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This work 1s dedicated to the scientists, engineers, and
researchers who built the incredible machine known as FLASH.
Developing the first XUV free-electron laser was an immense
scientific and technological challenge, yet their pioneering efforts
transformed the vision of a free-electron laser into the world’s
first operational FEL user facility, opening a new era of
ultrafast spectroscopy and inspiring future generations of
accelerator physicists.



Abstract

This thesis explores ultrafast dynamics in atomic and molecular systems using pump—probe
techniques at the free-electron laser (FLASH), with the goal of achieving the high temporal
resolution required to resolve processes on the order of 100 fs and below. To address this
challenge, an active feedback scheme based on a laser arrival time monitor is implemented to
improve synchronization between optical laser and FEL pulses. This approach significantly
enhances timing stability and is realized at the FL26 beamline of FLASH2, enabling an overall
temporal resolution below 50 fs at the REMI endstation, as validated by photoionization
experiments on xenon.

With this improved time resolution, the ionization and relaxation dynamics of xenon
were investigated using extreme-ultraviolet (XUV) FEL pulses at photon energies near the 4d
giant resonance (90 eV) and the Cooper minimum (160 eV). Ion time-of-flight spectroscopy
reveals energy-dependent Auger—Meitner decay pathways and signatures of two-photon
sequential ionization. Time-resolved XUV-pump-near-infrared-probe measurements identify
transient intermediate states, yielding a characteristic lifetime of (49 £ 3) fs associated with
the 4d double-core-hole decay at 160eV.

The methodology is further extended to molecular systems through time-resolved
Coulomb-explosion imaging experiments on COy and CS, at the REMI endstation, triggered
by 90eV FEL pulses and probed with a near-infrared pulse. For both molecules, two-body
and three-body fragmentation channels are observed, with contributions from both concerted
and sequential breakup mechanisms. The intermediate dissociative cation states (CO,™*
and CS,**) show similar lifetimes of approximately 60fs. Comparative analysis shows
that the heavier mass and distinct electronic structure of sulfur lead to enhanced bending
dynamics and greater stability of highly charged states in CS,.

Finally, UV-induced dynamics in 1-butanethiol were studied at the CAMP endstation
using time-resolved ion and electron-spectroscopy. This measurement shows rapid fragmen-
tation of the molecule, as well as hydrogen-transfer processes and charge redistribution.
Photoelectron and Auger-Meitner spectra indicate excited-state lifetimes on the order of
hundreds of femtoseconds, with C—S bond cleavage occurring on a 200 fs timescale. Despite
spectral overlap arising from mixing of unresolved states due to finite experimental resolution,
the combined results provide a picture of ultrafast relaxation followed by dissociation.

Overall, this work demonstrates how improved temporal resolution and complementary
experimental techniques, i.e., multi-ion coincidence and simultaneous ion and electron
spectroscopy, can enable detailed insight into the coupling between electronic and nuclear
dynamics in atomic and molecular systems on femtosecond timescales.



Zusammenfassung

Diese Arbeit untersucht die ultraschnelle Dynamik in atomaren und molekularen Systemen
mithilfe von Pump-Probe-Techniken am Freie-Elektronen-Laser (FLASH), um eine hohe
zeitliche Auflosung zu erreichen, die erforderlich ist, um Prozesse in der GroBenordnung von
100 fs und darunter aufzulosen. Um diese Herausforderung zu bewéltigen, wird ein aktives
Riickkopplungsschema auf Basis eines Laserankunftszeitmonitors implementiert, um die
Synchronisation zwischen optischen Laser- und FEL-Pulsen zu verbessern. Dieser Ansatz
verbessert die Zeitstabilitat erheblich und wird an der FL26-Strahlfithrung von FLASH2
realisiert. Hiermit wird am REMI-Experiment eine Gesamtzeitauflosung von unter 50 fs
ermoglicht, wie durch Photoionisationsversuche an Xenon bestatigt wurde.

Mit dieser verbesserten Zeitauflosung wurden die Ionisations- und Relaxationsdynamik
von xenon unter Verwendung von FEL-Impulsen im extremen Ultraviolett (XUV) bei
Photonenenergien nahe der 4d-Riesenresonanz (90 ¢V) und des Cooper-Minimums (160
eV) untersucht. Die Tonen-Flugzeitspektroskopie zeigt energieabhéngige Auger-Meitner-
Zerfallswege sowie Anzeichen einer sequenziellen Zwei-Photonen-Ionisation. Zeitaufgeloste
XUV-Pump-Nahinfrarot-Probe-Messungen identifizieren transiente Zwischenzustande mit
einer charakteristischen Lebensdauer von (49 + 3) fs, die mit dem 4d-Doppelkernloch-Zerfall
bei 160 eV assoziiert ist.

