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0Introduction
Glasses can be regarded as liquids that have fallen out of equilibrium: upon cooling,

the rapid increase in viscosity progressively slows structural rearrangements until

the system becomes kinetically arrested in a disordered, liquid-like, con�guration.

As a consequence, glasses are intrinsically non-ergodic systems, and their proper-

ties depend not only on thermodynamic variables but also on their thermal and

mechanical history.

Despite their apparent rigidity, atoms in glasses are not completely arrested.

Even below the glass transition temperature, they can undergo structural rear-

rangements, especially when subjected to external perturbations. Among these,

interaction with radiation plays a particularly relevant role in this thesis. The

absorption of energetic particles or photons can induce local excitations, bond

breaking, and defect formation, leading to modi�cations of the glass structure. In

glasses, irradiation e�ects have long been investigated in terms of local defects,

densi�cation, and modi�cation of the absorption spectrum, motivated by studies in

the context of nuclear waste vitri�cation and radiation-resistant materials.

More recently, starting with the �rst work of Ruta et al. (2017), a di�erent per-

spective has emerged with the observation that intense X-ray beams can directly

induce atomic dynamics in glasses, even far below the glass transition temperature.

It was shown that the high �ux and tight focusing available at modern third- and

fourth-generation synchrotron sources can trigger beam-induced dynamics in both

chalcogenide and oxide glasses. This dynamics, revealed by X-ray photon corre-

lation spectroscopy, does not probe intrinsic relaxation processes but re�ects the

response of the material to irradiation. At the same time, structural modi�cations

related to a decrease in medium-range order have been reported, demonstrating the

close coupling between radiation-induced dynamics and structural evolution. These

observations raise fundamental questions regarding the microscopic mechanisms

involved, their dependence on temperature, and their generality across di�erent

glassy systems.

This thesis is motivated by these observations and focuses on the response

of vitreous germanium dioxide (v-GeO2), a prototypical strong oxide glass, to

intense X-ray irradiation. To address this problem, we employ a combination of

complementary experimental techniques to probe both structure and dynamics

over a broad range of length and time scales. X-ray photon correlation spectroscopy
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(XPCS) probes the temporal evolution of speckle patterns generated by coherent

scattering, providing access to the intermediate scattering function � „&� C” and

thus to slow dynamics on timescales ranging from milliseconds to hours. X-ray

di�raction (XRD) yields information on the static structure factor ( „&”, and in

particular on medium-range order and density �uctuations through the low-&

limit. Inelastic X-ray scattering (IXS) at small angles provides access to the dynamic

structure factor ( „&�l”, enabling the investigation of vibrational dynamics in the

terahertz regime. The combination of these techniques allows for a comprehensive

description of the system, bridging fast vibrational processes and slow structural

relaxation.

The central objective of this thesis is to understand how vitreous GeO2 responds

to high X-ray doses. First, we demonstrate the existence of X-ray–induced dynamics

at room temperature. In particular, we study the evolution of such dynamics with the

total absorbed dose and whether it �nally reaches a stationary state, as previously

reported in other glasses in the literature. A related point is the role of temperature:

we examine whether this induced dynamics displays a temperature dependence

and how it is modi�ed when standard thermal relaxation processes, at temperatures

close to the glass transition, occur on similar timescales.

The investigation of such dynamics has become possible thanks to the devel-

opment of novel data analysis methodologies. In particular, we introduce the

multi-tau two-time-correlation (MTTTC) approach and advanced detector correc-

tions, which are essential for reliably extracting dynamical information from long

XPCS measurements under low-signal conditions.

A second objective is to characterize the structural transformations that accom-

pany this dynamics. This is measured by monitoring, in parallel with the dynamics

using XRD, the evolution of the �rst sharp di�raction peak and the low-& scattered

signal related to spatial density �uctuations in the glass. The structural dependence

on the irradiation temperature, and its evolution from the pristine glass, are inves-

tigated in depth. The presence of a unique �nal steady structure of the glass that

depends solely on the irradiation temperature is one of the central outcomes of this

work.

In particular, we measure that irradiation produces an increase in the small-angle

scattered signal, compatible with an increase in spatial density �uctuations in the

system. A central issue is to determine whether the observed changes arise from

modi�cations of the frozen-in (quasistatic) structure or from the dynamic compo-

nent associated with vibrational motion. Within this framework, IXS measurements

are used to analyze the origin of density �uctuations by separating their frozen-in

and dynamical contributions. This will allow relating the �nal stationary state of

the irradiated glass to a melt-quenched glass with a high �ctive temperature. The
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corresponding �ctive temperature, like the glass state, changes with the irradiation

temperature.

Finally, we compare the non-ergodicity factor obtained from XPCS at low fre-

quencies with that inferred from IXS measurements in the high-frequency regime.

This comparison o�ers insight into the degree of dynamical arrest across di�erent

timescales and contributes to a more uni�ed description of relaxation processes in

irradiated glasses.

The thesis is organized as follows. Chapter 1 introduces the fundamental physics

of supercooled liquids and glasses, including the concepts of glass transition, viscos-

ity and fragility, the potential energy landscape, and density correlation functions.

Particular attention is given to relaxation processes, density �uctuations, and the

role of the �ctive temperature, with a �nal focus on the structural properties of vitre-

ous GeO2. Chapter 2 presents the X-ray experimental techniques used throughout

this work. It introduces the interaction of X-rays with matter and the theoretical

framework of scattering processes, and describes inelastic X-ray scattering (IXS),

X-ray di�raction (XRD), and X-ray photon correlation spectroscopy (XPCS), to-

gether with their implementation at synchrotron beamlines. Chapter 3 is devoted

to the development of novel data-analysis methodologies for XPCS experiments.

In particular, it presents the multi-tau two-time correlation (MTTTC) approach

and advanced detector corrections, which enable reliable analysis of long time-

scale dynamics under low-signal conditions. Chapter 4 reviews radiation damage

in glasses under ionizing irradiation. It discusses the microscopic mechanisms

of defect formation, radiolysis, and structural modi�cations, and introduces the

physical framework underlying X-ray–induced dynamics. Chapter 5 presents the

XPCS investigation of X-ray–induced dynamics and structural transformations in

vitreous GeO2. The dose and temperature dependence of the dynamics are analyzed,

together with the evolution toward a stationary irradiated state and its structural

properties. Chapter 6 focuses on the study of density �uctuations by means of

IXS. The inelastic spectra are analyzed to separate frozen-in and dynamical con-

tributions, providing insight into the dynamical origin of density �uctuations and

enabling a comparison of non-ergodicity factors across di�erent timescales. Finally,

the main results of the thesis are summarized in the Conclusions.

vii





0Contents
Acknowledgments iii

Introduction v

1 The physics of supercooled liquids and glasses 1
1.1 Supercooled liquids, glasses, and the glass transition . . . . . . . . 1

1.2 The strong temperature dependence of the viscosity . . . . . . . . 3

1.3 The potential energy landscape . . . . . . . . . . . . . . . . . . . 5

1.4 Density correlation functions . . . . . . . . . . . . . . . . . . . . . 7

1.4.1 The density-density correlation function . . . . . . . . . . 7

1.4.2 Reciprocal Space and Scattering Functions . . . . . . . . . 8

1.4.3 The static limits: 6„A ” and ( „&” . . . . . . . . . . . . . . . 9

1.5 Relaxations in supercooled liquids and glases . . . . . . . . . . . . 11

1.5.1 The U-relaxation . . . . . . . . . . . . . . . . . . . . . . . 13

1.5.2 Q-dependence of the KWW parameters . . . . . . . . . . 14

1.5.3 Dynamical heterogeneities . . . . . . . . . . . . . . . . . . 15

1.6 Spatial density �uctuations ( „0” across the glass transition . . . . 16

1.6.1 Density �uctuations from structural relaxation and sound

propagation . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.6.2 The role of the �ctive temperature . . . . . . . . . . . . . 19

1.6.3 Non-ergodicity factor and fragility . . . . . . . . . . . . . 20

1.7 The structure of glasses and supercooled liquids: the case of GeO2 22

2 X-Ray Experimental Techniques in disordered systems 25
2.1 Interaction of X-ray photons with matter . . . . . . . . . . . . . . 25

2.2 Theory of the X-ray scattering processes . . . . . . . . . . . . . . 27

2.3 X-ray inelastic scattering . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.1 The ID28 beamline at ESRF . . . . . . . . . . . . . . . . . 32

2.4 X-ray Di�raction . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4.1 Di�raction at XPCS beamlines . . . . . . . . . . . . . . . . 35

2.5 X-ray Photon Correlation Spectroscopy . . . . . . . . . . . . . . . 37

2.5.1 Partially coherent X-rays from synchrotron sources . . . . 38

2.5.2 Static speckle patterns in disordered systems . . . . . . . 40

ix



2.5.3 From speckle patterns to XPCS . . . . . . . . . . . . . . . 44
2.5.4 Experimental setups: ID10 at the ESRF and P10 at PETRA III 45

3 Novel data analysis pipelines at XPCS beamlines 47
3.1 Recent improvements at XPCS beamlines . . . . . . . . . . . . . . 47
3.2 Time-resolved XPCS analysis across broad time-scales using multi-

tau two-time correlations . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.1 Multi-speckle correlation functions . . . . . . . . . . . . . 50
3.2.2 Multi-tau two-time correlation (MT-2TC) . . . . . . . . . 54
3.2.3 Experimental demonstrations and perspectives . . . . . . 60

3.3 Advanced Eiger 4M detector corrections for XPCS experiments . 67
3.3.1 Out-of-average behavior pixels in the CdTe detector . . . 67
3.3.2 Environmental radioactivity noise in the CdTe Detector . 71
3.3.3 Cosmic-ray signal in the Si detector . . . . . . . . . . . . . 74

4 Radiation Damage in Glasses under Ionizing Irradiation 79
4.1 Natural intrinsic defects in crystals and glasses . . . . . . . . . . . 79

4.1.1 Schottky defects . . . . . . . . . . . . . . . . . . . . . . . 80
4.1.2 Frenkel defect . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Radiation Damage Mechanisms in Glasses . . . . . . . . . . . . . 82
4.2.1 Irradiation and dose . . . . . . . . . . . . . . . . . . . . . 82
4.2.2 Radiolytic processes . . . . . . . . . . . . . . . . . . . . . 83
4.2.3 Displacement (knock-on) damage . . . . . . . . . . . . . . 84
4.2.4 Electron rearrangement processes . . . . . . . . . . . . . . 86
4.2.5 An illustrative case: 1 MGy60Co W radiation on silica . . . 87

4.3 Radiation-induced defect centers in oxide glasses . . . . . . . . . 87
4.3.1 E0centers . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.3.2 Non-bridging oxygen hole centers (NBOHC) . . . . . . . . 90
4.3.3 Oxygen de�ciency centers (ODC) . . . . . . . . . . . . . . 90
4.3.4 Peroxy radical defects (POR) . . . . . . . . . . . . . . . . . 91

4.4 Dose-rate e�ects and competing annealing mechanisms . . . . . . 91
4.5 Irradiation induced structural modi�cations in oxide glasses . . . 93

4.5.1 Macroscopic changes Induced by Ionizing Radiation . . . 96
4.6 X-ray induced dynamics as the manifest of damage creation and

annihilation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.6.1 Emergence and physical understanding of beam-induced

dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

x



5 X-ray�induced transitions in v-GeO 2 probed by XPCS 105
5.1 Experimental conditions and measurement strategy . . . . . . . . 105

5.1.1 P10 beamline con�guration . . . . . . . . . . . . . . . . . 106
5.1.2 ID10 beamline con�guration . . . . . . . . . . . . . . . . . 108
5.1.3 Sample preparation . . . . . . . . . . . . . . . . . . . . . . 109

5.2 The room temperature induced dynamics . . . . . . . . . . . . . . 110
5.2.1 Dose dependence of the room-T induced dynamics . . . . 111
5.2.2 The fully damaged room-T dynamics . . . . . . . . . . . . 114
5.2.3 Q-dependence of the room-T induced dynamics . . . . . . 115
5.2.4 The standard dose-rate inverse proportionality . . . . . . 117

5.3 The room temperature structural transformation . . . . . . . . . . 118
5.4 Temperature evolution of the dynamics . . . . . . . . . . . . . . . 121
5.5 Dependence of the structure on the irradiation temperature . . . 125
5.6 Stability of the fully-irradiated state . . . . . . . . . . . . . . . . . 129
5.7 Radiation-induced rejuvenation and annealing . . . . . . . . . . . 132

6 Density fluctuations by IXS 135
6.1 Experimental conditions and measurement strategy . . . . . . . . 135

6.1.1 ID28 beamline con�guration . . . . . . . . . . . . . . . . . 136
6.1.2 Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
6.1.3 Empty cell . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.1.4 X-Ray structural modi�cation of germania . . . . . . . . . 140
6.1.5 Validity of the low-& approximation at & = 0”2 Å�1 . . . . 142

6.2 The inelastic spectra of germania . . . . . . . . . . . . . . . . . . 143
6.2.1 Modeling of the inelastic spectra: elastic and DHO contri-

butions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
6.2.2 Extraction of dynamical parameters from the spectra . . . 145

6.3 The interpretation of the inelastic spectrum . . . . . . . . . . . . 148
6.3.1 Temperature-independent sound velocity . . . . . . . . . 148
6.3.2 Using vibrations to calibrate the scattered intensity . . . . 150

6.4 Density �uctuations in fully damaged GeO2 . . . . . . . . . . . . 151
6.5 Non-ergodicity factor from ps to ms timescale . . . . . . . . . . . 154

Conclusions 157

Bibliography 161

xi





1 The physics of
supercooled liquids and glasses

This chapter introduces the fundamental physics of supercooled liquids and glasses. It
outlines the nature of the glass transition describing the role of viscosity and fragility,
and de�ning the potential energy landscape framework. Structural and dynamical
properties are described through correlation functions, relaxation processes, and density
�uctuations. Particular attention is given to the concepts of aging, rejuvenation, and
the role of the �ctive temperature. The discussion on the structure is �nally focused on
vitreous GeO2, the system investigated in this thesis.

1.1 Supercooled liquids, glasses, and the glass
transition

Glasses can be regarded as liquids that have lost their ability to �ow: their micro-
scopic structure remains essentially indistinguishable from that of the correspond-
ing liquid. However, they are non-ergodic and no longer fully explore the phase
space accessible to a �uid [Ang95]. Unlike crystals, which are characterized by a
periodically ordered lattice at the atomic scale, glasses are amorphous solids that
lack long-range structural order.

The most conventional method of obtaining a glass consists of quenching a melt
fast enough to cross the melting point without triggering crystallization [Ang95;
Cav09; DS01]. Figure 1.1 illustrates the temperature dependence of the volume (or
alternatively, the enthalpy) of a liquid at constant pressure. If the liquid is cooled
below its melting temperature) < at a su�ciently slow rate, the molecules have
time to rearrange into an ordered, thermodynamically stable crystalline phase.
However, if the cooling rate is fast enough, the phase transition is avoided, and the
liquid enters a metastable state known as the supercooled liquid state [EH12]. As the
temperature drops further, the molecular motion slows down while the viscosity
of the liquid increases. Consequently, the time required for the system to reach
structural equilibrium becomes increasingly long.

At a certain point, the characteristic timescale for structural rearrangement
exceeds the experimental observation time, and the atoms become virtually frozen
in their disordered con�guration: the system falls out of equilibrium, transitioning
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Chapter 1 The physics of supercooled liquids and glasses

from a supercooled liquid to a glass [DS01]. The glass transition temperature,) 6,
is conventionally de�ned as the temperature at which the shear viscosity reaches
1012 Pa�s [Ang95]. At this stage, the material behaves macroscopically as a solid
[Göt09]. Experimentally, during the glass transition an abrupt (but continuous)
change of the thermal expansion coe�cientU? = 1

+ ¹ m+
m)º? and the heat capacity

� ? = ¹ m�
m)º? is observed.

Figure 1.1: The molar volume (or enthalpy) as a function of temperature. Below the
melting temperature )< , a slow cooling leads to crystallization. A faster quench bypasses
) < , forming a supercooled liquid. At the glass transition temperature) 6, the system falls
out of equilibrium, forming a glass. Di�erent cooling rates lead to di�erent) 6 values.
Isothermal aging below) 6 allows the glass to slowly relax toward the supercooled liquid
equilibrium line.

The glass transition is not thermodynamic phase transition: there are no discon-
tinuities in the volume or heat capacity, and the exact value of the glass transition
temperature, as well as the structure of the �nal glass, strictly depends on the
system's thermal history, particularly the cooling rate [DS01]. Because the charac-
teristic timescale for structural rearrangements grows exponentially upon cooling
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The strong temperature dependence of the viscosity Section 1.2

(see the following Sec. 1.2), a liquid subjected to a rapid quench has less time to equi-
librate. Consequently, it falls out of equilibrium and undergoes the glass transition
at a higher temperature. A fast-cooled glass essentially freezes in a con�guration
that represents a higher temperature liquid; thus, it is characterized by a higher
degree of structural disorder, a larger volume, and a higher enthalpy. Conversely, a
slower cooling rate enables the liquid to follow the equilibrium supercooled curve
down to lower temperatures before the kinetic arrest occurs, yielding a denser,
more structurally relaxed, and thermodynamically stable glass [EH12].

To quantitatively describe the �nal state of a glass, which is inherently out of
equilibrium, A. Q. Tool introduced the concept of the �ctive temperature) 5 [Too46].
The �ctive temperature is de�ned as the temperature at which the non-equilibrium
structure (and macroscopic properties like volume or enthalpy) of the glass would
correspond to the equilibrium structure of the supercooled liquid. For a liquid
cooled at a constant rate of few K/s,) 5 roughly coincides with) 6 at the onset of
the transition and remains constant in the deep glassy state. Since this change of
derivative takes place over a range of temperatures, the �ctive temperature can be
located as the virtual intersection of the liquid line with the extrapolation of the
glassy one (see Fig. 1.1).

If a glass is held at a temperature just below) 6 for an extended period, it undergo
physical aging. This involves a slow, spontaneous densi�cation as the system mini-
mize its free energy and reach the extrapolated equilibrium supercooled liquid curve
(as illustrated by the dashed line in Figure 1.1). In parallel, its �ctive temperature
relaxes towards the annealing temperature) of the system. Because the mobility is
extremely low, this process can take up to geological timescales, and become more
rapid approaching )6 [MGL07; Rut+12].

