and H. C. Andersen. “Molecular dynamics study of melting and
freezing of small Lennard-Jones clusters”. The Journal of Physical Chemistry, 91(19):
4950–4963, 1987. doi: 10.1021/j100303a014.

[181] D. Faken and H. Jónsson. “Systematic analysis of local atomic structure combined
with 3D computer graphics”. Computational Materials Science, 2(2):279–286, 1994.
doi: 10.1016/0927-0256(94)90109-0.

[182] H. Tsuzuki, P. S. Branicio, and J. P. Rino. “Structural characterization of deformed
crystals by analysis of common atomic neighborhood”. Computer Physics Communi-
cations, 177(6):518–523, 2007. doi: 10.1016/j.cpc.2007.05.018.

[183] E. Schmid and W. Boas. Kristallplastizität, volume 17. Springer, 1 edition, 1935. doi:
10.1007/978-3-662-34532-0.

[184] E. M. Bringa, J. U. Cazamias, P. Erhart, J. Stölken, N. Tanushev, B. D. Wirth,
R. E. Rudd, and M. J. Caturla. “Atomistic shock hugoniot simulation of single-crystal
copper”. Journal of Applied Physics, 96(7):3793–3799, 2004. doi: 10.1063/1.1789266.

[185] A. Neogi and N. Mitra. “A metastable phase of shocked bulk single crystal copper:
an atomistic simulation study”. Scientific Reports, 7(1):7337, 2017. doi: 10.1038/
s41598-017-07809-1.

[186] L. Velterop, R. Delhez, T. H. de Keijser, E. J. Mittemeijer, and D. Reefman. “X-ray
diffraction analysis of stacking and twin faults in f.c.c. metals: a revision and allowance
for texture and non-uniform fault probabilities”. Journal of Applied Crystallography,
33(2):296–306, 2000. doi: 10.1107/S0021889800000133.

150



[187] G. Kimminau, B. Nagler, A. Higginbotham, W. Murphy, J. Wark, N. Park, J. Hawre-
liak, D. Kalantar, H. Lorenzana, and B. Remington. “Simulating picosecond X-ray
diffraction from crystals using FFT methods on MD output”. In AIP Conference
Proceedings, volume 955, pages 1251–1254, 2007. doi: 10.1063/1.2832948.

[188] G. Kimminau, P. Erhart, E. M. Bringa, B. Remington, and J. S. Wark. “Phonon insta-
bilities in uniaxially compressed fcc metals as seen in molecular dynamics simulations”.
Physical Review B, 81(9):092102, 2010. doi: 10.1103/PhysRevB.81.092102.

[189] Y. Chalopin and S. Volz. “A microscopic formulation of the phonon transmission at
the nanoscale”. Applied Physics Letters, 103(5):051602, 2013. doi: 10.1063/1.4816738.

[190] Y. Sun, Y. Zhou, M. Hu, G. Jeffrey Snyder, B. Xu, and W. Liu. “Probing the phonon
mean free paths in dislocation core by molecular dynamics simulation”. Journal of
Applied Physics, 129(5):055103, 2021. doi: 10.1063/5.0038265.

[191] F. Harris. “On the use of windows for harmonic analysis with the discrete Fourier
transform”. Proceedings of the IEEE, 66(1):51–83, 1978. doi: 10.1109/PROC.1978.
10837.

[192] M. Dupraz, G. Beutier, D. Rodney, D. Mordehai, and M. Verdier. “Signature of
dislocations and stacking faults of face-centred cubic nanocrystals in coherent X-ray
diffraction patterns: a numerical study”. Journal of Applied Crystallography, 48(3):
621–644, 2015. doi: 10.1107/S1600576715005324.

[193] C. Giannini, V. Holy, L. De Caro, L. Mino, and C. Lamberti. “Watching nano-
materials with X-Ray eyes: probing different length scales by combining scatter-
ing with spectroscopy”. Progress in Materials Science, 112:100667, 2020. doi:
10.1016/j.pmatsci.2020.100667.