Die Methodik wird hin zu molekularen Systemen erweitert durch zeitaufgeloste Coulomb-
Explosions-Bildgebung an CO, und CS, Molekiilen mit dem an der REMI, ausgelost durch
90 eV-FEL-Pulse, und untersucht mit einem Nahinfrarot-Puls. Fiir beide Molekiile werden
Zwei- und Dreifach-Fragmentationskanale beobachtet, mit Beitragen sowohl konzertierter als
auch sequenzieller Zerfallsmechanismen. Die dissoziativen kationischen Ubergangszusténde
(COf* und CSf*) weisen ahnliche Lebensdauern von etwa 60 fs auf. Eine vergleichende
Analyse zeigt, dass die hohere Masse und die unterschiedliche elektronische Struktur von
Schwefel zu einer verstarkten Biegedynamik und einer grofleren Stabilitat hochgeladener
Zustande in CS, fithren.

SchlieBlich wurde die UV-induzierte Dynamik in 1-Butanthiol CAMP mittels zeitaufgeloster
Ionen- und Elektronenspektroskopie untersucht. Diese Messung zeigt eine schnelle Fragmen-
tierung des Molektils, Wasserstofftransfer sowie eine Ladungsumverteilung. Photoelektronen-
und Auger-Meitner-Spektren weisen auf Lebensdauern der angeregten Zustéande in der
Grofenordnung von Hunderten Femtosekunden hin, wobei die Spaltung der C—S-Bindung
auf einer Zeitskala von 200 fs erfolgt. Trotz spektraler Uberlappungen, die durch die
Vermischung nicht aufgeloster Zustande aufgrund der endlichen experimentellen Auflosung
entstehen, liefern die kombinierten Ergebnisse ein Bild von ultraschneller Relaxation, gefolgt
von Dissoziation.

Insgesamt zeigt diese Arbeit, wie eine verbesserte zeitliche Auflosung und komplementére
experimentelle Techniken, d.h. Multi-lonen-Koinzidenzen und simultane Ionen- und Elek-
tronenspektroskopie, detaillierte Einblicke in die Kopplung zwischen elektronischer und
nuklearer Dynamik in atomaren und molekularen Systemen auf Femtosekunden-Zeitskalen
ermoglichen.
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Chapter 1

Introduction

Direct observation of ultrafast processes in atomic and molecular systems is a central
challenge in chemical physics [1, 2]. Fundamental phenomena such as electronic excitation,
photoionization, charge migration, and nuclear rearrangement occur on timescales from
femtoseconds (1fs = 107'°s) to attoseconds (1as = 107'®s) and involve structural changes
3] on the Angstrém scale (1A = 107'°m = 0.1 nm), comparable to the typical bond length
of molecules. These processes govern chemical reactivity and energy flow in matter, yet
many of the intermediate states that define reaction pathways are extremely short-lived and
difficult to access experimentally. In atomic systems, ultrafast photoionization and electronic
relaxation dominate, whereas in molecules, femtosecond dynamics are largely driven by
nuclear motion on Born—Oppenheimer potential energy surfaces [4], including vibrational
wave packet motion, bond dissociation, isomerization, and nonadiabatic transitions [5].
Although attosecond processes probe purely electronic motion [6] that precedes significant
nuclear displacement, the present work focuses on femtosecond-scale relaxation processes
in atomic xenon and on coupled electronic and nuclear dynamics in molecular systems. A
detailed understanding of such processes requires experimental techniques that combine
high temporal resolution with atomic-scale spatial sensitivity. Femtosecond pump—probe
spectroscopy, particularly when employing short-wavelength radiation, provides both.

Traditional spectroscopic methods based on optical absorption, fluorescence, and pho-
toemission have played a foundational role in establishing our understanding of atomic and
molecular structure. However, steady-state measurements typically probe time-averaged
observables and therefore offer only indirect information about the transient state [7, 8]. The
development of ultrafast lasers in the 1980s gave rise to femtochemistry, a field pioneered by
Ahmed Zewail, who was awarded the 1999 Nobel prize in Chemistry for demonstrating that
chemical reactions can be observed in real time using femtosecond pump-probe techniques
[9]. In these experiments, a short pump pulse initiates a reaction, and a delayed probe pulse
tracks the evolving system, enabling direct observation of vibrational wave-packet motion
and bond rearrangement.

Despite this breakthrough, optical pump-probe methods have intrinsic limitations. The
duration of few-cycle ultraviolet (UV) pulses is constrained by the optical period (= 1
fs at 300 nm) and by the large spectral bandwidth required for ultrashort pulses, which
complicates selective excitation. In addition, optical wavelengths are much larger than
interatomic distances, limiting spatial resolution and element specificity. Consequently,
purely optical probes are not well suited for localized, atom-specific tracking of structural
dynamics, particularly in complex molecular systems.