1.2 The strong temperature dependence of the
viscosity

The viscosity[ is a fundamental macroscopic observable for describing the kinetic
arrest of supercooled liquids. Upon cooling, the viscosity of a glass-forming liquid
can increase by more than 14 orders of magnitude within a relatively narrow tem-
perature window [Ang95]. It is important to note here that the macroscopic �uidity
of a system is intrinsically linked to the characteristic timescale of observation. For
instance, when subjected to an external stress at terahertz (THz) frequencies, water
at ambient temperature exhibits a solid-like elastic response [Mas+04].

The temperature dependence of the viscosity provides a useful empirical criterion
for classifying glass-forming liquids. This is traditionally visualized using an Angell
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Chapter 1 The physics of supercooled liquids and glasses

plot, where the logarithm of the viscosity,log10¹[º , is plotted against the inverse
reduced temperature) 6•) [Ang95; Phi81]. Based on the curvature observed in this
plot, liquids are characterized by their kinetic fragility [Bou08].

Figure 1.2: The Angell plot: logarithm of the viscosity[ as a function of the inverse reduced
temperature) 6•) . Strong glass formers (e.g., SiO2 and GeO2) show a linear, Arrhenius-
like behavior, while fragile liquids exhibit a super-Arrhenius curve (e.g. Glycerol and
o-Terphenyl).

As shown in Figure 1.2, strong glass formers (such as silica and germania net-
works) display the so-called Arrhenius temperature dependence:

[ ¹) º = [ 0 exp
�

� 0

: � )

�
(1.1)

where� 0 is a constant e�ective activation energy,: � is the Boltzmann constant,
and[ 0 is the high-temperature limit of viscosity (almost 10�5 Pa�s for any glass
forming liquuids). In the Angell plot, this relation appears as a straight line. Strong
liquids typically possess open networks and covalent bonds [Phi81].

Conversely, fragile glass formers exhibit a super-Arrhenius behavior, implying
that the e�ective activation energy for structural rearrangement grows as the tem-
perature drops towards) 6. The standard empirical description for fragile systems
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The potential energy landscape Section 1.3

is the Vogel-Fulcher-Tammann (VFT) equation:

[ ¹) º = [ 0 exp
�

�) 0

) � ) 0

�
(1.2)

where � and ) 0 are phenomenological parameters [Cav09].
The degree of fragility is quanti�ed by the fragility index< , de�ned as the slope

of the viscosity curve at the glass transition )6:

< = lim
) !) 6

m log10¹[ ¹) ºº
m¹)6•) º

(1.3)

This index typically ranges from< � 16 for strong systems to< � 100 for highly
fragile molecular and polymeric liquids [Ang95].

1.3 The potential energy landscape

From a statistical mechanics perspective, glasses are kinetically arrested supercooled
liquids that have lost the ability to explore their entire phase space. Consequently,
they break ergodicity and can no longer be treated as equilibrium statistical ensem-
bles. Instead, a glass is con�ned to a restricted region of the phase space, exploring
only a local subset of microstates permitted by its thermal energy. An example of
these microstates are the vibrations about the "frozen-in" atomic positions. The
slow dynamics that persists in glasses is called physical aging: a slow and sponta-
neous structural relaxation as the system attempts to reach the true thermodynamic
equilibrium. The Potential Energy Landscape (PEL) formalism, �rst introduced
by Goldstein in 1969 [Gol69], provides a powerful framework to visualize this
ergodicity breaking and the phase-space dynamics of glasses [DS01; Gol69; Sci05].

The PEL represents the multi-dimensional hypersurface of the potential energy
Q¹r1• ” ” ” •r# º mapped over the 3# coordinates of the# particles of the system. As
sketched in Figure 1.3, this landscape is rugged, populated by a vast number of local
minima known as inherent structures and characterised by shallow valleys (basins)
grouped into larger dales, known as metabasins. Changes in the system density
determine the deformation of the landscape, which for a system of N particles in a
volume V is �xed. Each minimum corresponds to a metastable con�guration, while
the system's dynamic is governed by transitions between these basins [Sci05].

At high temperatures, the liquid has enough thermal energy to explore the entire
PEL homogeneously, overcoming the energy barriers. As the temperature decreases
and the system enters the supercooled liquid, transitions between basins occur
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Chapter 1 The physics of supercooled liquids and glasses

Figure 1.3: A schematic one-dimensional representation of the Potential Energy Landscape
(PEL). The landscape is composed of deep minima (inherent structures) organized into
broader metabasins. At high temperatures, the liquid continuously explores the entire
landscape, whereas near) 6, the system gets trapped in deeper valleys, with dynamics
dominated by activated jumps across energy barriers. Reprinted from [PJR15] by permission
of Informa UK Limited, trading as Taylor and Francis Group.

via thermally activated jumps and the dynamics slows down. When the thermal
energy: 1) becomes lower than the barrier heights of a metabasin, the system's
con�gurational trajectory become con�ned. This trapping marks the loss of the
ergodicity of the system and the transition into the arrested glassy state. Compared
to the supercooled liquid, the glass than can explore a very limited region of the
PEL on experimental timescales.

In this picture, aging corresponds to the slow cascade of the system from low-
depth minima into progressively deeper, more thermodynamically stable structures
[Sci05]. In contrast to physical aging, a glass can also be forced out of its deep local
minima and driven into higher-energy, more disordered con�gurations within the
potential energy landscape [PJR15]. This phenomenon, known as rejuvenation (as
schematically depicted in Figure 1.3), is typically achieved by transferring energy
into the system through external perturbations such as mechanical deformation or
rapid thermal cycling.
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Density correlation functions Section 1.4

More recently, it has been shown that particle irradiation [Bag+24; Kri+17] can
also induce rejuvenation in glasses. This radiation-induced rejuvenation constitutes
a central concept of the present thesis.

1.4 Density correlation functions

A microscopic description of the structural and dynamical properties of amorphous
systems requires the de�nition of appropriate physical observables. In the context
of liquids and glasses, these are given by space-time density correlation functions.
Such quantities provide a powerful tool to describe microscopic molecular structures
and motions, and they are routinely accessed via both experimental techniques and
molecular dynamics simulations [Göt09].

A statistical mechanical description of an# -particle system occupying a volume
+ starts by specifying the particle coordinatesf r8¹Cºg. The quantity of interest
is the microscopic local density,d ¹r• Cº, de�ned as a sum of Dirac delta functions
centered at the instantaneous positions of the particles:

d ¹r• Cº =
#Õ

8=1

X¹r � r 8¹Cºº (1.4)

While this function formally contains the complete spatio-temporal evolution of
every particle in the system, it is too much detailed for practical usage. From an ex-
perimental standpoint,d ¹r• Cºis never directly accessible. Conversely, even though
exact particle trajectories are accessible through molecular dynamics simulations,
it yields little physical insight into the overall molecular behavior [BY80; BZ94].

Instead, scattering experiments and theoretical descriptions rely on statistical
averages of the microscopic density. The simplest statistical measure we can de�ne
is the single-particle density correlationd¹1º¹r• Cº = hd¹r• Cºi. However, for a
macroscopically uniform and translationally invariant system, such as a liquid or
an amorphous solid, this ensemble average simply yields the constant macroscopic
density d¹1º¹r• Cº = # •+: ensemble-averaging the absolute atomic positions in
space completely loses the microscopic structural description. We therefore need
at least two-particle correlation to describe the system dynamics [BZ94].

1.4.1 The density-density correlation function

This naturally leads to the introduction of the space-time density-density correlation
function, known as the van Hove correlation function. Assuming macroscopic

7



Chapter 1 The physics of supercooled liquids and glasses

translational invariance, a condition satis�ed by both liquids and glasses, the van
Hove function is expressed as

� ¹r• Cº =
1
#

� ¹

+
3r0d¹r0• 0ºd ¹r0¸ r• Cº

�
=

1
d

hd¹r• Cºd ¹0• 0ºi (1.5)

where the angular bracketsh” ” ” idenote an ensemble average. Physically,� ¹ r• Cºis
proportional to the probability of �nding a particle at position r at timeC, given
that a particle was located at the origin at timeC =0. This interpretation is evident
by substituting the de�nition of the microscopic density into this expression, which
yields the particle-sum representation [Van54]:

� ¹r• Cº =
1
#

*
#Õ

8=1

#Õ

9=1

X¹r � »r 9¹Cº � r8¹0º¼º

+

(1.6)

In a homogeneous and isotropic system, macroscopic rotational invariance en-
sures there is no preferred spatial direction. Consequently, the correlation between
particles depends strictly on the modulus of their separation distance,A = jr j. By
taking the angular average over all solid anglesS, the vector dependence is elimi-
nated, and the van Hove function simpli�es to a scalar function of radial distance
and time:

� ¹A• Cº =
1

4c

¹
� ¹r• Cº3S =

1
4cA2#

*
#Õ

8=1

#Õ

9=1

X¹A � jr9¹Cº � r8¹0ºjº

+

” (1.7)

1.4.2 Reciprocal Space and Sca�ering Functions

While real-space correlations provide a direct picture of atomic arrangements,
experimental techniques such as inelastic neutron scattering (INS), inelastic X-ray
scattering (IXS) or X-ray photon correlation spectroscopy (XPCS) do not probe real
space directly. Instead, they operate in the reciprocal momentum space, measuring
momentum transfer \Q.

The relevant physical quantity is the spatial Fourier transform of the van Hove
correlation function, known as the intermediate scattering function (ISF) [HM86]

� ¹&• Cº =
¹ 1

0
4cA2� ¹A• Cº

sin¹&Aº
&A

3A (1.8)

where we have exploited the isotropy of the amorphous system to reduce the three-

8



Density correlation functions Section 1.4

dimensional Fourier transform to a one-dimensional spherical sine transform. The
intermediate scattering function measures the time-dependent structural relaxation
of the system at a speci�c length scale 2c•& . As we will see in chapter 2, the
momentum\& is directly set by the probe in scattering experiments, and the ISF is
the output of XPCS experiments.

To connect with the energy transfer\l measured in inelastic scattering, we
perform a temporal Fourier transform of� ¹&• Cº. This yields the dynamic structure
factor [HM86]

( ¹&• lº =
1

2c

¹ 1

�1
� ¹&• Cº4�8lC 3C (1.9)

The dynamic structure factor is the key quantity in energy resolved experiments,
as it is directly proportional to the double-di�erential scattering cross-section3

2f
3S3l

(see Ch. 2), making it the bridge between theoretical models of dynamics and
experimental observations. Moreover, it allows looking at the dynamics in the
frequency space, evidencing, for example, the presence of collective acoustic modes
propagating over the length-scale 2c•& of interest [Squ78].

1.4.3 The static limits: g¹rº and Y¹Wº

While ( ¹&• lº and� ¹&• Cºdescribe the dynamics of the system, the information on
the structure of the amorphous state is encoded in their static (C =0) limits. This
limits leads to the de�nition of (i) in real space, the pair distribution function6¹Aº,
and (ii) in reciprocal space, the static structure factor( ¹&º . Figure 1.4 illustrates
these two complementary functions for a typical amorphous system.

The pair distribution function

The Van Hove function� ¹A• Cºcontains both spatial and temporal information. For
C =0, it reduces to the instantaneous spatial distribution of particles, i.e. a static
picture of their correlations [BZ94]

� ¹Aº = d
hd¹Aºd¹0ºi

d2 = d6¹Aº (1.10)

where g(r) is the radial distribution function, or pair distribution function. Physically,
d6¹Aº(whered = # •+ is the macroscopic number density) represents the average
density of particles at a distance A from a reference particle.

Unlike a crystalline lattice characterized by discrete, sharp peaks extending to
in�nite A(in this case, one has to recover the vector dependence on r), amorphous

9



Chapter 1 The physics of supercooled liquids and glasses

systems are topologically disordered. As shown in the left panel of Figure 1.4,
the 6¹Aºof a glass or liquid displays pronounced, relatively narrow oscillations
at small radial distances. The peaks are sharper the more ordered the structure,
tending to the Dirac deltas of the perfect crystal. These peaks signify well-de�ned
short-range order (SRO), typically corresponding to the constrained and packed
�rsts coordination shells. The main peak describes the nearest neighbor shell (or
cage) of particles. However, these oscillations rapidly decay, and6¹Aº ! 1 for
larger distances. This asymptotic behavior is the manifestation of the absence of
long-range order, con�rming that at extended distances, the local density simply
averages out to the macroscopic bulk density.

Figure 1.4: Left: Radial distribution function6¹Aºexhibiting distinct short-range oder
at low Aand a lack of long-range periodicity as6¹Aº ! 1. Right: Corresponding static
structure factor( ¹&º highlighting the First Sharp Di�raction Peak (FSDP), indicative of
Medium-Range Order.

The static structure factor

In reciprocal space, the complementary structural information is captured by the
static structure factor,( ¹&º . It is de�ned as the instantaneous (C =0) density
correlation or, equivalently, the frequency integral of the dynamic structure factor
[BZ94]:

( ¹&º = � ¹&• 0º =
¹ 1

�1
( ¹&• lº3l (1.11)

Also, ( ¹&º is linked to the real-space 6¹Aº via the Fourier transform:

( ¹&º = 1 ¸ 4cd
¹ 1

0
A2»6¹Aº � 1¼

sin¹&Aº
&A

3A (1.12)
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The right panel of Figure 1.4 displays a typical( ¹&º for a glass or liquid. Despite
the lack of long-range periodicity, a distinct signature of glasses and liquids is the
presence of the First Sharp Di�raction Peak (FSDP), often emerging at low values
of momentum transfer (typically&1 � 1 � 2 Å�1 ). The FSDP is the signature of
medium-range order (MRO), i.e. structural organization that extends beyond the
immediate coordination shells (SRO) but remaining of �nite extent compared to
true macroscopic periodicity (like crystals).

The properties of the FSDP provide insights into the amorphous network. The
full width at half maximum (FWHM),J& , is inversely proportional to the charac-
teristic correlation length of the medium-range order,! � 2c•J& . Thus, the FSDP
width serves as a measurement of structural disorder: a broader peak signi�es a
lower MRO and a reduced structural correlation length [Ell91; Sal+07]. The peak
position&1 is sensitive to macroscopic density and correlates with the �rst coordi-
nation shellA1 in 6¹Aº, often following an Ehrenfest-like relation (&1A1 � const. ).
Consequently, density modi�cations (e.g., via pressure) correlates with&1, but the
behavior depends on the system [BZ94].

Finally, we note that in the long-wavelength limit (& ! 0), the static structure
factor is linked to the thermodynamic properties of the liquid. Speci�cally,( ¹&º is
proportional to the isothermal compressibility j) according to [HM86]

( ¹0º = lim
@!0

( ¹@º = d:� ) j ) (1.13)

whered is the number density,: � is the Boltzmann constant, and) is the absolute
temperature. We will describe the behavior of( ¹ 0º across the glass transition and
deep in the glass in Sec. 1.6.

1.5 Relaxations in supercooled liquids and glases

The decay of the intermediate scattering function contains the dynamical signa-
ture of the glass transition. In high-temperature simple liquids, the intermediate
scattering function� ¹&• Cº, after vibrations, is generally characterized by a single-
exponential decay, which re�ects the random and uncorrelated Brownian motion
of particles. In contrast, supercooled liquids (SCLs) and glasses display a far more
intricate dynamical behavior, in which distinct relaxation regimes can be identi�ed
[Bou08; Cav09; EH12] (see Fig. 1.5 left).

At very short times, in the picosecond range, the dynamic is dominated by
vibrational motion of particles within transient cages formed by their nearest
neighbours. These fast, oscillations, generally described as �rattling� inside the
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Chapter 1 The physics of supercooled liquids and glasses

Figure 1.5: left) Schematic representation of the intermediate scattering function� ¹@• Cº
in a supercooled liquid. At very short times, the ballistic regime is visible. The plateau
corresponds to the rattling of particles inside their neighbor cages (V-relaxation). The �nal
long-time decay is the structuralU-relaxation, well-described by a stretched exponential
function. right) Schematic representation of the intermediate scattering function� ¹&• Cºin
theU-relaxation regime. Insets depict the system's microscopic con�guration over time,
illustrating the gradual loss of structural correlation.

cage, keeps the atoms localized in contrast with long-range di�usion. Upon cooling,
the amplitude of these vibrations progressively decreases, indicating an increasing
rigidity of the cage structure [SN04]. In the macroscopic regime (i.e., at low&),
these vibrational modes correspond to the propagation of longitudinal sound waves
in the system. Due to dissipative processes, however, such waves are progressively
damped, ultimately leading to a decorrelation of the atomic positions over time.

Following this initial regime, the intermediate scattering function develops a
plateau. On longer timescales, secondary relaxation processes emerge, commonly
referred to asV-relaxations. Among them, the Johari�Goldstein (JG)V-relaxation
plays a central and universal role in glass-forming systems [JG70]. In this regime,
particles remain con�ned within their cages but undergo slower, collective motions
that give rise to local structural rearrangements. The characteristic timescale of
V-relaxations typically spans the interval between 10�6 and 10�3 s. Within the
framework of the potential energy landscape (PEL), the JGV-relaxation is inter-
preted as localized transitions occurring within the same metabasin.V-relaxations
are typically pronounced in fragile glass formers, where a clear separation between
secondary and structural relaxation processes is observed. In contrast, the dy-
namics of strong glass formers are generally characterized by an extended plateau
region that connects the fast vibrational regime to theU-relaxation, spanning many
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Relaxations in supercooled liquids and glases Section 1.5

orders of magnitude in time and re�ecting the absence of well-resolved secondary
relaxation processes [Sco+03].

At even longer times,� ¹ q• Cºexhibits its �nal decay, corresponding to theU-
relaxation (or structural relaxation) [Jan18]. This process is associated with the
escape of particles from their cages and with transitions between distinct metabasins
in the PEL. Such rearrangements require the cooperative motion of many particles
and the crossing of energy barriers. The structural relaxation time may vary from
a few picoseconds in high-temperature liquids to hundreds of seconds close to the
glass transition temperature) 6, and can even reach geological timescales in deeply
glassy states [AG65b]. A schematic illustration of theU-relaxation is shown in
Fig. 1.5 right, where the insets depict the progressive loss of correlation between
the instantaneous con�guration of the system and the initial one.