[194] J. D. Jackson. Classical Electrodynamics. Wiley, New York, 3 edition, 1999.

[195] C. Masciovecchio, U. Bergmann, M. Krisch, G. Ruocco, F. Sette, and R. Verbeni. “A
perfect crystal X-ray analyser with meV energy resolution”. Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms,
111(1-2):181–186, 1996. doi: 10.1016/0168-583X(95)01288-5.

[196] C. Masciovecchio, U. Bergmann, M. Krisch, G. Ruocco, F. Sette, and R. Verbeni. “A
perfect crystal X-ray analyser with 1.5 meV energy resolution”. Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and
Atoms, 117(3):339–340, 1996. doi: 10.1016/0168-583X(96)00334-5.

[197] R. Verbeni, M. Kocsis, S. Huotari, M. Krisch, G. Monaco, F. Sette, and G. Vanko.
“Advances in crystal analyzers for inelastic X-ray scattering”. Journal of Physics and
Chemistry of Solids, 66(12):2299–2305, 2005. doi: 10.1016/j.jpcs.2005.09.079.

151
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[204] S. Huotari, G. Vankó, F. Albergamo, C. Ponchut, H. Graafsma, C. Henriquet, R. Ver-
beni, and G. Monaco. “Improving the performance of high-resolution X-ray spectrom-
eters with position-sensitive pixel detectors”. Journal of Synchrotron Radiation, 12(4):
467–472, 2005. doi: 10.1107/S0909049505010630.

[205] G. Blaj, P. Caragiulo, G. Carini, S. Carron, A. Dragone, D. Freytag, G. Haller, P. Hart,
J. Hasi, R. Herbst, S. Herrmann, C. Kenney, B. Markovic, K. Nishimura, S. Osier,
J. Pines, B. Reese, J. Segal, A. Tomada, and M. Weaver. “X-ray detectors at the Linac
Coherent Light Source”. Journal of Synchrotron Radiation, 22(3):577–583, 2015. doi:
10.1107/S1600577515005317.

[206] A. Mozzanica, A. Bergamaschi, M. Brueckner, S. Cartier, R. Dinapoli, D. Greiffen-
berg, J. Jungmann-Smith, D. Maliakal, D. Mezza, M. Ramilli, C. Ruder, L. Schaedler,
B. Schmitt, X. Shi, and G. Tinti. “Characterization results of the JUNGFRAU full
scale readout ASIC”. Journal of Instrumentation, 11(02):C02047–C02047, 2016. doi:
10.1088/1748-0221/11/02/C02047.

[207] Shung-Wu Lee and R. Mittra. “Fourier transform of a polygonal shape function and its
application in electromagnetics”. IEEE Transactions on Antennas and Propagation,
31(1):99–103, 1983. doi: 10.1109/TAP.1983.1142981.

152

lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/formfactors.php
lampx.tugraz.at/~hadley/ss1/crystaldiffraction/atomicformfactors/formfactors.php


[208] F.-L. Chu and C.-F. Huang. “On the calculation of the Fourier transform of a polygonal
shape function”. Journal of Physics A: Mathematical and General, 22(14):L671–L672,
1989. doi: 10.1088/0305-4470/22/14/003.

[209] C. Prescher and V. B. Prakapenka. “DIOPTAS : a program for reduction of two-
dimensional X-ray diffraction data and data exploration”. High Pressure Research, 35
(3):223–230, 2015. doi: 10.1080/08957959.2015.1059835.

[210] M. F. Kasim, T. P. Galligan, J. Topp-Mugglestone, G. Gregori, and S. M. Vinko.
“Inverse problem instabilities in large-scale modeling of matter in extreme conditions”.
Physics of Plasmas, 26(11):112706, 2019. doi: 10.1063/1.5125979.