1.5.1 The " -relaxation

As anticipated, theU-relaxation is the primary relaxation process in supercooled liq-
uids and plays a fundamental role in the dynamical arrest associated with the glass
transition. A direct link exists between microscopic dynamics and macroscopic re-
sponse quanti�ed by the viscosity: the Maxwell's viscoelastic model [Nga11]. In this
framework, the structural relaxation timegU is directly related to the macroscopic
viscosity [ through

[ = � 1 gU• (1.14)

where� 1 is the in�nite-frequency shear modulus, i.e., the shear modulus measured
under oscillatory deformation at high frequency. Its typical magnitude of the
order of 109 Pa, and it is approximately constant across the SCL and glassy states.
Upon cooling toward the glass transition temperature) 6, the structural relaxation
time increases dramatically, reaching values of the order of 100 s at )6. According
to the viscoelastic description, materials, whether liquid or solid, do not respond
instantaneously to an applied stress, but instead relax over a characteristic timescale.
Figure 1.6 present the temperature dependence of the strong glass former v-GeO2,
which, following Eq. 1.14, mimic the behavior of the viscosity of Fig. 1.2.

Experimentally, the structural relaxation is not generally described by a simple
exponential decay. Instead, it is commonly modeled by the Kohlrausch � Williams
� Watts (KWW) function [Gol69] (see Fig. 1.5 right)

� ¹&• Cº = 5& exp

"

�
�

C
g&

� V&
#

• (1.15)
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Figure 1.6: Temperature dependece of the structural relaxation time of v-GeO2 measured
with visible photon correlation spectroscopy. The blue points are data from [Sid23] while
the extensions to lower temperatures are data taken in our laboratory. As can be seen, the
strong glass former v-GeO2 follows an Arrhenius behavior and the relaxation time mimics
the viscosity of Fig 1.2.

where 5& is the non-ergodicity factor,g& the characteristic relaxation time at
wavevector&, andV& the stretching exponent, which quanti�es the deviation
from a single-exponential behaviour. In supercooled liquids, one typically �nds
V& Ÿ 1, corresponding to a stretched exponential decay. In this case, the relaxation
initially proceeds relatively rapidly but develops a long-time tail, such that cor-
relations persist longer than in the case of a purely exponential process. In this
sense, the relaxation appears e�ectively slower and re�ects the presence of a broad
distribution of relaxation times, commonly attributed to dynamical heterogeneity
(see in the following).

The non-ergodicity factor5@corresponds to the height of the long-time plateau
of the intermediate scattering function preceding theU-relaxation, and depends
both on the amplitude of atomic vibrations and on the degree of structural disorder
of the glass. It quanti�es amount of phase-space the systems still have to explore
(before structural relaxation) to become ergodic [Jan18].

1.5.2 Q-dependence of the KWW parameters

The KWW parametersg& , V& , and5& depend on the structure, temperature, and
the probed wavevector &. In the case of simple Brownian di�usion, the dynamics
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follows the Fick's law with

g& =
1

�& 2 V& = 1 (1.16)

where � is the di�usion coe�cient. Deviations from the& �2 scaling of the re-
laxation time indicate anomalous di�usion. A weaker&-dependence (= Ÿ 2 in
g@ / @�= ) is characteristic of faster-than-di�usive dynamics, often observed in
colloidal glasses and gels under internal stress [Dur+05]. In particular,= = 1 means
perfectly ballistic dynamics. Conversely, a stronger&-dependence (= ¡ 2) corre-
sponds to sub-di�usive behavior, typical of systems with constrained dynamics,
such as polymers or colloids close to the glass transition.

De Gennes narrowing

The Brownian scaling strictly holds in the low-& limit, corresponding to the hy-
drodynamic (macroscopic) regime. At intermediate wavevectors, however, both
the relaxation timeg& and the stretching exponentV& (less), are in�uenced by the
static structure factor( ¹@º. This phenomenon is called De Gennes narrowing [De
59] and implies a slowing down of the dynamics at wavevectors close to the FSDP
of ( ¹@º

g@�
( ¹@º
�@2 (1.17)

This behavior re�ects the fact that structurally favored con�gurations are dynami-
cally more stable: relaxation processes occurring over intermolecular length scales
are slowed down because particles must move into regions that are already densely
populated by neighbouring molecules. De Gennes narrowing has been observed in
simple liquids, supercooled liquids, and certain glasses, and it is the manifestation
of the coupling between structure and dynamics [De 59; WIE18].

1.5.3 Dynamical heterogeneities

KWW with stretched exponential decay (V Ÿ1) can arise from either an intrin-
sically non-exponential relaxation or from a superposition of spatially varying
regions, each exhibiting a purely exponential decay but with di�erent characteristic
timescales [BB11; EH12]. Numerical simulations and experimental observations
on colloidal and glassy systems have validated the latter scenario: the dynamics
of supercooled liquids becomes deeply heterogeneous as) 6 is approached [KB00;
Tra+98]. These spatial �uctuations in mobility are referred to as dynamical het-
erogeneities. In the supercooled state, one can identify domains of particles that
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are orders of magnitude more mobile than the average, coexisting with domains of
particles that are nearly frozen [CR14; Wee+00]. The length scale associated with
these cooperative rearranging regions grows continuously upon cooling [AG65a].

1.6 Spatial density fluctuations Y¹0º across the
glass transition

In any thermodynamic system, the local densityd of a material is not uniform on
microscopic length scales, but exhibits spatial �uctuations around its average value.
Density �uctuationsk ¹{º can be de�ned by considering a reference volume{ of
arbitrary size and shape. As this reference volume is moved throughout the sample,
the number of atoms# contained within it �uctuates about its mean valueh# i.
The magnitude of these �uctuations, quanti�ed by the variance, de�nes the density
�uctuations:

k ¹{º =
�

¹# � h# i Aº2

h# iA

�

A
• (1.18)

where h� � � iA denotes a spatial average over the sample.
Di�raction experiments provide direct access to density �uctuations: in the

small-angle limit, the scattered intensity is proportional to the macroscopic-volume
limit of k ¹{º [CR83],

k ¹1º = lim
&!0

1
d

� ¹&º• (1.19)

makingk ¹1º an experimental accessible quantity by light (to some extent), X-ray
and neutron scattering.

According to statistical mechanics, within the grand canonical ensemble for a
single-component system1, density �uctuations are directly related to the isothermal
compressibility [HM86]:

k ¹1º = d: � ) j ) • (1.20)

where j ) =
� m+

m%

�
) is the isothermal compressibility. This relation re�ects the fact

that, in liquids, density �uctuations are entirely of dynamical origin and arise from
thermal motion in a medium characterized by the bulk compressibility.

The validity of Eq. 1.20 has been extensively veri�ed for ordinary liquids and
gases, as well as for supercooled liquids above) 6 [CR83]. However, when the

1 A single-component system refers to a system composed of a single chemical species, so that
density �uctuations arise purely from number-density variations rather than from composition
�uctuations.
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small-angle scattering intensity is measured as a function of temperature across
the glass transition, the expected discontinuity associated with the jump inj ) at
) 6 is not observed. Instead, only a change in the temperature dependence occurs
at ) 6, such that the� ¹0º versus temperature curve resembles the typical behaviour
of volume+ or enthalpy� as a function of temperature (Fig. 1.1). Moreover, the
experimentally measured� ¹0º values are signi�cantly larger than those obtained
by inserting the glass compressibility into Eq. 1.20 [CR83; LAB+73; Lev+05].

To account for this discrepancy, one must consider that structural rearrange-
ments become e�ectively frozen on experimental timescales at the glass transition
[LAB+73; Roe83]. Consequently, density �uctuations in glasses can be separated
into dynamic and quasistatic contributions [Roe83]:

k ¹{º = k dyn¹{º ¸ k qst¹{º” (1.21)

Equation 1.21 decomposes a static quantity, namely the density �uctuations re-
lated to the low-& limit of the static structure factor, into two distinct contributions
of dynamic and quasistatic origin.

To clarify this distinction, we consider a reference volume{8 located at position r8
within the sample. The dynamic �uctuationsk r8¹{º inside this volume are obtained
by replacing the spatial average in Eq. 1.18 with a time average [Roe83]:

k r8¹{º =
�

¹# � h# i Cº2

h# iC

�

C
• (1.22)

where h� � � iCdenotes the time average evaluated for the volume { located at r8.

In equilibrium liquids, ergodicity holds; therefore bothh# i8 andk r8¹{º coincide
with their corresponding spatial averages. In a glass, however, many structural
features become frozen at the glass transition. As a consequence, when the reference
volume is moved to a di�erent position r9, the time-averaged quantitiesh# i9 and
k r 9¹{º di�er from h# i8 andk r8¹{º. The point-to-point �uctuations of the local time-
averaged densityh# i8 thus de�ne the quasistatic contributionkqst¹{º appearing in
Eq. 1.21. This term represents the spatial variation of the locally averaged density
across the sample.

The dynamic componentkdyn¹{º of the total density �uctuation is instead ob-
tained as the spatial average of the local dynamic �uctuationsk r8¹{º de�ned in
Eq. 1.22. In liquids, where density �uctuations are entirely dynamic, they are di-
rectly related to the isothermal compressibility through Eq. 1.20. In glasses, the
dynamic contributionkdyn¹{º is similarly connected to the glass compressibility by
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[CR83; LAB+73; Roe83]
kdyn¹1º = d: � ) j 6

) • (1.23)

provided that bothkdyn¹{º andj 6 are measured on the same experimental timescale.
Although the glass structure is commonly regarded as frozen, numerous atomic

motion modes persist with relaxation times much shorter than the experimental
timescale over which the compressibility is probed. These fast modes are responsible
for the volume change under applied pressure and therefore contribute directly to
the dynamic component of the density �uctuations.

1.6.1 Density fluctuations from structural relaxation and
sound propagation

We now reformulate Eq. 1.21 in terms of thermodynamic quantities. For a system
at thermodynamic equilibrium, following Laberge et al. [LAB+73], density �uctu-
ations can be decomposed into contributions arising from isobaric�entropy and
adiabatic�pressure �uctuations:

k ¹1º = d: � ) ¹ j ) � j ( º ¸ d: � ) j ( • (1.24)

where j ( denotes the adiabatic compressibility.
The second term,d: � ) j ( , contains two distinct physical contributions: (i) adi-

abatic density waves (i.e. sound waves or phonons), and (ii) density variations
associated with structural relaxation processes in the equilibrium system. When
the material becomes su�ciently viscous such that structural rearrangements oc-
cur on timescales much longer than the rapid oscillations of sound waves, the
compressibility can be separated into two independent components. The phonon
contribution is governed by the instantaneous (high-frequency) adiabatic compress-
ibility j 1

( , whereas the density �uctuations associated with structural relaxation
are determined by the relaxational part jA

( = j ( � j 1
( [LAB+73].

In a viscoelastic material capable of sustaining high-frequency shear stress,
the high-frequency compressibility is related to the longitudinal elastic modulus
through the high-frequency longitudinal sound velocity asj 1

( = 1
d{2

;•1
. For an

equilibrium system, density �uctuations can therefore be written as

k ¹1º = d

"

: � ) ¹ j ) � j ( º ¸ : � )

 

j ( �
1

d{2
;•1

!

¸ : � )
1

d{2
;•1

#

” (1.25)

In a glass, Eq. 1.25 must be modi�ed to account for the fact that the system is no
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longer in thermodynamic equilibrium. The third term describes vibrational modes
and remains unchanged, since these modes are equilibrated at the measurement
temperature ) .

The �rst term can generally be neglected in oxide glasses becausej 6
) ' j 6

(
2

[Ana+08]. The central term requires special consideration. During glass formation,
as the melt is cooled, structural density �uctuations become kinetically arrested
at the �ctive temperature) 5. Upon further cooling, these �uctuations remain per-
manently frozen in, as their relaxation times exceed any experimentally accessible
timescale (see Fig. 1.6). The magnitude of these frozen-in �uctuations corresponds
to the equilibrium relaxational contribution evaluated at )5.

Accordingly, the density �uctuations in the glass can be expressed as [Lev+05]

k 6¹1º = d

"

: � ) 5

 

j ( ¹) 5º �
1

d{2
;•1 ¹) 5º

!

¸ : � )
1

d{2
;•1 ¹) º

#

” (1.26)

The adiabatic compressibility at) 5 can be obtained by linear regression in the
supercooled liquid regime using Eq. 1.20. Thus, the density �uctuations in the
glass (or equivalently the scattered intensity� ¹0º) consist of a constant frozen-in
component, determined solely by the thermal history of the sample (through) 5
and the equilibrium structure at the glass transition), and a vibrational contribution
that increases linearly with temperature between 0 K and )5.

1.6.2 The role of the fictive temperature

The decomposition introduced above provides a direct interpretation of the low-&
scattered intensity in glasses prepared with di�erent thermal histories. As shown
in Fig. 1.7, silica samples characterized by di�erent �ctive temperatures) 5 exhibit
distinct values of � ¹0º at a given measurement temperature.

According to Eq. 1.26, the extrapolated intensity in the glass can be written as
the sum of two contributions: a vibrational term, governed by the high-frequency
elastic response and therefore dependent on the measurement temperature) , and
a frozen-in relaxational term, determined by the equilibrium structural �uctuations
at the �ctive temperature) 5. The vibrational contribution increases smoothly with
temperature and is common to all samples, while the frozen component depends
on the thermal history of the glass [Lev+05; Lev+07; WSI03].

2 More generally, the di�erence can be evaluated using the thermodynamic relationj ) � j ( =
U2

?) 5

d� ?
, whereU? and� ? are the thermal expansion coe�cient and the speci�c heat, respectively

[LAB+73].
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Figure 1.7: Scattered intensity at& = 0 as a function of temperature for �ve samples
characterized by di�erent �ctive temperatures. The temperature-dependent contribution
arising from phonons,�ph, calculated from Brillouin measurements, is shown as a dashed
line to illustrate the slope of this term with temperature. For clarity, the curve has been
vertically shifted upward. Figure reproduced with permissions from [Lev+05].

As a consequence, glasses quenched at di�erent cooling rates and thus charac-
terized by di�erent �ctive temperatures, retain di�erent amplitudes of frozen-in
density �uctuations. Faster cooling rates lead to higher) 5, meaning that structural
�uctuations are arrested at higher temperatures where the relaxational compress-
ibility is larger. This results in a larger residual (quasistatic) contribution to� ¹0º.
Conversely, slowly cooled or annealed glasses, with lower) 5, exhibit smaller frozen-
in density �uctuations. This framework explains why the� ¹0º versus) curves for
glasses with di�erent histories appear vertically shifted while sharing a similar
temperature-dependent slope: the slope re�ects the vibrational (phonon-like) con-
tribution, whereas the vertical o�set encodes the �ctive temperature and therefore
the cooling history of the sample.

1.6.3 Non-ergodicity factor and fragility

The concept of non-ergodicity provides a complementary perspective on density
�uctuations, focusing on their dynamical arrest. The non-ergodicity factor5@¹) º is
de�ned as the long-time limit of the normalized intermediate scattering function,

5& ¹) º = lim
C!1

� ¹@• Cº
( ¹@º

• (1.27)
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and represents the fraction of density correlations that remain frozen at long times.
In an ergodic liquid5& = 0, whereas in a glass5@is �nite, re�ecting the persistence
of structural correlations.

In the harmonic regime well below )6, the temperature dependence of 5& ¹) º in
the low-& limit can be expressed in a simple form [Sco+03]

5&!0 ¹) º =
1

1 ¸ U )
) 6

• (1.28)

whereUis a dimensionless parameter that encapsulates the microscopic vibrational
properties of the glass.

The same temperature dependence of the non-ergodicity factor can be directly
recovered from Eqs. 1.19 and 1.26. In the long-wavelength limit (low-Q limit), we
have seen that the total density �uctuations are proportional to the static struc-
ture factor( ¹& ! 0º. Instead, the long-time limit of the intermediate scattering
function, limC!1 � ¹& = 0• Cºis proportional only to the frozen-in (quasistatic) term.
Therefore, the non-ergodicity factor can be written as the ratio between quasistatic
and total density �uctuations:

5&!0 ¹) º =
kqst

kqst ¸ k dyn
=

1

1 ¸
kdyn

kqst

” (1.29)

Using Eq. 1.26, this expression becomes

5&!0 ¹) º =
1

1 ¸ " �1
1 ¹) º

j ( ¹) 5º�" �1
1 ¹) 5º

)
) 5

• (1.30)

where " �1
1 ¹) º = 1•¹d{ 2

;•1 ¹) ºº is the high-frequency longitudinal modulus.
Equation 1.28, or equivalently 1.30, shows that the decrease of5@with temperature

in the glassy state is approximately linear at low) , with a slope controlled byU.
Physically, 1� 5@measures the amount of decorrelation induced by vibrational
motion; therefore,U quanti�es how rapidly density correlations are lost upon
increasing temperature within the harmonic solid.

A remarkable result reported by Scopigno et al. [Sco+03] is that the parameter
Ucorrelates strongly � and approximately linearly � with the kinetic fragility <
of the corresponding liquid. In other words, fragile liquids (large< ) correspond
to glasses in which5@¹) º decreases more rapidly with temperature, while strong
glass formers (small< ) display a much weaker temperature dependence of5@. This
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Chapter 1 The physics of supercooled liquids and glasses

result bridge the vibrational dynamics of the glass well below) 6 with the structural
relaxation of the supercooled liquid above) 6, suggesting that the fragility of a
liquid is encoded in the shape of the potential energy landscape explored by the
glassy state.

1.7 The structure of glasses and supercooled
liquids: the case of GeO 2

We go more in depth into the structure of glasses by looking at the system in-
vestigated in this thesis. Vitreous germanium dioxide (germania) (v-GeO2) is a
covalent oxide glass and a prototypical strong glass-former [Ang85]. Germania
is the chemical, and to some extent structural, analogue of the archetypal oxide
glass silica (v-SiO2). Compared to silica, however, germania exhibits a supercooled
liquid and liquid regime that is far more experimentally accessible, with a melting
temperature )< = 1388 K and a glass transition temperature )6 ' 818 K [Böh+93].

GeO2 crystalline structure

The crystalline polymorphs of GeO2 exhibit short-range structural motifs closely
related to those of the amorphous phase, making it useful to brie�y review their
structures.

At ambient conditions, crystalline GeO2 exists in two polymorphisms: anU-
quartz hexagonal structure [SI64] and a rutile tetragonal structure [BK71]. TheU-
quartz phase is the stable high-temperature polymorph and is structurally analogous
to U-quartz SiO2, although important di�erences are present.

In the quartz-like structure, Ge atoms are tetrahedrally coordinated. However,
the GeO4 tetrahedra are more distorted than their SiO4 counterparts. The O�Ge�O
bond angles range from 106”3� to 113”1� , with an average Ge�O�Ge intertetrahedral
angle of 130”1� . In contrast, O�Si�O angles in SiO4 tetrahedra are more uniform
(from 108”3� to 110”7� ), and the Si�O�Si angle is signi�cantly larger (144”0� ) [Jor78].
The two independent Ge�O bond lengths inU-quartz GeO2 are very similar, 1.737
Åand 1.741 Å[MCH06].

The rutile polymorph is the stable room-temperature phase and transforms into
theU-quartz structure at 1281 K. In rutile GeO2, germanium is sixfold coordinated
within GeO6 octahedra. The two axial Ge�O bonds (1.902 Å) are longer than the
four equatorial ones (1.872 Å) [BK71].
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GeO2 amorphous structure

Figure 1.8: Short and medium-range order inGeO2. Ge (purple) and O (red) atoms are
arranged in structural units made byGeO4 corner-sharing tetrahedra, here connected in
a 6-memebered ring. DistanceAUV between atomU (O) andV (Ge) and bond angle\ UVW

between atoms U• V and W are reported. Image reprinted with permission from [Zig24].

The structure of vitreous GeO2 has been extensively characterised by neutron
di�raction (ND) and x-ray di�raction (XRD) (details on the experimental techniques
will be presented in the following chapters). As in theU-quartz polymorph, Ge atoms
in v-GeO2 are predominantly arranged in tetrahedral GeO4 units. The O�Ge�O
bond-angle distribution is broader than in silica and comparable to that ofU-quartz
GeO2 (106”3� �113”1� ) [DWS88]. This larger distortion is generally attributed to
the larger ionic radius of Ge compared to Si, which allows oxygen atoms greater
positional �exibility around the central cation.

The mean Ge�O�Ge intertetrahedral angle has been measured by x-ray di�rac-
tion to be 133� 8”3� [NL96], smaller than the corresponding value in v-SiO2. Overall,
the structure of v-GeO2 can be described as a continuous random network of corner-
sharing tetrahedra, analogous to silica but more distorted and characterized by a
higher proportion of three-membered rings.

X-ray di�raction studies of liquid and supercooled GeO2 [Kam+86] show that
the Ge�O bond length remains essentially unchanged with respect to the glass,
consistent with the very small thermal expansion of the Ge�O bond, similarly to
Si�O in silica. The GeO4 tetrahedral units are thus preserved in the melt. However,
the Ge�Ge distance increases from approximately 3.16 Å at room temperature to
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3.25 Å at 1373 K. This shift is interpreted as a widening of the Ge�O�Ge bond angle
upon heating.
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2 X-Ray Experimental Tech-
niques in disordered systems

This Chapter provides an overview of the X-ray�based experimental techniques used
to probe the structure and dynamics of disordered systems. We begin by discussing the
fundamental interaction mechanisms between X-ray photons and matter, introducing
the concepts of scattering cross section and attenuation, and establishing the connection
between measured signals and correlation functions.

On this basis, we present inelastic X-ray scattering (IXS), with some detail on its
experimental implementation and on the inelastic ID28 beamline at ESRF. X-Ray
di�raction (XRD) is rapidly introduced after IXS as it shares similar, but simpler,
experimental principles. The focus here is on the XRD setups at X-ray photon correlation
beamlines, which typically allows monitoring the medium-range order in the reciprocal
space.

The chapter then focuses on coherent scattering techniques, introducing X-ray
photon correlation spectroscopy (XPCS) as a powerful method to access slow dynamics
in disordered materials. In this context, we discuss the partial coherence of synchrotron
radiation, the properties of the speckle patterns generated by disordered matter, and the
extraction of dynamical information through temporal correlation functions. Finally,
we describe the experimental implementation of these techniques at state-of-the-art
synchrotron beamlines: ID10 at ESRF and P10 at DESY.

2.1 Interaction of X-ray photons with ma�er

X-rays are high-frequency electromagnetic waves that interact with matter primar-
ily through their coupling to charged particles. This interaction arises from the
electric component of the electromagnetic �eld, which induces motion of charges.
Owing to the very high frequency of X-rays, only the lightest particles, electrons,
can e�ectively respond to the oscillating �eld, while the much heavier protons
(about 2000 times more massive) remain essentially at rest.

Figure 2.1 shows the three main processes may happen when an X-ray photon
interacts with an atom. The relevant one for scattering experiments is Thomson
scattering (classical scattering), in which the X-ray photons induce oscillations
of the electronic charge distribution. The oscillating electrons emit secondary
radiation with (almost) the same frequency as the incoming photon, so that the
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Chapter 2 X-Ray Experimental Techniques in disordered systems

Figure 2.1: Main interaction mechanisms between X-ray photons and atoms: Thomson
(elastic) scattering, Compton scattering with energy transfer to an electron, and photo-
electric absorption followed by relaxation processes such as Auger emission or X-ray
�uorescence.

scattered photon preserves its energy while its propagation direction changes.
Other 2 interaction mechanisms may also occur: Compton scattering, where the
photon transfers part of its energy to an electron, and photoelectric absorption, in
which the photon is completely absorbed, and an electron is ejected from the atom.
To revert to a stable state, the atom must then �ll the hole in the inner shell by
rearranging the electron orbitals via the transition of an electron from one of the
outer orbitals to �ll the core vacancy. The excess energy can be given o� either by
the emission of other photoelectrons from an outer shell orbital, the Auger e�ect,
or by emitting a photon, the X-rays �uorescence.

X-ray photons Thomson scattered have (almost) the same frequency as the
incident photons, and their phases are �xed with the phases of the incident photons.
This means that the Thomson scattered photons are also able to interfere with each
other, as long as the incident radiation is coherent. For this reason, Thoomson
scattering is often referred as coherent scattering. In contrast to that, Compton
scattering and �uorescence are called incoherent scattering and are generally treated
as a background in scattering experiments.

The probability of these scattering processes is quanti�ed in terms of the scatter-
ing cross section, which represents the e�ective area that a scatterer presents to the
incident radiation. The atomic scattering cross section can be written as the sum of
the cross sections corresponding to the interaction processes described above,

f tot = f ‘om ¸ f Com ¸ f ph” (2.1)

An X-ray beam of intensity�0 passing through a material slab of thickness3 is
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attenuated due to scattering and absorption according to the Lambert�Beer law

� = � 04�`3 • (2.2)

where ` is the linear attenuation coe�cient,

` =
d#�

"
f tot• (2.3)

with d the mass density (g/cm3), # � = 6”022� 1023 mol�1 the Avogadro number,
and" (g/mol) the atomic mass. The characteristic length; = 1•` , over which the
intensity decreases to 1•4 ' 0”37, is referred to as the attenuation length.

For X-ray energies below approximately 100 keV (those we will work with within
this thesis), Compton scattering is generally negligible. For photon energies above
a few keV and for most elements (/ ¡ 4), the total absorption cross-section is
dominated by photoelectric absorption processes (which scales as /4) rather than
by Thomson scattering (which scales as /2).

Optimizing the Thomson sca�ering

I n an experiment, the Thomson scattered signal can be maximized by choosing
an optimal sample thickness3� that balances the increase in scattering probability
with the reduction caused by beam absorption. Considering` ph � ` ‘om , the
Thomson scattering can be linearized, and, accounting for absorption, we can write

� ‘om / � 0¹` ‘om 3º 4�` ph3”

The maximum value of �‘om is obtained the optimal thickness

3� =
1

` ph
”

If, on the one hand, the high absorption of X-rays forces the use of thin samples,
thus limiting the Thomson scattered signal, on the other hand it makes multiple
scattering events generally negligible compared to neutron and light scattering.

2.2 Theory of the X-ray sca�ering processes

Spectroscopy experiments are among the most powerful tools for investigating the
properties of matter. A beam of X-ray photons characterized by a narrow energy
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spread, small angular divergence, and well-de�ned polarization impinges on a
sample and is scattered in all directions. A detector counts the particles scattered
at an angle 2\ within a small solid angle3S (see Fig. 2.2). Before reaching the
detector, the scattered particles may pass through optical elements that control their
properties: monochromators and analyzers select the energy, collimators restrict
the angular divergence, and, in some cases, polarizers select the polarization state.

Figure 2.2: Schematic representation of a generic scattering experiment.

The instrument used to perform such measurements is referred to as a spectrom-
eter (or di�ractometer if no �anl energy selection is performed), whose complexity
clearly depends on the physical problem under investigation. Regardless of the
speci�c experimental con�guration, the ultimate goal is to probe the properties
of the sample through the detection of particles that have interacted with it via
a scattering event. During this interaction, the energy of the probe particles may
either remain unchanged or be exchanged with the sample, corresponding to elastic
and inelastic scattering, respectively3. Here, it is useful to de�ne the energy and
wave vector (momentum) exchanged within the scattering process as

\l = � 8 � � 5• ®& = ®: 8 � ®: 5• & = j ®&j =
4c
_

B8=
\
2

(2.4)

In general, the interaction time between probe and target system can be assumed
to be much shorter than any other timescale relevant to the experiment. The
scattering process can therefore be approximated as an instantaneous collision
between the incident X-ray beam and the scatterers (electrons of the atoms or
molecules of the sample). This approximation holds strictly for X-rays, whereas
for thermal neutrons corrections must be introduced to account for the �nite
interaction time relative to the characteristic timescales of matter excitations.

3 The inelastic processes we are referring here, and from now on, are inelastic on the scale of meV
- few eV, i.e. the typical excitations of matter. In these terms, also Thomson scattering may be
inelastic.
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We now consider a scatterer located at the origin, in�nitely massive and at rest.
The incident electromagnetic radiation is described as a plane wave impinging
on the scatterer. As a consequence of the interaction with the electric �eld, the
scatterer re-radiates the electromagnetic radiation following the inhomogeneous
Helmholtz equation [Cun16]. Therefore, at large distancesA = jr j from the origin,
the resulting �eld can be interpreted as the superposition of the transmitted plane
wave and a spherical wave emitted by the scatterer of the formk sc / 48:A

A where
: is the wave number of the scattered radiation. In this picture, the scattering
event can be viewed as a process in which photons are partially removed from
the incident plane wave and re-emitted as spherical waves originating from the
scatterer, similarly to the Huygens principle of optics [Cun16].

The photons scattered at an angle 2\ within a solid angle3S pass through the
energy �lter (analyzer) and are �nally detected after impinging on the sensitive
area of the detector3� = A 23S. The intensity scattered into the solid angle within
an energy interval 3�5 can be written as

� =  � 0
m2f

mS m�5
3S 3� 5• (2.5)

where �0 is the intensity of the incident beam impinging on the sample, and 
is a factor accounting for detector e�ciency, sample self-absorption, and other
geometrical and instrumental e�ects. Here we also de�ne the double di�erential
scattering cross-section:

m2f
mS m�5

=
rate of photons scattered into 3S with �nal energy in �5 and � 5 ¸ 3� 5

�03S 3� 5

The explicit form of the double di�erential scattering cross-section can be ob-
tained by considering the interaction between the electromagnetic radiation and
the electronic charge density of the sample within the framework of quantum
electrodynamics, using the Fermi's golden rule. The derivation involves evaluating
the transition probability between the initial and �nal photon�matter states using
perturbation theory. In the case of X-ray scattering from disordered condensed
matter some approximations can be introduced [Cun16]:

1. The dominant interaction mechanism is assumed to be Thomson scatter-
ing. This approximation is valid in the non-resonant regime and for photon
energies far from electronic absorption edges, i.e. neglecting �orescence
phenomena.
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2. The Born�Oppenheimer approximation is employed, allowing the electronic
and nuclear degrees of freedom to be separated. In this framework, the
electrons are assumed to instantaneously follow the motion of the much
heavier nuclei, so that the electronic charge distribution can be expressed as
a function of the instantaneous atomic positions. Closely related to this is
the adiabatic approximation, which allows the electronic contribution to be
incorporated into an e�ective atomic form factor 5 ¹&º.

3. Liquids and disordered systems are isotropic. As a consequence, the scattering
signal depends only on the magnitude of the momentum transfer& = jQj
rather than on its direction.

Under these assumptions, the double di�erential X-ray scattering cross-section for
a disordered system composed of a single atomic species can be written in terms of
correlation functions, speci�cally in terms of the dynamic structure factor de�ned
in Sec. 1.4.2:

m2f
mS m�5

= A2
4

: 5

: 8
j&̂8�&̂5j2 j5 ¹&ºj2 ( ¹&• lº (2.6)

Here,A4 = 42•¹<2 2º is the classical electron radius, i.e. the Thomson atomic
cross section,: 8 (: 5) is the incident (scattered) photon wave number, and&̂8 and&̂5
are the polarization unit vectors of the incident and scattered photons: the factor
j&̂8�&̂5j2 is the polarization dependence of Thomson scattering. The quantity5 ¹&ºis
the atomic (electronic) form factor, obtained as a Fourier transform of the electronic
cloud density of the atom

5 ¹&º =
¹

d4¹®Aº48®&�®A3®A (2.7)

Finally, ( ¹&• lº is the same dynamic structure factor de�ned in Sec. 1.4.2.

The cross-section of Eq. 2.6 is valid for a system composed of a single atomic
species. This derivation can however be generalized to molecular or crystalline
systems by replacing the atomic form factor with either the molecular form factor
or the unit-cell form factor, respectively. The situation becomes more complex
when the system is multi-component and disordered. In this case, the factorization
of the form factor leads to the appearance of an incoherent contribution in the
X-ray scattering cross-section [Cun16].
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2.3 X-ray inelastic sca�ering

The target of inelastic X-ray scattering is to measure the dynamic structure factor
exploiting the relation of Eq. 2.6. However, while the highest frequency vibrations
in these experiments are in the Thz region (\� Thz� meV), as, for example, the
longitudinal sound propagation at the interatomic distances, the typical X-ray
energy used is of the order of tens of keV. To detect these phenomena within the
dynamic structure factor we therefore have to distinguish X-ray photons with keV
energy di�ering of few meV (J�•� � 10�7 ). The energy resolution requirements
of IXS instruments are therefore very demanding both for the incident X-rays
monochromaticity and for the energy analysis of the scattered photons.

An e�ective method to obtain X-rays with high resolving power is based on
Bragg re�ection from perfect crystals. It can be shown that the resolving power is
given by [Cun16]

J�
�

=
3�:;

c! 4GC
(2.8)

where3�:; denotes the lattice spacing associated with the Bragg re�ection¹�:;º ,
and! ext is the extinction length, the characteristic depth inside a perfect crystal
over which the incident X-ray wave is converted into the di�racted wave through
multiple coherent scattering events (for example, the (111) re�ection of Si has
an extinction length of 7.2̀ m for 1.54 Å X-rays).! ext increases with increasing
re�ection order. Therefore, to achieve a high energy resolving power it is necessary
to employ high-order Bragg re�ections [Zac44]. Also, Eq. 2.8 requires the use
of highly perfect crystals, i.e. a crystal for which defects or distortions produce
relative variations of the lattice spacingJ3•3 smaller than the desired relative
energy resolution. Such a requirement restricts the choice of materials to silicon
single crystals.

Furthermore, to preserve the energy resolution without signi�cantly reducing
the photon �ux, the divergence of the incoming photon beam must fall within the
intrinsic angular acceptance of the monochromator re�ection, called the Darwin
width l � . Within the dynamical theory of X-ray di�raction [Zac44], this quantity
is given by

l � =
�
J�
�

�

�
tan \ � • (2.9)

where� and\ � denote the Bragg re�ection order and the Bragg angle, respectively.
Sincetan \ � diverges for\ � ! 90� , approaching a backscattering geometry leads
to a strong increase of the Darwin width. In backscattering geometry,l � become
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Figure 2.3: Schematic layout of an inelastic X-ray scattering (IXS) spectrometer based on
the triple-axis concept. The monochromator selects the incident energy� 8, the sample
de�nes the momentum transfer Q, and the analyzer determines the scattered photon energy
� 5.

large enough to accept the angular divergence of the X-ray beam delivered by
standard undulator sources.

As shown in Fig. 2.3, the design of an IXS spectrometers is based on the concept
of three-axis spectrometers. The �rst axis is located at the monochromator crystal
to select the energy of the incident photons,� 8. Rotations around the second axis,
located at the sample position, change the momentum transfer Q. Finally, the third
axis corresponds to the analyzer crystals and selects the energy of the scattered
photons,� 5. Di�erently from the traditional triple-axis schemes, where energy
scans of the scattered intensity are performed through rotations of the analyzer
crystal, modern IXS beamlines vary the3-spacing of the re�ecting crystals by
changing their temperature. Here, achieving a relative energy resolution of 10�7 �
10�8 requires millikelvin accuracy in the temperature control of the monochromator
and analyzer crystals.

2.3.1 The ID28 beamline at ESRF

The measurements discussed in this thesis are taken at the ID28 beamline of the
European Syncrothron radiation source (ESRF). The beamline layout is outlined
in Fig. 2.4. The ID28 X-ray source consists of three undulators with a magnetic
period of 32mm, installed in a straight section of the electron storage ring. The
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Figure 2.4: Schematic design of the ID28 beamline experimental apparatus. Figure taken
from the ID28 user manual [Eur15].

photon energies used in the experiment correspond to the third or �fth harmonic
of the undulator radiation. At these harmonics the emitted beam has a relative
bandwidthJ�•� � 10�2 , an angular divergence of approximately 40� 15`rad, and
an integrated power of about 200 W [Cun16] (see more information of synchrotron
X-Ray production in Fig. 2.9).

Before reaching the high-resolution optics, the beam is pre-monochromatized to
J�•� � 2 � 10�4 by means of a cryogenically cooled silicon Si(111) channel-cut
crystal. The primary role of this element is to absorb most of the incident power,
reducing the heat load on the main monochromator to minimize thermal distortions
that would otherwise degrade the energy resolution. At present, after the EBS
synchrotron upgrade at ESRF, this is one of the main challenges of the beamline:
working with all three undulators without degrading the resolution because of heat
load of the main monochromator.