[211] N. Hansen. “The CMA Evolution Strategy: A Tutorial”. arXiv, 2016.

[212] C. Andrieu, N. de Freitas, A. Doucet, and M. I. Jordan. “An Introduction to
MCMC for Machine Learning”. Machine Learning, 50(1):5–43, 2003. doi: 10.1023/A:
1020281327116.

[213] T. C. Germann, B. L. Holian, P. S. Lomdahl, D. Tanguy, M. Mareschal, and R. Ravelo.
“Dislocation structure behind a shock front in fcc perfect crystals: Atomistic simulation
results”. Metallurgical and Materials Transactions A, 35(9):2609–2615, 2004. doi:
10.1007/s11661-004-0206-5.

[214] A. Descamps, B. K. Ofori-Okai, J. K. Baldwin, Z. Chen, L. B. Fletcher, S. H. Glenzer,
N. J. Hartley, J. B. Hasting, D. Khaghani, M. Mo, B. Nagler, V. Recoules, R. Redmer,
M. Schörner, P. Sun, Y. Q. Wang, T. G. White, and E. E. McBride. “Towards perform-
ing high-resolution inelastic X-ray scattering measurements at hard X-ray free-electron
lasers coupled with energetic laser drivers”. Journal of Synchrotron Radiation, 29(4),
2022. doi: 10.1107/S1600577522004453.

153


	Abstract
	Acknowledgments
	List of Figures
	List of Tables
	Introduction
	Motivation and Historic Context
	Structure of Thesis and Author Contributions

	Selected Concepts of Shocked Solids, X-Ray Scattering, and Scientific Computation
	Introduction
	Realistic Crystals and Shock Physics
	Crystal Structures
	Reciprocal Lattice
	Phonons
	Stress and Strain
	Crystallographic Defects
	Shock Wave Physics

	X-Ray Physics
	X-Ray Free Electron Lasers
	Compton and Thomson Scattering
	Elastic Scattering in Ordered Structures
	Inelastic Scattering in Ordered Structures

	Scientific Computation
	Molecular Dynamics Simulations
	Single Photon Counting


	Molecular Dynamics Simulations of Inelastic X-Ray Scattering from Shocked Copper
	Introduction
	Simulations
	Molecular Dynamics Simulations via LAMMPS
	Modelling of the Elastic and Inelastic X-Ray Scattering

	Results
	Phonon Modes under Shock Compression
	QES and Energy Resolution
	Doppler Shift

	Summary

	Photometrics of X-Ray Thomson Scattering
	Introduction
	Inelastic X-Ray Scattering Photometrics
	Numerical Implementation
	Potential Targets at p2191 and p2656

	High-Resolution X-Ray Thomson Scattering at the HED Instrument
	Setup of p2191
	Setup of p2656
	Raw Data Processing of p2191
	Raw Data Processing of p2656
	Relative Photon Numbers at p2191 and p2656

	Qualitative Modelling of Quasi-Elastic X-Ray Scattering
	Shape-Function Diffraction
	Polycrystalline Diffraction through Molecular Dynamics Simulations

	Debye-Scherrer Diffraction at the EuXFEL
	Summary

	Towards a Dynamic X-Ray Temperature and Microstructure Diagnostic of Polycrystals
	Introduction
	High-Resolution IXS Spectra
	Advanced Processing of p2191 SPC Images
	Polycrystal Spectra of p2191
	Advanced Processing of p2656 SPC Images
	Polycrystal Spectra of p2656

	Parameter Extraction and Error Estimation of p2656
	Summary

	Conclusion
	Summary
	Further Work
	Concluding Remarks

	Appendices
	Reciprocal Space of an Ideal fcc Stacking Fault
	Average Detector Image of the Diffraction Diagnostic
	Average Detector Image of the HAPG Diagnostic
	Additional p2656 Polycrystal Spectra
	Additional p2656 EMCEE Parameter Explorations
	References