The pre-monochromatized beam is subsequently re�ected by the high-resolution
main monochromator, which consists of an asymmetrically cut silicon crystal ori-
ented along the»111¼direction and operated in backscattering geometry at a Bragg
angle of approximately\ � = 89”98� . In this con�guration, the angular acceptance
of the monochromator becomes larger than the divergence of the incoming beam,
ensuring that all photons are re�ected within the selected energy bandwidth. As
already mentioned, achieving the required relative resolutionJ�•� � 10�7 �10 �8

requires the use of high-order Bragg re�ections ¹�• �• �º with � = 7• 8• 9• 11• 12• 13.
The monochromatic beam is then focused at the sample position by a toroidal

mirror (mirror with two di�erent curvatures) located approximately 25 m before the
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sample. Under standard conditions the beam size at the sample is about 250� 80` m2

(FWHM), but by focusing optics 10 � 10 `m2 beam sizes are achievable.
The energy of the photons scattered by the sample is analyzed by a set of nine

spherical analyzers mounted at the end of a horizontal arm. The arm can be rotated
by an angle 2\ to select the desired momentum transfer. These nine analyzer units
have a mutual angular o�set, which permit the simultaneous collection of IXS
spectra at nine di�erent &s.

The required energy resolution is the same for both the monochromator and
the analyzer, but the required angular acceptance is signi�cantly di�erent. For the
analyzer, the optimal angular acceptance results from a compromise between count
rate and momentum resolution: while reducing the angular acceptance improves
the momentum resolution, it simultaneously decreases the detected photon �ux. In
typical IXS experiments, an acceptable momentum spread at low& is J& ® 0”1�
0”5nm�1 . This corresponds to an analyzer angular acceptance of a few milliradians
(working at keV energies), which is much larger than the Darwin width of the
Bragg re�ections commonly employed. Achieving such a large acceptance therefore
requires the use of a focusing optical system. On ID28 this is accomplished by
using a spherical analyzer composed of a mosaic of� 12 000 small silicon square
single-crystal glued onto a spherical surface. Each analyzer is then equipped with
motorized entrance slits that de�ne the &-resolution, and focus the backscattered
radiation on the cooled silicon diodes placed on the side of the sample.

The spectrometer arm rotates around the sample's vertical axis and can reach
scattering angles up to about 55� . The best measured instrumental energy reso-
lution has a full width at half maximum of about 1”5meV, which is suitable for
investigating the high-frequency dynamics of disordered systems. The typical
shape of this energy resolution feature long tails following a Lorentzian (or better
Voight) function.

2.4 X-ray Di�raction

X-ray di�raction (XRD) experiments consist of a monochromatic X-ray source
that illuminates the sample, and a detector that collects the scattered radiation
regardless of the energy. During the measurement the scattering angle can be
varied by rotating the detector around the sample. The detector can be either a
single-area detector or, more commonly, a two-dimensional pixel detector so that
the scattered intensity can be recorded simultaneously over a range of angles.

In X-ray di�raction experiments the detector measures the scattered radiation
without resolving the energy of the photons. As a consequence, Eq. 2.6 must be
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integrated over all possible �nal energies,

3f
3S

=
¹

m2f
mS m�5

3� 5 = A2
4 j&̂8 � &̂5j2j5 ¹&ºj2( ¹&º (2.10)

Therefore, X-ray di�raction directly probes the static structure factor de�ned in
Eq. 1.11. We recall that this equation holds for monoatomic and isotropic systems.

Di�erently, single crystals are characterized by a periodic arrangement of atoms
organized in lattice planes. Constructive interference of the scattered waves occurs
when the Bragg condition is satis�ed,

23�:; sin \•2 = =_• (2.11)

where3�:; is the spacing between lattice planes with Miller indices¹�:;º and_ is
the X-ray wavelength. In crystalline systems this relation acts as a selection rule
for the allowed scattering directions. As a consequence, the scattered intensity
cannot be expressed solely as a function of the modulus&, and consists of a series
of sharp Bragg peaks re�ecting the periodic atomic arrangement. In this case the
orientation of the crystal also plays an important role, since rotating the sample
moves the Bragg spots circularly with respect to the beam axis.

In powder di�raction the sample consists of many small crystallites randomly
oriented with respect to the incident beam. As a consequence, for each set of lattice
planes there is always a subset of crystallites that satis�es the Bragg condition. The
di�racted intensity is therefore distributed over all azimuthal angles, giving rise to
concentric rings in reciprocal space known as Debye�Scherrer rings (see the left
panel of Fig. 2.5).

In contrast, as discussed in the �rst chapter, amorphous materials lack of long-
range periodic order and are therefore isotropic, with no preferred crystallographic
directions. Their scattering pattern does not show sharp Bragg peaks but is instead
characterized by a broad di�use maximum at low momentum transfer, often referred
to as the �rst sharp di�raction peak [Ell91], followed by weaker and broader features
at larger & (see the right panel of Fig. 2.5).

2.4.1 Di�raction at XPCS beamlines

Typical XPCS beamlines allow the sample structure to be monitored using a ded-
icated di�raction detector (see, for example, the ID10 beamline at ESRF or P10
at DESY). These detectors are usually placed on the free side of the scattering
plane�i.e. the side not occupied by the fast XPCS detector�and, when measuring
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Figure 2.5: Examples of di�raction measurements taken at the ID10 beamline. Left: powder
di�raction pattern of the LaB6 (lanthanum hexaboride) calibrant used for detector calibra-
tion. Right: di�raction pattern of vitreous GeO2 at room temperature, displaying the broad
features characteristic of amorphous systems.

disordered systems, as close as possible to the sample in order to maximize the
accessible momentum transfer range. However, due to the relatively low photon
energies typically used in XPCS experiments (see next section), the accessible&
window generally extends from about 0.5 Å�1 to a few inverse angstroms. This
range mainly allows the observation of the �rst sharp di�raction peak (FSDP) in
disordered systems.

The detector commonly employed for this purpose is the Dectris Pilatus detector
[Kra+09], which is the standard con�guration at the ESRF ID10 beamline. In our
recent experiment at the DESY P10 beamline, however, the fast XPCS detector
(Dectris Eiger 500k) [Din+11] was used instead.

The detector is mounted as close as possible to the sample, typically at a distance
of about 15�20cm. Small-angle scattering is often di�cult to access because several
components�such as the beamstop, transmission diode, and fast detector�occupy
the central region of the scattering plane and limit the available solid angle.

Examples of di�raction measurements performed at the ID10 beamline are shown
in Fig. 2.5. The left panel displays the powder di�raction pattern of a LaB6 (lan-
thanum hexaboride) calibration sample [Nat15]. Using thepyFAI software package
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[Ash+15], developed at ESRF, and by identifying the crystalline planes that generate
at least two Debye�Scherrer rings on the detector, it is possible to determine the
correct azimuthal integration that maps the detector pixels into reciprocalj& j space.
The result of this integration is shown below the detector image of LaB6, where
the Debye�Scherrer rings are converted into sharp peaks in reciprocal space. Once
the detector geometry is calibrated, the di�raction detector can be used to monitor
the structure of the sample under investigation, as illustrated in the right panel of
Fig. 2.5.

2.5 X-ray Photon Correlation Spectroscopy

To derive the di�erential cross-section equation of Eq. 2.6, we assumed the isotrop-
icity of disordered matter and lost the vector dependence on the exchanged mo-
mentum\ ®&. Later, we derived the energy integrated equation for the cross section
(Eq. 2.10) that relates the direction of the scattered photons, regardless of their
energy, with the structure of the system. Also here, no vector dependence appears.
However, when working with coherent radiation, as visible in Fig. 2.6, the scattering
intensity � ¹ ®&º de�ned in Eq. 2.10 can retain the orientational dependence of the
scattering vector®&. The structure factor( ¹&º usually reported for glasses in the
case of coherent radiation corresponds to the orientational average( ¹&º / h� ¹ ®&i&
whereh� � � i& is the average over the orientation of the wavevector at a �xed magni-
tude&. This vector dependence of the scattered intensity forms the basis of X-ray
photon correlation spectroscopy.

If coherent light (either X-rays or visible) is scattered from a disordered system it
gives rise to a random di�raction or 'speckle' pattern (see the example in Fig. 2.6).
Speckle patterns are related to the exact spatial arrangement of the (disorderdered)
atoms [Pec85]. Such information is not accessible with incoherent light because, in
this case, the di�raction pattern observed is an average containing information on
the correlations in the sample only, and interference phenomena do not superimpose
the di�raction pattern. Then, if the spatial arrangement of the disorder changes
with time the corresponding speckle pattern will also change and the intensity
�uctuations of the speckles provide information on the underlying dynamics.

X-ray Photon Correlation Spectroscopy (XPCS) probes the dynamic properties of
matter by analyzing the temporal correlations among photons scattered by the
studied material. It can measure the low frequency dynamics, from` s up to few
hours, in a& range from typically 10�3 Å�1 up to several Å�1 , depending on the
sample and the scattering geometry.

Figure 2.7 shows the frequency-scattering vector range accessible by this tech-
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Figure 2.6: Simulated scattering intensity( ¹ ®&º with intensities indicated by color as shown,
in the (@G ,@~) plane for three reduced temperatures a) T = 0.0 b) T = 0.3 and c) T = 0.6
for a binary � 80� 20 model glass former (more details in ref. [PH23]). The reduction of the
intensity �uctuations (speckle) with increasing temperature is evident. Figure reprinted
with permission from [PH23].

nique compared to other methods frequently used to study the dynamics in disor-
dered systems. X-ray Photon Correlation Spectroscopy is in particular complemen-
tary to Photon Correlation Spectroscopy (PCS) with visible coherent light which
probes also slow dynamics (` s to hours) but can cover only the small& Ÿ 4 � 103

Å�1 ) regime [Pec85]. As we previously discussed, XPCS is furthermore not subject
to multiple scattering, a phenomenon frequently complicating the analysis of PCS
data in optically opaque systems. As we have seen, Inelastic X-Ray Scattering, as
well as neutron based techniques (inelastic and quasi-elastic neutron scattering,
neutron spin-echo), can access a similar Q range of XPCS but probe the dynamic
properties of matter at high frequencies.

2.5.1 Partially coherent X-rays from synchrotron sources

Coherence controls the ability of scattered waves to interfere constructively or
destructively and is therefore essential for extracting dynamical information from
speckle �uctuations. Real X-ray beams from synchrotron sources, however, are only
partially coherent: unlike optical lasers, they have a �nite spectral bandwidth and
a �nite angular divergence. These two deviations from the ideal monochromatic
plane wave limit the beam coherence in time and space and thus determine the
experimentally accessible coherence lengths [Jae+16].

Accordingly, the coherence of an X-ray beam is characterized by one longitudinal
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Figure 2.7: Frequency�Scattering vector space covered by X-ray Photon Correlation Spec-
troscopy (XPCS) and complementary techniques (PCS-Photon Correlation Spectroscopy,
INS-Inelastic Neutron Scattering and IXS-Inelastic X-ray Scattering).

coherence length,! ! , and two transverse coherence lengths,! ¹~º
) and! ¹Iº

) (horizontal
and vertical).

The longitudinal coherence length originates from the �nite relative bandwidth
J_•_ and, for two waves of wavelengths_ and_ � J_ propagating in the same
direction (Fig. 2.8, left), one �nds under the approximation J_ � _:

! ! =
_2

2 J_
”

The transverse coherence length arises from the �nite angular spreadJ\ (or,
thanks to the Huygens principle, the �nite apparent source size) and, for two rays
separated by an angle J\ (Fig. 2.8, right), is written as

! ) =
_

2 J\
”

In practice, achievable coherence lengths depend both on the source parameters
and on beamline optics. For example, at third-generation synchrotrons the vertical
source size is typically of order 100̀m: for an experimental station placed� 20 m
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Figure 2.8: Coherence of an X-ray beam. Left: longitudinal coherence arises from �nite
spectral bandwidth; two waves with slightly di�erent wavelengths accumulate a relative
phase shift along propagation and become uncorrelated beyond! ! . Right: transverse
coherence arises from �nite angular divergence (or �nite source size); rays separated by
angle J\ lose phase correlation across the wavefront over a distance !) .

downstream this implies a vertical transverse coherence length of order! ¹Iº
) �

10` m for _ = 1 Å. The longitudinal coherence length is set by the monochromator
bandwidth: a Si(111) double-crystal monochromator commonly deliversJ_•_ �
10�5 , giving ! ! � 5 `m at _ = 1 Å [GMR08; Jae+16].

The dimension of the source and the intensity of the coherent photon �ux in-
trinsically depends on the X-Ray production mechanism. Synchrotron radiation
is generated when relativistic electron bunches are de�ected by magnetic �elds.
Bending magnets emit broad angular and spectral radiation, while insertion de-
vices such as undulators force electrons onto a periodic (sinusoidal) trajectory of
period_D, producing radiation con�ned to a much narrower angular and spec-
tral window (Fig. 2.9). For bending magnets, typical brilliances are� � 1012�
1014 ph/s/(mrad)2/mm2/0.1%BW. In contrast, undulator beamlines can reach bril-
liances exceeding� � 1021 ph/s/(mrad)2/mm2/0.1%BW [GMR08]. The high bril-
liance of these sources is the key factor that enables coherent X-ray scattering
experiments despite the intrinsically low coherence.

2.5.2 Static speckle pa�erns in disordered systems

As anticipated, when a coherent electromagnetic beam is scattered by a disordered
system, it can give rise to a random di�raction pattern, commonly referred to as a
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Figure 2.9: Schematic representation of synchrotron radiation generation. Left: electrons
accelerated to relativistic energies are guided along a circular trajectory by bending magnets,
emitting X-rays tangentially to their path. Right: insertion devices, such as undulators,
force electrons onto a sinusoidal trajectory, enhancing the brilliance and coherence of the
emitted radiation. Reproduced from Ref. [BP; Hol] under CC BY 3.0 and CC BY-SA 3.0
licenses, respectively.

speckle pattern. Such patterns originate from the interference of waves scattered
with di�erent phases, produced by independent regions within the illuminated
volume, which may also evolve in time.

Let us consider a coherent beam with incident wave vector®: 8, scattered by a
disordered sample into an outgoing wave vector®: 5. The instantaneous intensity
measured in the far �eld at a given detector position can be expressed as the squared
modulus of the total scattered electric �eld � ¹®&• Cº:

� ¹Q• Cº = j� ¹®&• Cºj2 = A2
4 j&̂8 � &̂5j2

�
�
�
�
�

Õ

=

5=¹ ®&º exp
h
8®& � ®A=¹Cº

i
�
�
�
�
�

2

• (2.12)

where5=¹Qº denotes the scattering amplitude of the=-th scatterer located at po-
sition r=¹Cº. The summation extends over all scatterers within the illuminated
volume, assuming the incident beam is fully coherent over this region.

In an experiment, the measured intensity corresponds to a time averageh� ¹®&• Cºi)
over the acquisition time) , rather than to an ensemble average. For non-ergodic
systems, i.e., systems with static disorder, this time-averaged intensity exhibits
strong �uctuations as a function of®&, which constitute the speckle pattern (see the
�rst two patterns in Fig. 2.6). Conversely, if the system is ergodic and its intrinsic
�uctuations occur on time scales much shorter than the measurement time, the time
average becomes equivalent to an ensemble average. In this case,h� ¹Q• Cºi) can be
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replaced by the ensemble-averaged intensityh� ¹Q• Cºi, and the resulting scattering
pattern appears smooth, re�ecting only the average structural correlations in the
sample, as in conventional experiments with incoherent radiation (see the last
pattern in Fig. 2.6).

A static speckle pattern carries information not only about the structural disorder
of the sample, but also on the properties of the incident radiation, such as its degree
of coherence and the size of the illuminated volume. For a fully coherent beam, it
can be demonstrated [GMR08] that the intensity measured at a given point in the
speckle pattern follows negative exponential statistics, provided that the scattering
amplitudes 1=¹ ®&º and the phases®& � ®A= (see Eq. 2.12) are statistically independent
and that the phases are uniformly distributed over the interval»0•2c¼. Under these
conditions, the probability distribution of the intensity % ¹�º takes the form

% ¹�º =
1

h� i
exp

�
�

�
h� i

�
• (2.13)

where h� i denotes the mean intensity. The corresponding standard deviation is
given byf =

�
h�2i � h� i 2� 1•2 = h� i. The ratioV = f 2•h� i 2 provides a measure of

the speckle contrast. Under fully coherent conditions, this quantity reaches unity,
indicating maximum contrast. In practice, speckle patterns are recorded by 2D pixel
detectors. In this way, the photon statistics can be analyzed by grouping pixels
that correspond to the same momentum transfer Q, e�ectively averaging over an
ensemble of equivalent speckles.

The �nite pixel size limits the spatial resolution. If the observed intensity pattern
results from the sum of" independent speckle patterns, the intensity distribution
generalizes to the gamma distribution [Goo84]

%" ¹� º =
" " � "�1

h� i" ‰ ¹"º
exp

�
�

"�
h� i

�
• (2.14)

where‰ ¹"º is the gamma function. This distribution has the same meanh� i but a
reduced variancef 2 = h� i2•" , implying V =1•" . This model describes partially
coherent speckle patterns with good photon counting statistics.

Physically," can be approximated as the ratio between the scattering volume
and the coherence volume! ! � ! ¹~º

) � ! ¹Iº
) . The limiting case of perfect contrast

(V =1) corresponds to a scattering volume equal to the coherence one. A reduction
in contrast (" ¡ 1) may also arise from detector e�ects, such as pixel sizes larger
than the speckle size, leading to a smearing of the speckle pattern. Therefore,"
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accounts for coherence losses originating both from the incident beam and from
the detection system.

In the regime of weak speckle patterns dominated by photon counting noise (with
discrete photon numbers: = 0•1•2• ” ” ”per pixel), the gamma distribution must be
convolved with the Poisson distribution ruling the photon shot noise leading to the
Poisson�gamma distribution (also known as the negative binomial distribution) for
integer ::

%"
% ¹:º =

‰ ¹: ¸ "º
‰ ¹"º‰ ¹: ¸ 1º

�
"

" ¸ h:i

� " �
h:i

" ¸ h:i

� :

” (2.15)

For low photon counts and weak speckle contrast (large" ), which is the typical
situation in coherent X-ray experiments, distinguishing Poisson�gamma statistics
from pure Poisson noise becomes challenging. This di�culty constitutes the main
limitation of a technique closely related to XPCS, namely X-ray speckle visibility
spectroscopy (XSVS), which probes sample dynamics by measuring the reduction
of speckle contrast in images recorded with progressively longer exposure times) .
In this approach, detector images must be carefully processed to correctly assign
photon numbers to each pixel. In particular, spurious signals such as parasitic
scattering or background counts from environmental radioactivity can lead to a
systematic underestimation of the speckle contrast if not properly removed.

By contrast, as we now see, XPCS extracts dynamical information by computing
temporal correlations of the scattered intensity. This procedure e�ectively separates
the speckle signal from shot noise and background contributions, since these
unwanted signals are temporally uncorrelated, whereas the speckle pattern retains
time correlations that re�ect the dynamics of the sample.

Finally, the speckle size plays a crucial role in determining the measured con-
trast, as controls the number of speckles per detector" . The linear speckle size
at the detector plane, often associated with the transverse coherence length, is
approximately given by [Pec85]

f B �
_�
3

• (2.16)

where_ is the X-ray wavelength,� is the sample-to-detector distance, and3 is
the e�ective source size. To maximize the detected contrast, the detector pixel size
should be matched tof B. If the pixel size is signi�cantly larger than the speckle
size, multiple speckles are averaged within a single pixel, leading to a reduction in
the measured contrast.
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2.5.3 From speckle pa�erns to XPCS

If the spatial con�guration of the scatterers evolves in time, the corresponding
speckle pattern will also �uctuate. Measuring these intensity �uctuations provides
direct insight into the system dynamics. Temporal correlations are commonly
quanti�ed through the normalized second-order intensity autocorrelation function,
which quanti�es the correlation between intensity values at times separated by a
lag t. Considering a point-like detector measuring the intensity� ¹ ®&• Cºat a speci�c
®&, this intensity autocorrelation function (also known as homodyne autocorrelation
function) is given by [Pec85]

62¹ ®&• Cº =
h� ¹®&• 0º� ¹®&• Cºi

h� ¹®&ºi 2
= 1 ¸ V¹ ®&º

h�¹ ®&• 0º� � ¹ ®&• Cºi

h� ¹®&ºi 2
• (2.17)

whereV¹®&º denotes the experimental contrast. This function represents the prob-
ability that, given an intensity� ¹0º at a certain time, the intensity after a timeC
remains correlated.

In this context, it is useful to explicitly write the intermediate scattering function
(Eq. 1.8) in terms of scatterers as

� ¹ ®&• Cº =
1

# h52¹ ®&ºi

#Õ

==1

#Õ

<=1

D
5=¹ ®&º5< ¹ ®&º exp

h
8®& � ¹®A=¹0º � ®A< ¹Cºº

iE
• (2.18)

where# is the number of scatterers andh52¹ ®&ºi is the scattering amplitude av-
eraged over the particle size distribution. The bracketsh� � � i denote an ensemble
average, and� ¹ ®&•0º corresponds to the static structure factor. Now, assuming
the scattered �eld� ¹ ®&• Cºis a zero-mean (complex) Gaussian variable, a situation
typically satis�ed when the speckle pattern arises from the interference of many
independent scatterers, the correlation function can be expressed in terms of the
normalized intermediate scattering function through the Siegert relation [GMR08]

62¹ ®&• Cº = 1 ¸ V¹®&º

�
�
�
�
�
� ¹ ®&• Cº

� ¹ ®&• 0º

�
�
�
�
�

2

(2.19)

Therefore, measuring62¹ ®&• Cºenables the extraction of the normalized ISF, which
reveals the sample's relaxation dynamics. The stationarity of the process is required
so that correlation functions depend only on the time delay. In particular, ergodicity
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is necessary to ensure that time averages of the intensity �uctuations of a single
speckle are equivalent to ensemble averages. This approach is best suited for
stationary systems with su�ciently fast dynamics. For slow dynamics acquisition
times required to obtain reliable statistics become long, and beamline stabilities
can interfere.

Moreover, in non-ergodic systems (e.g. aging or out-of-equilibrium materials),
the time-averaged62¹ ®&• Cºobtained from a single speckle no longer re�ects the true
ensemble dynamics, since the system explores only a limited region of phase space
during the measurement. To overcome this limitation, the multi-speckle approach
was introduced [Dur+05]. By simultaneously recording a large number of speckles
at the samej& j using a 2D detector, the statistical sampling is signi�cantly improved,
enabling the investigation of slowly evolving and non-ergodic systems. For this
reason, multi-speckle measurements with pixelated detectors have become the
standard implementation at synchrotron beamlines. This approach will be discussed
in detail in the following Chapter (Sec. 3.2), including the computation of the
correlation function from speckle �movies� and the advanced detector corrections
required to suppress background noise.

2.5.4 Experimental setups: ID10 at the ESRF and P10 at
PETRA III

The requirements of high brilliance and partial coherence restrict the number of
suitable XPCS beamlines. The experiments discussed in this thesis were carried
out at two European synchrotrons: the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) and PETRA III at DESY (Hamburg, Germany). Detailed
descriptions of these beamlines can be found in Refs. [Deu26; Fac25].

Figure 2.10 (top) shows a simpli�ed representation of the ID10 beamline at ESRF.
The radiation emitted by the undulator (U35 or U27) is �rst shaped using high-
power slits to reduce its angular divergence, and subsequently monochromatized
by a silicon channel-cut monochromator located in the �rst optics hutch (OH1).
The beam then propagates through additional optical components (OH2) before
entering the �rst experimental hutch (EH1), where techniques such as grazing-
incidence di�raction (GID), X-ray re�ectivity (XRR), and grazing-incidence small-
angle scattering (GISAXS) can be performed.

Further downstream, in OH3, the beam is focused using compound refractive
lenses (CRLs) and can be additionally monochromatized with a pseudo channel-cut
monochromator if required. Guard slits are used to select the coherent portion of
the beam. In the XPCS hutch, located approximately 60 m from the source, a beam
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Figure 2.10: Top: schematic layout of the ID10 beamline at ESRF (Grenoble, France). The
polychromatic (pink) beam produced by the undulator is monochromatized and focused
onto the sample using optical elements such as slits and mirrors. The scattered radiation
is recorded with a pixelated single-photon counting detector. Bottom: schematic layout
of the P10 beamline at PETRA III (DESY, Hamburg, Germany). The overall con�guration
is similar to ID10, and only the main elements relevant for XPCS are shown. A detailed
description and the complete layout can be found in [Deu26; Fac25]. Figure reprinted from
[Mar21].

spot of about 8� 10` m2 (vertical � horizontal) is typically achieved, with a �ux
on the order of 1012 photons per second at 8 keV [Fac25] after the EBS upgrade
[Cor+24]. The sample is placed in a controlled environment (often under vacuum),
and the scattered intensity is detected using a pixelated single-photon counting
detector (e.g., Dectris Eiger).

The sample-to-detector distance is adjusted to match the speckle size to the
detector pixel size (e.g., 75� 75 ` m2 for the detector considered). Figure 2.10
(bottom) also presents the layout of the P10 beamline at PETRA III, which follows
a similar design. In this case, the beam is monochromatized using a high-heat-load
monochromator and focused near the sample using CRLs. The beam size at the
sample is typically around 3� 3 ` m2 (vertical � horizontal), with a lower photon
�ux of the order of 1011 photons per secondat 8 keV.
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3 Novel data analysis
pipelines at XPCS beamlines

In this chapter I present two advancements in XPCS data analysis pipelines that I
developed during my PhD.

The �rst part of the chapter introduces the multi-tau two-time correlation (MT-
2TC) method, a novel data-reduction scheme designed to e�ciently compute two-time
correlation functions over extremely large datasets. Beyond its technical development,
the introduction of MT-2TC also provides an opportunity to present and discuss the
standard data analysis approaches used in multi-speckle XPCS (multi-tau, and two-
time correlation). The method was developed in the last year of my PhD in discussion
with supervisors and collaborators. The presented experimental applications to v-GeO2
and v-Ta2O5 were carried out at the ID10 beamline.

The second part of the chapter focuses on advanced detector corrections for the
Eiger 4M detector, particularly addressing noise sources speci�c to CdTe sensors in-
stalled at the ID10 beamline. These e�ects were identi�ed and characterized during
beamtime and subsequent data analysis, leading to the development of dedicated
correction procedures, including the masking of out-of-average pixels and the �ltering
of environmental radiation events.

3.1 Recent improvements at XPCS beamlines

In the previous chapter, we introduced X-ray photon correlation spectroscopy
(XPCS). As we have seen, the technique exploits the coherent fraction of syn-
chrotron (or free-electron laser) X-rays: when a coherent beam is focused onto a
sample, the scattered radiation produces a speckle pattern, i.e. a granular interfer-
ence �ngerprint of the instantaneous spatial arrangement of scatterers. Recording
the temporal �uctuations of this pattern with a fast area detector enables direct mea-
surements of dynamical processes such as di�usion, relaxation, and �ow [MFR16;
Shp14; Sut08].

At modern synchrotrons, XPCS takes advantage of the exceptional brightness
and coherence of the focused beam. As anticipated, to face non-ergodicity, to
mitigate radiation damage (see Ch. 4) and to maximize weak scattered signals,
pixelated detectors are employed to improve the signal-to-noise ratio (SNR) at �xed
dose by averaging over multiple coherence areas (multi-speckle XPCS) [FLM06;
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Lum+00]. In this case, the correlation function SNR is given by

SNR = h� ¹@ºi�
p

gmin) # px • (3.1)

which increases linearly with the average scattered intensityh� ¹@ºiand scales with
the square root of the number of pixels# px, the minimum sampling timegmin, and
the measurement time) . Here,� denotes the contrast, i.e. the speckle visibility
expected for a fully static sample, and directly related to the coherence of the X-Ray
beam [Pec85].

Dedicated XPCS beamlines are now standard installations at leading synchrotron
facilities worldwide. We discussed ID10 at ESRF and P10 at PETRA III, but also
8-ID-E at APS and 11-ID at BNL exist. Over the past decade, these facilities have
seen major developments:

ˆ Coherent �ux at fourth-generation synchrotron radiation sources �
Third-generation synchrotron radiation sources typically delivered a coherent
�ux of 5 � 109 to 5� 1010 photons s�1 in the 8�11 keV range (e.g. ID10 at ESRF
[Fav+17], 8-ID-E at APS [Jia+23], P10 at PETRA III [Spr+23]). The advent of
fourth-generation facilities, such as ESRF-EBS and APS-U, has produced a
substantial increase in brilliance, and consequently in coherent �ux, by up to
two orders of magnitude, mainly due to the dramatic reduction of horizontal
emittance in the electron beam [Cor+24; Fav+17; RBB+23].

ˆ Ultra-fast photon-counting pixel array detectors (PADs) � Photon-
counting PADs have become the detectors of choice for XPCS thanks to their
large dynamic range, negligible readout noise and dark current, and large
collection areas [Zha+18]. The Eiger 4M is today's standard detector, o�ering
frame rates up to 4 kHz [DEC25]. Recent developments in ultra-fast PADs
now enable access to even shorter delay times. Continuous measurements
have been demonstrated at 50 kHz for about 50 s and at 1.2 MHz for 4 s in
burst mode using the UFXC32k chip [Zha+16; Zha+17] and the related Rigaku
XSPA-500k detector [Zha+18]. Burst-mode operation of the AGIP detector has
reached 195 ns delay times over 700` s [Jo+21], while the TEMPUS detector
has recently achieved� 450 ns in continuous operation using its event-driven
mode [Chu+25].

ˆ Raw data sparsi�cation � To handle the huge data rates produced by
ultra-fast PADs, raw data sparsi�cation was introduced at the 8-ID-E beam-
line [Zha+21] and is now standard at ID10 (ESRF), 8-ID-E (APS) and 11-ID
(BNL). The approach, motivated by the measured low-count rate frames of
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typical XPCS experiments [CCM12], stores only non-zero values and their
positions, drastically reducing data throughput while preserving the entire
measurement information.

ˆ Beamline stability � Improvements in mechanical and thermal stability
have signi�cantly extended the upper dynamical limit of XPCS. Relaxation
times of several hours can now be reliably measured, as shown in slow-
dynamics experiments [Rut+13].

The combination of increased coherent �ux and ultra-fast PADs dramatically
expands the probed range towards faster times. Concurrently, improvements
in instrumental stability and data sparsi�cation pipelines enable measurements
over hours or even days at high frame rates. For instance, as we will see in this
chapter, we recently continuously tracked the relaxation dynamics of v-GeO2
and v-Ta2O5 for up to 16 hours with 1 ms resolution, generating over 40 million
frames with the Eiger 4M detector at ID10. These advances allow XPCS to span an
unprecedented dynamical window, from microseconds to days. This opens new
scienti�c opportunities, such as capturing bothUandVrelaxations within a single
correlation function, or simultaneously resolving fast and slow dynamics in aging
systems.

However, these capabilities introduce signi�cant computational challenges, de-
manding increased processing power and memory for the calculation of correlation
functions. In parallel, measuring spackle patterns at such high frequencies results
in very low count rates per frame, and, especially when measuring glasses such
that v-GeO2, the measured signal on the fast XPCS detector become comparable,
and is a�ected, by detector noises.

To compute reliable correlation functions, it is essential to quantify and mitigate
these noise sources. Recent improvements at XPCS beamlines, together with the
new challenges they introduce, motivate the two works presented in this chapter.
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3.2 Time-resolved XPCS analysis across broad
time-scales using multi-tau two-time
correlations

As we have seen, multi-speckle detection constitutes the standard operating mode
at XPCS beamlines. Three distinct approaches are commonly used for the data anal-
ysis in multi-speckle XPCS: standard intensity correlation (IA) [Lum+00], multi-tau
intensity autocorrelation (MT-IA) [CW99; Sch87], and two-time correlation (2TC)
[Bik17; Cip+02; Sut+03]. The standard correlation consist of the direct implementa-
tion of Eq. 2.17 The multi-tau scheme is widely employed for systems where the
dynamics do not change signi�cantly during the measurement. It improves the
signal-to-noise ratio at long delay times and dramatically reduces computational
complexity (from$¹# 2º to$ ¹# log # º ) by correlating progressively time-averaged
frames. In contrast, the two-time correlation approach is necessary for systems with
time-dependent dynamics, such as those driven by external stimuli, undergoing
aging, or relaxing toward equilibrium. This method calculates the correlation as a
function of both measurement time and delay time, yielding a 2D correlation map.

In this section, we �rst introduce these data analysis schemes, but the ultimate
goal is to de�ne a new data-reduction approach that combines the advantages of
both methods: the multi-tau two-time correlation function (MT-2TC). This approach
mitigate computational complexity and largely reduce the memory limitations that
constrain the number of frames in standard two-time calculations, and provides a
more direct quasi-logarithmic visualization of the correlation matrix. Furthermore,
the measurement-time average of our function reduces to the classical multi-tau
correlation function, allowing for the straightforward recovery of the standard
autocorrelation, as in the two-time formalism.

This work is also reported in recently published open-access paper [Bru+26].

3.2.1 Multi-speckle correlation functions

Intensity autocorrelation (IA)

Photon correlation spectroscopy with area detectors was �rst demonstrated in
XPCS by Dierker et al. [Die+95] and in DLS by Kirsch et al. [Kir+96], and later
further developed by Cipelletti et al. [CW99] and Lumma et al. [Lum+00]. In the
standard multi-speckle scheme, the intensity autocorrelation (IA) function62¹@•gº
is calculated by averaging over detector pixels with the same scattering vector@,
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following what we introduced in Eq. 2.17 for a single detector,

6¹2º
@ ¹gº = h

h�?¹Cº � �?¹C ¸ gºi?
h�?¹Cºi?h�?¹C ¸ gºi?

iC (3.2)

Here,�?¹Cºis the intensity at the pixel? and timeC; the bracketsh�i? and andh�iC
denote ensemble (pixel) and time average, respectively. The order of averaging and
normalization is important: taking the ensemble average �rst preserves information
on ergodicity [JGP90], while the chosen normalization suppresses �uctuations in
the incident beam [Dur+05]4.

In a typical XPCS experiment, the detector records a series of speckle patterns
(frames) at constant spacingJC. The data can be arranged as an intensity matrix
I of dimensions# 5 � # px where# 5 is the number of frames and# px the number
of pixels. When stored as a dense matrix, besides the challenges of data storage,
a direct calculation of the numerator in the above expression scales as# 2

5 � # px ,
which quickly becomes computationally prohibitive.

As depicted at the beginning of the chapter, when detectors operate at high frame
rates and scattering signal is low, most entries of I are zero. Using sparse storage
formats, mainly compressed sparse row (CSR) or column (CSC) representations
[ST23], can drastically reduce the computational cost of evaluating Eq. 3.2, since
only nonzero elements are processed5. However, row or column indexing in sparse
matrices is intrinsically slow, limiting the e�ciency of a direct element-wise eval-
uation of Eq. 3.2. A more practical solution is provided by two-time correlation
functions exploiting the sparse linear algebra.

Two-time correlation (2TC)

Omitting the time averaging in Eq. 3.2, the two-time correlation (2TC) function
can be de�ned as [Sut+03]

� ¹2º
( ¹C1• C2º =

h�?¹C1º � �?¹C2ºi?
h�?¹C1ºi? h�?¹C2ºi?

• (3.3)

whereC1 andC2 are the times of the correlated frames. Independently, Cipelletti
[Cip+02] introduced an equivalent form,� ¹2º

� ¹C| •gº, expressed in terms of the

4 Di�erent de�nitions of 62¹@•gºexist in literature, varying in both the order of averaging and the
choice of normalization [Bik17; CCM12; CW99; Dur+05; Lum+00]

5 A related approach based on event correlators was proposed by Chushkin et al. [CCM12],
showing dramatic speed-ups.
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waiting timeC| = C1¸C2
2 and the lag timeg = jC1�C2j. Using the symmetric de�nition of

the waiting time [Bik17],� ¹2º
� ¹C| •gºcorresponds to a 45� rotation of the� ¹2º

( ¹C1• C2º
matrix. Within both representations, the standard IA can be computed by time
averaging [Dur+05]

6¹2º¹gº = h� ¹2º
� ¹C| •gºiC| = h� ¹2º

( ¹C• C ¸ gºiC (3.4)

Equations 3.3 and 3.4 give a practical computational pathway to compute both
2TC and IA taking advantage of the e�ciency of matrix multiplication algorithms:

G¹2º
S = ¹¹I � I Tº � Anº � 2 nT with »n¼8 = ¹

Õ

?9

�C8•?9º
�1 (3.5)

The matrix productI � IT computes the pixel-averaged correlations in the numerator
of Eq. 3.3. The subsequent element-wise multiplications,� A (row-wise) and� 2
(column-wise) with the normalization vector n ensures the proper normalization.
The entries of the resulting matrix (# 5 � # 5 large) correspond directly to the
2TC: »G¹2º

S ¼8•9= � ¹2º
( ¹8JC• 9JCº6. The IA vector is then obtained by averaging

over the o�set diagonals of this matrix, i.e. averaging over constant lag times:
»g¹2º¼: = 1

# 5�:
Í # 5�1

8=0 »G¹2º
S ¼8•8¸:.

This matrix-multiplication approach leverages optimized linear algebra routines
and is especially powerful for sparse data, where direct indexing is slow. However,
it comes at the cost of memory:G¹2º

S is a dense matrix of dimension# 5 � # 5. For

large datasets, this rapidly exceeds available resources (e.g.G¹2º
S from 1 million

frames requires several terabytes). A general workaround is time-binning, where
data are coarse-grained to longer frame-times, however, at the expense of losing
access to the fastest dynamics. Alternatively, multi-tau autocorrelation o�ers a way
to overcome time-scale limitations.

Multi-tau autocorrelation (MT-IA)

Multi-tau calculation of intensity autocorrelation was �rst proposed by Schätzle
[Sch83] for single area detectors, and later extended to multi-speckle DLS by
Cipelletti [CW99]. Instead of following the prescription of Eq. 3.2, which requires
evaluating all possible frame pairs and thus scales as# 2

5, multi-tau algorithms
maintain a nearly constant ratio between the delay timeg and the sampling timeJC,
still maintaining the temporal resolutionJC

g � 1. This leads to a quasi-logarithmic

6 Since G¹2º
S is symmetric, only one half of the matrix needs to be computed.
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sampling of lag times: the correlation function spans several decades ofg with far
fewer points, reducing both computational cost and memory requirements, as well
as increasing the SNR at large g as a consequence of the non-constant JC.

Figure 3.1: Multi-tau correlator scheme for a single pixel? with four channels. Data
sampled atJCare correlated in corr=0 by all channels but the �rst, then binned and passed
to subsequent correlators, each doubling the delay times. Only new lag times (second half
of channels) are computed at each stage [CW99].

Let us �rst focus on the calculation of the un-normalized IA for a single pixel. The
multi-tau algorithm organizes the computation into a cascade of linear correlators
(levels), each with a �xed number of channels (four in the example of Fig. 3.1).

ˆ First correlator (corr=0): The pixel intensity stream, sampled atJC, is fed
into the channels. All channels except the �rst (which corresponds to zero
lag time, i.e. the speckle pattern variance) compute correlations at linearly
spaced delays g2� = 2� � JC.

ˆ Subsequent correlators (corr = 1, 2, . . . ): Before feeding the signal to the
next correlator, pairs of consecutive frames are summed, e�ectively doubling
both the sampling time and the accessible delay times. In these correlators,
only the second half of the channels are used, since the �rst half corresponds
to lag times already computed at higher temporal resolution.
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ˆ Iteration: This binning�correlation process is iteratively repeated, each stage
doubling the frame time and extending the correlation function to longerg.
The multi-tau autocorrelation (MT-IA) function is obtained by merging the
outputs of all correlators.

Finally, the MT-IA functions calculated for all pixels with the same scattering wave
vector are averaged and normalized7. Multi-speckle multi-tau autocorrelation is
the starting point of our novel correlation scheme.

3.2.2 Multi-tau two-time correlation (MT-2TC)

The 2TC matrix de�ned in Eq. 3.5 is a standard tool in XPCS data analysis. It
provides information on sample ergodicity and stationarity, allows veri�cation of
measurement stability, and highlights temporally correlated noise sources [Bik17]
(e.g. spurious high-count signals from environmental radioactivity appearing in
consecutive frames). Once stationarity is established, the IA is obtained by time-
averaging over the selected stationary time ranges. As already noted, the main
limitation of this method lies in the size of theG¹2º

S matrix. In addition, when the
measurement time far exceeds the sample decorrelation time, visualizing the entire
matrix becomes uninformative. In such cases, data are either inspected through sub-
matrices or, as in recent studies [CZN24; Per+17], reformulated in the� ¹2º

� ¹C| •gº
representation and plotted with a logarithmicg axis. To overcome these limitations,
we propose a multi-tau de�nition of the� ¹2º

� ¹C| •gºfunction, quasi-logarithmically
spaced ing. This approach extends the standard multi-tau scheme of Fig. 3.1 by
avoiding temporal averaging.

We denote frame-shifts as follows: I»8:¼is the sub-matrix of I starting from row
8, and I»: �9¼excludes the last9rows. Frame binning for the2>AA-th correlator
is de�ned as»Icorr¼5 •? =

Í 22>AA

:=0 �5 �22>AA̧:•?
8. The non-normalized multi-tau 2TC is

then de�ned as a set of vectors of di�erent sizes, one for each correlator index
2>AA = 0• 1• ” ” ” and channel index 2� = 0• 1• ” ” ” • #2� � 1:

� ¹2º
")2>AA•2� =

Õ

pixels

Icorr »: �2�¼ � I corr »2� :¼ (3.6)

where� is the element-wise (Hadamard) product. For each correlator and channel,
the intensity matrix is �rst binned by 22>AA, then element-wise multiplied with its

7 The autocorrelation functions are �rst averaged over pixels, and later normalized. This order
is essential for non-ergodic samples, since it directly yields the ensemble-averaged IA function
[CW99].

8 The last frames are discarded if 22>AAis not a divisor of #5.
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frame-shifted copy (by2� rows), and �nally summed over pixels. Normalization
follows Eq. 3.3:

� ¹2º
")2>AA•2� = � ¹2º

")2>AA•2� � n corr »: �2�¼ � n corr »2� :¼ (3.7)

As in the standard multi-tau scheme, the correlator and channel indices determine
the lag timeg, while the8-th element of the vector� ¹2º

")2>AA•2� corresponds to a
waiting time C| :

g ¹2>AA•2�º = 22>AA� 2� � JC

C| ¹8•2�•2>AAº = ¹
2� ¸ 1

2
¸ 8º � 22>AA� JC

(3.8)

Computationally, each Hadamard product in the denominator requires roughly
# px# 5•22>AAmultiplications per correlator and channel. Computing the full object
thus involves about 2# px#2� # 5 operations9. Similarly, the number of elements in
� ¹2º

") 2>AA•2�scales as 2� # 5 � #2� . For large datasets, both the computational cost and
storage requirements are therefore reduced from quadratic to linear in# 5. This
enables calculation and storage of 2TC functions irrespective of frame rates and
measurement times, thus allowing operation at the full detector speed. Visualization
is naturally achieved in aC| �g plot with logarithmicg, which conveniently displays
the full dynamics of the sample�even when relaxation times are much shorter than
the total acquisition time�and facilitates veri�cation of stationary ranges.

As an example, Fig. 3.2 compares the standard 2TC (top) with the MT-2TC
(bottom), computed on a v-Ta2O5 128 frames measurement at low frame rateJC � 4
s (details in Sec. 3.2.3). In the multi-tau calculation, we used 16 channels, which
is su�cient to avoid time-blurring e�ects as, apart for the �rst half of the �rst
correlator's channels, always keepsgJC ¡ 8. The MT-2TC can be viewed as a 45�

rotation of the 2TC matrix, but with the lag timeg quasi-logarithmically sampled:
the rectangle-rows corresponding to each correlator and channel double in both
height and width every 8 rows (except for the �rst correlator, which has 16 channels).
In this example, both the 2TC and the MT-2TC reveal the same physical information,
namely the sample dynamics evolving with an increasing relaxation time. However,
important practical di�erences arise: i) Although both are computed from the
same 128 frames, they contain very di�erent numbers of elements. The 2TC has
# 2

5 = 16384 entries, while the MT-2TC contains fewer than 2�=2� �# 5 = 4096 entries.
This gap grows quadratically with# 5. ii) To perform this comparison, we simulated

9 This estimate follows a geometric series and overestimates the true number of multiplications.
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Figure 3.2: Comparison of the standard 2TC (top) and MT-2TC (bottom) computed for a
v-Ta2O5 measurement at a low frame rate (JC � 4 s), chosen to improve the signal-to-noise
ratio (see Sec. 3.2.3 for details). The labels indicate which correlator and which set of
channels correspond to the rows of the MT-2TC. Notably, the �rst correlator consists of 15
channels (the �rst channel is omitted, as it corresponds to the self-correlation of frames),
while the other two correlators consist of 8 �lled channels each.

4 s frames by binning the original 1 ms data, so that the standard 2TC achieves
a reasonable SNR. At much higher frame rates the 2TC would become unusable,
dominated by noise. By contrast, the MT-2TC remains robust: for each lag time it
shows the same SNR irrespective of the frame rate, since its SNR naturally improves
with increasing g.

Finally, the IA function, consistent with that of Sec. 3.2.1, can be recovered by
averaging over C| , and errors can be computed accordingly10:

6¹2º
") 2>AA•2� =

1
#C|

Õ

C|

� ¹2º
") 2>AA•2�” (3.9)

10 When averaging over a restricted observation-time range, care must be taken to truncate at the
appropriate correlator index, since higher-order correlators may correlate frames lying outside
the chosen C| interval under the symmetric de�nition.
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MT-2TC from sparse matrices

In principle, Eq. 3.7 enables the calculation of both IA and 2TC for arbitrarily
large# 5. In high-frame-rate and long-duration measurements, however, data are
typically stored in sparse formats to circumvent memory limitations. Therefore, an
e�cient implementation of Eq. 3.7 must explicitly operate on sparse data structures.
A key di�culty arises in the binning step: binning sparse intensity matrices is
highly ine�cient, as it neither reduces memory usage nor simpli�es subsequent
calculations. In fact, binning a sparse matrix by a factor of 2 usually results only
in a frame re-indexing of the events, since two consecutive frames rarely record
photons in the same pixel. To address this, we propose a two-step implementation
of Eq. 3.7 that fully advantage of the sparse formalism.

Step 1 � Sparse-domain 2TC sub-matrices

Figure 3.3: Illustration of the two-step sparse implementation of the multi-tau 2TC. Left:
Decomposition of the fullG¹2º

S into diagonal and o�-diagonal sub-matrices computed from
sparse blocks of I. Right: Mapping of a 2TC sub-matrix into the multi-tau representation
via successive binning and extraction of2� -o�set diagonals. In this example,B =4 and
4 channels are used. Double-colored entries indicate values used in di�erent multi-tau
correlators.

We �rst compute the linear 2TC matrices using Eq. 3.5, but restricted to small
sub-matrices of I. These are de�ned by a parameterBas I= = I»= �2B : ¹= ¸ 1º � 2B¼
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with = = 0•1• ” ” ” • #5•2B. For each=, two consecutive 2TCs are calculated: (i)
the autocorrelation of I=, and (ii) the cross-correlation of I= with I=¸1

11. These
correspond to the diagonal blocks of the entireG¹2º

S matrix (Fig. 3.3, left). Each 2TC
sub-matrix is then converted into its multi-tau version, subsequently �lling the �rst
correlators of� ¹2º

") 2>AA•2�by appending the correlation values at the end of its vectors.
For each correlator, this conversion is achieved by binning the 2TC sub-matrices,
both by rows and columns, by 22>AA, and extracting the channel vectors from the
corresponding2� -o�set diagonals (Fig. 3.3, right). The cross-correlation matrices
I=I=¸1 are treated analogously, except that their �rst correlators and channels start
from the corner rather than from the diagonal. It can be shown that this algorithm
�lls the �rst correlators equivalently to Eq. 3.7, but moves time-binning after the
correlation computation. The advantage of this approach is that it avoids explicit
frame binning, still avoiding high memory consumption, since only two small I
sub-matrices are processed at each step, which are then transformed from the linear
2TC into its multi-tau representation.

Step 2 � Dense-domain computation

The second stage follows Eq. 3.7. The intensity matrix I is time-binned by a factor
2B¸1 and converted into a standard dense matrix. From this point, subsequent
correlators are computed via the Hadamard product and binning scheme of Eq. 3.7.
In practice, the optimal choice ofBis such that 2B � 1

sparsity, i.e. binning becomes
advantageous once the resulting matrix is e�ectively dense.

Implementation and memory considerations

As described in Sec. 3.2.2, the MT-2TC calculation for sparse data is divided into two
main stages. In the �rst stage, standard two-time correlation (2TC) sub-matrices
are computed from successive batches of 2B frames. At this stage, only a limited
number of intermediate quantities are required. Two arrays,�0 and �1 (each of
dimension 2B � # px), store the frame batches used to compute diagonal and o�-
diagonal 2TC sub-matrices. The corresponding correlation results are stored in an
intermediate matrix� ¹2º

subof dimension 2B� 2B. The output of this stage consists of (i)
a time-binned version of the original frame sequence, denoted�dense(of dimension
# 5•2B � # px), and (ii) a partially �lled MT-2TC object, in which only the channels
associated with the �rst correlators are populated.

11 The extension of Eq. 3.5 to this case replaces the transposed I= matrix with I=¸1 . The same
happens in the normalization
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The �rst-stage computation is performed by iterating over the dataset in steps
of 2B frames. At each iteration, two consecutive frame batches,�0 and �1, are
loaded into memory. These batches are used to compute both the diagonal and
o�-diagonal two-time correlation (2TC) sub-matrices, which are temporarily stored
in the intermediate array� ¹2º

sub. The resulting sub-matrices are then transformed
into their multi-tau representation and accumulated in the corresponding channels
of the MT-2TC object. Finally, the frames�0 are time-binned by summation to
produce the corresponding dense frame, which is stored in the vector�densefor
subsequent processing in the dense stage of the algorithm.

In the second stage, the MT-2TC is completed by operating on the dense (time-
binned) frames. This step involves matrix slicing and dense matrix elementwise
multiplications, followed by successive binning of�denseby a factor of two at each
iteration, as described by Eq. 3.6 and 3.7.

In the present implementation, the computation of sparse 2TC sub-matrices relies
on Intel MKL sparse matrix-multiplication routines [Int23], while the frame-binning
step and all dense operations are implemented using the NumPy library [Har+20].

Computational time

The computational time of the MT-2TC algorithm scales linearly with the number
of frames# 5. In the �rst stage, the number of loop iterations scales as# 5•2B.
In the second stage, the initial number of dense frames to be processed is also
# 5•2B, and the �rst iteration dominates the computational cost, since subsequent
iterations operate on progressively halved frame sequences. As a result, the total
computational time increases approximately linearly with #5.

This behavior contrasts with the standard 2TC approach, whose computational
cost and memory usage scale quadratically with the number of frames. However,
the standard matrix-multiplication-based 2TC bene�ts from highly optimized linear
algebra routines and remains faster until memory limitations come into play. As# 5
increases and the full 2TC matrix can no longer be stored in memory, the standard
approach becomes impractical. In this regime, the MT-2TC retains linear scaling
with # 5, providing a decisive advantage in terms of feasibility for large datasets.

Memory considerations

The main advantage of the MT-2TC method is the strong reduction of memory usage.
In standard 2TC calculations, the dominant memory limitation arises from storing
the full 2TC matrix, whose size scales as# 5 � # 5. For example, on typical beamline
computing infrastructure such as that available at the ESRF, storing the full 2TC
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matrix for a dataset of 200,000 frames using 32-bit �oating-point numbers would
require approximately 160 GB of memory, already at the limits of workstations
equipped with a few hundred gigabytes of RAM.

In contrast, the MT-2TC correlation object scales linearly as 2� # 5 � # ch. For
the same dataset and using 16 channels, the MT-2TC object occupies only about
25.6 MB. This directly addresses the dominant memory bottleneck associated with
the size of the two-time correlation matrix in large-frame XPCS datasets.

Additional memory is required for intermediate quantities. The sparse frame
batches�0 and�1 each contain on the order of# px non-zero values and therefore
require limited memory12. The largest intermediate objects are the correlation sub-
matrix � ¹2º

sub and the dense, time-binned frame sequence�dense, whose sizes depend
on the choice of the parameterB. For the example shown in Fig. 3.4 (top), the optimal
choice isB =14. In this case, computing the MT-2TC for 1 million frames requires
approximately 1 GB of memory for each of� ¹2º

sub and �dense. Given the number
of frames involved, a total memory requirement of a few gigabytes represents a
substantial reduction compared to standard two-time correlation calculations.

Importantly, the algorithm does not require the full dataset to be loaded into
memory at once and therefore supports chunked processing, in which data are
handled in successive time blocks. At any given time, only the frame batches�0 and
�1 need to reside in memory. As a result, the method supports datasets that approach
or exceed available RAM, with practical limitations progressively determined by the
speed of data loading from disk and computation, rather than by memory capacity.

3.2.3 Experimental demonstrations and perspectives

From a practical standpoint, the MT-2TC approach is particularly well suited to
high�frame-rate XPCS experiments involving large numbers of frames. By pre-
serving access to the full two-time information while drastically reducing memory
requirements, it enables e�cient storage and visualization, as well as �exible a
posteriori selection of time windows without recomputing correlations, simplifying
both online inspection and post-processing of large datasets.

In this section, we illustrate the versatility and e�ectiveness of the proposed tool
through two recent experiments we carried out at the ID10 beamline of ESRF using
the Eiger 4M detector working at a frame rate of 1 kHz. The �rst case concerns
the relaxation dynamics of v-GeO2, where our aim is to study the temperature
dependence of the contrast and its connection to the non-ergodicity of the glass.
These case will be in-depth discussed within the next chapters as constitute the

12 Here we assume the optimal choice B � log2¹1•sparsityº, as discussed previously.
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core of this thesis. Here the objective is to demonstrate the functioning of the
MT2TC method. The second example addresses X-ray-induced dynamics in a thin
�lm of v-Ta 2O5, obtained by ion beam sputtering, comparing as-deposited and
annealed samples. Here, the focus was on relaxation processes occurring on the
millisecond timescale, which are particularly relevant because they dominate the
noise response of ground-based gravitational-wave detectors, such as Advanced
Virgo [Ae14], Advanced LIGO [Ae15] and KAGRA [Ae13], at frequencies in the
range between 10 and 1000 Hz [Ste18].

For both oxide samples, the dynamics observed at temperatures below the glass
transition are dominated by X-ray induced processes (see Ch. 4), i.e. relaxations
activated by the interaction of the intense coherent X-ray beam with the sample,
primarily through bond breaking due to the radiolysis process, which superimpose
on the intrinsic material dynamics [Mar+23; Rut+17].

XPCS at ms time resolution on v-GeO 2

The experiment was performed in the small-angle con�guration of the ID10 beam-
line with the detector centered at 1”75� using a 9.7 keV X-ray beam, giving access
to the 1”2�2 ”2 nm�1 &-range. More details on this experiment are described at the
beginning of Ch. 5. In the room temperature measurement rapidly discussed here,
the X-Ray induced relaxation time is of about 6 s, however, because of the very low
scattered signal (� 0”2 ph/px/s), we took about 1 hour scans exploiting the station-
ary dynamics of the sample to improve the SNR (see Eq. 3.1). The sample under
irradiation initially displayed non-stationary dynamics: during the �rst� 200 s of
beam exposure the relaxation slows down, from millisecond to second time scales.
After this transient regime, the dynamics became stationary. In the experiment, we
investigated the dynamics of this "damaged" glass, thus measuring on the same
irradiated spot, within the regime of stationary dynamics.

The stationarity of the dynamics is quanti�ed using the novel MT-2TC. An
example computed for a 400 K scan at& = 1”7� 0”1 nm�1 (1•000•000 frames at 1 ms)
is shown in Fig. 3.4. The two-time correlation function, naturally represented with
the lag time on a logarithmic scale, allows the relaxation process to be monitored
across the entire measurement time, even when the relaxation itself is much shorter
than the measurement time. As expected, correlations at shorter lag times are
noisier due to the limited number of correlated photons, while at longer lag times
the statistics improve and averaging is no longer needed to obtain stable values.
Once stationarity is established, the6¹2º function is obtained by averaging over the
rows of the� ¹2º

") 2>AA•2�object, as shown in the lower panel of Fig. 3.4 (here computed
skipping the �rst 200 s in which the dynamic is in evolution). Here, the agreement
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with the Kohlrausch-Williams-Watts (KWW) relaxation function over six decades
in time is signi�cant.

The multi-tau IA is compared with the standard linear de�nition of Eq. 3.2,
computed from 20,000 frames obtained by binning the original 1 million frames
by a factor of 50 in order to avoid memory limitations. Otherwise, when using
32-bit �oating-point numbers, the full 2TC matrix would require approximately 4
terabytes of memory. The two methods give consistent results, but the multi-tau
calculation provides a signi�cant advantage in terms of SNR, especially at long
lag times, and, more importantly, extends the accessible time window by almost
two decades. Given the objectives of this experiment, in particular accessing the
contrast (see next chapters), reliable access to the low�lag-time regime, i.e. lag
times much shorter than the X-ray�induced relaxation time, is essential to resolve
the plateau before the initial decay of the correlation function and thus to accurately
determine the contrast, which would otherwise be compromised by excessive frame
binning.

Figure 3.4: MT-2TC (top) and IA (bottom) computed on X-ray�damaged v-GeO2 at 400
K, using sixteen channels to preserve temporal resolution. Top: Two-time correlation
function on 1•000•000 frames at 1 ms, plotted with lag time on a logarithmic axis, allowing
visualization of the relaxation process across the entire measurement window. Bottom:
Comparison of the multi-tau IA (orange error bars) with the standard linear de�nition
of Eq. 3.2 (blue dots), the latter computed from 20,000 frames at 50 ms to avoid memory
limitations.

62



Time-resolved XPCS analysis across broad time-scales using multi-tau two-time
correlations

Section 3.2

X-Ray induced relaxation dynamics in v-Ta 2O5

The experiment was carried out in the wide-angle con�guration of the ID10 beam-
line, with the detector angle varied between 1”5� and 10� to probe the&-dependence
of the induced relaxation within the range 3�20 nm�1 , using a working energy of
21.7 keV. The samples consisted of two 2”5 ` m-thick v-Ta2O5 �lms deposited on Si
substrates by ion-beam sputtering at the Laboratoire des Matériaux Avancés (LMA):
one in the as-deposited state and the other annealed at 500� C for 10 hours (addi-
tional details on sample preparation will be provided in a forthcoming publication,
as well as a discussion on the XPCS results). The 0”8 � 1012 ph/s X-ray beam was
tightly focused to a spot size of 10� 7 ` m2 in order to increase the dose rate and
accelerate the beam-induced dynamics. The experiment is performed in transmis-
sion geometry through the 0.5 mm Si substrate, which is almost transparent at this
working energy.

Subjected to such X-ray dose, the relaxation dynamics evolves on the scale of
a day, requiring measurements to be monitored over several hours. Figure 3.5
shows this evolution for the as-deposited sample at& = 20 nm�1 . The MT-2TC
plot (top), computed from 60,000,000 frames at 1 ms, captures the full evolution
of the dynamics across the measurement window. The characteristic relaxation
time starts at a few tens of seconds and rapidly increases to thousands of seconds,
and the relaxation function progressively stretches, evidencing the heterogeneous
nature of the sample dynamics. The MT-2TC representation also guides the choice
of stationary time-windows for computing autocorrelation functions and extracting
KWW relaxation parameters. In practice, it suggests exponentially increasing win-
dow widths during the �rst hours, followed by equally large windows at later times
(vertical red dashed lines). The6¹2º functions are then obtained byC| -averaging
over the appropriate segments of the MT-2TC (according to Eq. 3.8), ensuring that
the averaged correlations are calculated from frames belonging to the selected
stationary windows.

From a practical perspective, the MT-2TC for this dataset, comprising 60 million
frames, was computed only once and required approximately 30 minutes on a
standard analysis workstation. Subsequent calculations of the6¹2º functions for
di�erent waiting times and window selections involve only cuts and averages of
the precomputed MT-2TC, and therefore incur negligible additional computational
cost. This illustrates a key practical advantage of the method for long-duration ex-
periments, where repeated recalculation of two-time correlations would otherwise
be prohibitive.

Figure 3.5 (bottom) shows the resulting6¹2º functions calculated for the selected
time windows. As expected from Eq. 3.1, the signal-to-noise ratio improves with
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Figure 3.5: X-ray induced relaxation dynamics of the as-deposited v-Ta2O5 sample at
& = 20 nm�1 . Top: Multi-tau two-time correlation (MT-2TC) function for lag timesg ¡ 1
s, computed from 60,000,000 frames at 1 ms, capturing the evolution of the relaxation
dynamics during beam exposure. Vertical dashed red lines indicate the stationary time
windows selected for IA analysis. Bottom: Corresponding6¹2º functions obtained by
averaging over the selected windows. Access to faster dynamics is limited to the wider time
windows, which exhibit improved SNR; therefore, only6¹2º from these windows are shown
for short lag times (g Ÿ1 s). Inset: Extracted relaxation times and stretching exponents,
which progressively increase and decrease, respectively, with dose, both following an
approximately exponential trend.

increasing window width. Consequently, access to faster dynamics is restricted to
the wider time windows, since the correlations computed over shorter intervals
are dominated by statistical noise. The �ttedC| dependence of the relaxation time
g and the stretching exponentV is presented in the inset. For the as-deposited
sample, the relaxation time progressively increases with exposure, following an
approximately exponential trend.

We note that, when the induced decorrelation becomes very long, in contrast
to the v-GeO2 measurements, the relaxation over the full dynamical range cannot
be adequately described by a single KWW function. In particular, in the fast
lag-time range between 10 ms and 10 s, the correlation function exhibits a slow
decay that precedes the main relaxation and cannot be captured by a stretched
exponential form. We are currently investigating whether this behavior is indicative
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of the presence of a secondary relaxation process, possibly related to the thermal
Brownian noise in gravitational waves detectors. Access to this extended time
window is therefore essential to correctly characterize the dynamics and to avoid
oversimpli�ed �ts based on a restricted lag-time range.

Further potential applications of the MT-2TC

Beyond the experimental demonstrations presented above, the MT-2TC approach is
expected to be broadly applicable to XPCS measurements involving large datasets,
high frame rates, and time-evolving dynamics. By providing access to the full
two-time information while drastically reducing data size, the method enables
�exible a posteriori analysis and e�cient handling of long-duration measurements.

More generally, one of the most promising applications of the MT-2TC is the
detection of two-step relaxation processes in glassy systems, such as the coex-
istence ofU andV relaxations. While such phenomena are well known in light
scattering and XPCS studies [RB25], they have not yet been clearly resolved with
X-rays in the regimes targeted here. Access to correlation functions over lag-time
ranges signi�cantly wider than the characteristic decorrelation region is essential
to identify these behaviors and to avoid masking slow or intermediate relaxation
components.

In addition, the MT-2TC representation is particularly valuable for experiments
exhibiting non-stationary or heterogeneous dynamics, where the identi�cation of
stationary time windows is nontrivial. In these cases, it provides an e�cient and
intuitive way to monitor the temporal evolution of the dynamics and to guide the
selection of appropriate averaging intervals, especially in dose-dependent or aging
experiments.

In practice, the advantages of the MT-2TC become most apparent when large
numbers of frames must be handled simultaneously. While for small datasets the
standard matrix-multiplication-based two-time correlation remain faster due to
highly optimized linear algebra libraries, this situation changes as soon as memory
limitations prevent computing and storing the full# 5 � # 5 correlation matrix. The
MT-2TC is speci�cally designed to operate in this regime, which is increasingly
common in high�frame-rate XPCS experiments involving long acquisition times
and evolving dynamics.
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Code availability

The implementation of the multi-tau two-time correlation method presented in this
section is publicly available under an open-source license at the following link.
https://github.com/FabioBrugnara/XPCS_library
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3.3 Advanced Eiger 4M detector corrections for
XPCS experiments

The DECTRIS EIGER 4M detector has become the standard at XPCS beamlines
in recent years. It is available in two versions, di�ering in the sensor material:
silicon (Si) and cadmium telluride (CdTe). The Si-based detector is employed at P10
(PETRA III), whereas the CdTe version is used at ID10 (ESRF).

The main advantage of the CdTe detector is its extended detection energy range
(8�100 keV), compared to 6�40 keV for Si [DEC25]. This capability allows the ID10
beamline to safely operate at photon energies up to 21 keV [Fac25]. However, as
we will see, this extended range comes at the cost of a higher background signal
and reduced fabrication uniformity.

In this section, we discuss three detector-related corrections that we have imple-
mented. Two of them address background noise arising from ambient radioactivity
(primarily Wradiation) and from high-energy particles (e.g. muons and energetic
electrons) depositing energy in the detector. Ambient radioactivity constitutes the
dominant background in CdTe detectors and is not negligible in low-�ux experi-
ments, although it can be e�ectively mitigated through data processing. In contrast,
particle-induced events are much rarer and become observable mainly in Si detec-
tors, where the contribution from ambient radioactivity is negligible. Both e�ects
are generally well controlled and become less relevant at high photon �ux. The
�rst correction, however, addresses a more intrinsic issue: an e�ciency-dependent
signal originating from a subset of pixels that deviate signi�cantly from the average
response. This e�ect, probably linked to the CdTe fabrication process, is absent in
Si detectors. We have developed an e�ective procedure to identify and correct for
these anomalous pixels.

3.3.1 Out-of-average behavior pixels in the CdTe detector

The �rst noise source we discuss is the presence, within the DECTRIS EIGER
4M CdTe detector, of pixels that behave (i.e. count) markedly di�erently from the
average. To highlight this e�ect, we analyze a long 8keVmeasurement on germania
glass at ambient temperature. The detector is placed 5 m from the sample at the
FSDP (& � 1”5 Å�1 ) to maximize the scattering signal, and ensure a uniform detector
illumination. The acquisition we now use as an example consists of 200,000 frames
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recorded at 0.02 ms. This measurement was performed in 2021 within the HC5721
experiment at the ID10 beamline13.

Figure 3.6: Integrated detector intensity as a function of time. The intensity is computed by
integrating all detector pixels (masked by the e4m_htmask, see below). The green-shaded
frames are used for analysis, while the red-shaded frames are reserved for testing.

Figure 3.6 shows the temporal evolution of the detected intensity under X-ray
exposure. To identify pixels with anomalous behavior, we require an approximately
constant photon �ux at the detector. Therefore, we exclude the initial frames,
where the intensity varies signi�cantly due to the rapid structural transformation
of germania under X-ray irradiation (this will be discussed in detail in the next
chapter). The motivation of the random higher-counts frames will be clari�ed in
the following Sec. 3.3.2. We restrict the analysis to frames between 200•000� 1

6
and 200•000� 5

6 (green interval), while reserving the �nal frames (red interval) for
validation.

The standard procedure to construct a detector mask consists of computing two
maps from the selected frames: i) the average �ux per pixel ([ph/px/s]), and ii)
the maximum photon count per pixel ([ph/px]). These maps are shown in Fig. 3.7,
together with the respective population histograms. Using these maps, we identify
regions that deviate signi�cantly from the average detector response. These include:

ˆ The detector modules edges

ˆ A distinct line in the upper-right corner

ˆ Cross-like patterns visible in the maximum-count map

13 The data analyzed in this thesis refer to more recent measurements, taken in 2025 and 2026. In
particular, the ID10 measurements with the CdTe detector were performed in SAXS con�guration.
Here, we use these earlier preliminary measurements because they were acquired at the same
enrgy (8 keV) on the FSDP, ensuring that the entire detector is illuminated and that the beamstop
shadow is absent.
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ˆ Junctions between thin and thick detector lines

In addition, we remove hot pixels by identifying those that consistently register
counts over multiple consecutive frames. In this dataset, four hot pixels were
identi�ed at (15, 1007), (15, 1008), (16, 1008), and (1495, 1264). The �nal mask,
referred to as e4m_mask, is shown in Fig. 3.8.

Figure 3.7: Maps of average �ux per pixel»?�•?G•B¼and maximum photon count per
pixel »?�•?G¼, together with the corresponding pixel histograms.

Under the assumption of uniform illumination, the distribution of the average
�ux per pixel is expected to be Gaussian (or Poissonian in the low-count regime),
centered around the mean X-ray �ux over the detector. While small deviations from
an ideal Gaussian are expected�for example due to the non-uniform static structure
factor of GeO2�the distribution obtained after applying the e4m_mask deviates
markedly from this expectation (see Fig. 3.7). Although the masking procedure
e�ectively removes many low-count pixels without a�ecting the central Gaussian-
like component, the overall distribution still exhibits signi�cant non-Gaussian
features. In particular, while the core of the distribution appears consistent with a
Gaussian pro�le, an additional broad tail extends to values several times larger than
the mean, indicating the presence of pixels with anomalously high count rates.

To identify pixels with anomalous behavior, we apply thresholding to the �ux
distribution using two limits, a lower and a higher one, which enclose approximately
90% of the detector pixels (see Fig. 3.9). Pixels lying outside this interval correspond
to the low- and high-�ux tails discussed above. Figure 3.10 shows the spatial
distribution of these out-of-average pixels on the detector, distinguishing between
those exceeding the upper threshold and those falling below the lower one.
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Figure 3.8: Manually de�ned detector mask (e4m_mask). In addition to the rectangular
regions masking unwanted detector areas, four hot pixels (not visible at this scale) have
been removed: (15, 1007), (15, 1008), (16, 1008), and (1495, 1264). The reason for masking
the entire upper-right region will be clari�ed later.

The structured patterns observed in Fig. 3.10 are independent of the sample,
scattering angle, and experimental con�guration. This con�rms that these out-
of-average pixels originate from detector-related e�ects, thereby excluding non-
uniform illumination as the source of the non-Gaussian �ux-per-pixel distribution.
The thresholds introduced in Fig. 3.9 therefore e�ectively isolate these anomalous
pixels. We refer to the mask generated from these out-of-threshold pixels as
e4m_htmask, obtained by combining the black pixels in the two maps shown in
Fig. 3.10. A limitation of this approach is that a small fraction of statistically valid
(�good�) pixels may also be classi�ed as outliers, since the procedure removes the
tails of the Gaussian distribution. However, their number is negligible compared to
the extended structured patterns identi�ed above.

We attribute the presence of these anomalous pixels to non-uniformities arising
from the CdTe detector fabrication process. Importantly, masking the out-of-
threshold pixels signi�cantly improves the �ux distribution. This is demonstrated
in Fig. 3.11, where the histograms are computed using the reserved test frames
(red interval in Fig. 3.6). The distribution obtained after applying e4m_htmask is
compared with both the raw data and the e4m_mask-only case. As shown, the
application of e4m_htmask nearly restores the expected Gaussian pro�le.

In practice, these hidden out-of-average pixels predominantly exhibit higher-
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Figure 3.9: Histogram of the mean �ux per pixel after applying the e4m_mask (orange),
compared to the distribution obtained from the full detector (blue). The central peak is
approximately Gaussian and represents the average X-ray �ux over uniformly illuminated
pixels. The vertical green and red lines indicate the lower (;th•low) and upper (;th•high)
thresholds used to further �lter anomalous pixels. While the masking procedure removes
a large fraction of low-count pixels, the distribution still exhibits a pronounced high-�ux
tail extending well beyond the Gaussian core, highlighting the presence of pixels with
anomalously high counting rates.

than-average counts. While this leads to a slight overestimation of the mean
detector intensity, their most signi�cant impact is on the intensity autocorrelation
function: their removal substantially lowers the baseline of the measured62¹Cº,
indicating that these pixels contribute spurious correlations across all time scales.

It is worth noting that this e�ect is not observed at the P10 beamline, which
employs a silicon-based detector rather than CdTe. This di�erence likely re�ects
the higher material uniformity and maturity of silicon detector fabrication.

Finally, a residual non-Gaussian contribution remains, visible as a small popula-
tion of high-count pixels on the right-hand side of the distribution of Fig. 3.11. As
discussed in the next section, this contribution originates from environmental noise
and can be e�ectively removed without introducing additional masking procedures.

3.3.2 Environmental radioactivity noise in the CdTe Detector

Unlike the out-of-average pixels described in the previous section, which are stable
over time, the remaining noisy pixels on the right-hand side of the Gaussian
distribution in Fig. 3.11 vary from scan to scan. Moreover, these pixels generally
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