Since the discovery of X-rays by Wilhelm Rontgen in 1895, they have served as a
uniquely powerful probe of matter at the atomic scale [10]. Early applications focused
on radiographic imaging, which rapidly transformed medical diagnostics [11]. A major
conceptual breakthrough followed with the discovery of X-ray diffraction (XRD) by Max
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von Laue et al.[12] and the subsequent development of crystallographic methods by William
Lawrence Bragg and William Henry Bragg. X-ray crystallography established a direct link
between diffraction patterns and atomic structure, enabling the determination of crystal
lattice and, later, complex biological macromolecules such as DNA [13]. These achievements
demonstrated the exceptional capability of X-rays to resolve atomic arrangements in matter.

In parallel with diffraction-based methods, X-ray spectroscopic techniques have become an
indispensable tool for probing electronic structure and chemical composition. Photoelectron
spectroscopy [14] and Auger-Meitner (AM) electron spectroscopy provide site-and shell-
specific information about atoms in isolated systems as well as in condensed matter phases
[15]. Because core-level energies are strongly element-dependent, these methods enable
chemical-selective investigation of local bonding environments and charge distributions.
Such capabilities make X-rays particularly attractive for time-resolved studies that require
element specificity and local sensitivity.

1.1 Evolution of X-ray Sources

The impact of X-ray science has been closely tied to the development of increasingly advanced
radiation sources, as illustrated in Fig. 1.1, which compares the peak spectral brilliance
of storage-ring synchrotrons and X-ray free-electron lasers (XFELs). Early X-ray tubes
were limited in brightness, coherence, and temporal structure, restricting the scope of
possible experiments. A major advance occurred with the development of accelerator-based
synchrotron radiation sources in the mid-twentieth century [16]. Originally developed for
high-energy physics, synchrotrons produce intense, highly collimated, and tunable photon
beams with substantial spatial coherence. These properties revolutionized X-ray science
and enabled a broad spectrum of applications in physics, chemistry, biology, and materials
research. Nevertheless, the pulse durations available at synchrotron facilities are typically
in the 10-100 ps regime [17]. While their brightness enables high-resolution spectroscopic
studies, the accessible peak intensities generally limit investigations of nonlinear ultrafast
dynamics.

The demand for shorter, brighter, and more coherent X-ray pulses motivated the
development of FEL. First proposed in the early 1970s [20] and initially demonstrated at
infrared wavelengths, FEL concepts were progressively extended towards shorter wavelengths.
The realization of XFELs in the early twenty-first century marked the emergence of a new
class of light sources capable of delivering femtosecond, ultra-intense, and highly coherent
X-ray pulses. Early facilities such as FLASH operated in the extreme-ultraviolet (XUV)
regime, whereas subsequent XFELs, including the LCLS and EuXFEL, extended these
capabilities into the soft and hard X-ray spectral ranges. Hard X-ray FELs combine the
tunability characteristic of synchrotron radiation with laser-like temporal coherence and peak
brilliance several orders of magnitude higher than previous light sources. These properties
enable experiments that were previously inaccessible, including nonlinear X-ray interactions
with atoms and molecules [21] and single-shot imaging [22].

FLASH occupies a central position in the development of ultrafast X-ray science as one
of the first user facilities to provide intense femtosecond pulses in the XUV and soft X-ray
range. Its radiation characteristics—high peak intensity, short pulse duration, and improved
synchronization—make it well suited for pump—probe spectroscopy. In such experiments,
an initial pump pulse excites or ionizes a system, while a time-delayed probe pulse records
its subsequent evolution. By scanning the relative delay between these pulses, dynamical
processes can be reconstructed with femtosecond resolution. When applied to gas-phase
targets, where interactions with surrounding media are minimized, pump—probe techniques
enable precise investigation of intrinsic atomic and molecular dynamics.
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Figure 1.1: Peak spectral brilliance versus photon energy for selected synchrotron radiation
sources and FELs. FEL facilities (Free-electron LASer in Hamburg (FLASH), Linac Coherent
Light Source (LCLS), European XFEL (EuXFEL)) exceed storage-ring sources (BESSY,
SLS, ESRF, APS, PETRA III, SPring-8) by several orders of magnitude in peak brilliance
across the VUV to hard X-ray range. Red lines indicate theoretical performance prediction
for FEL sources; blue dots represent experimentally measured peak brilliance values at
FLASH. Adapted from Ref. [18, 19]

Although high-harmonic generation (HHG) [23] based XUV sources were established well
before the first FEL facilities, the advent of FELs has positioned these two light sources as
complementary tools for ultrafast science. FELs provide high-brightness, short-wavelength
radiation at large-scale user facilities, whereas modern tabletop HHG sources deliver initially
synchronized femtosecond-to-attosecond pulses, ideally suited to study electron dynamics.
With mid-infrared driving-laser technologies and optimized phase-matching conditions, HHG
photon energies now extend into the water window [24], and isolated pulses as short as 53 as
[25] have been demonstrated. These capabilities enable element- and site-specific probing of
electronic and nuclear motion, direct access to inner-shell excitation, and investigation of
multiphoton interactions. Experimental approaches, including time-resolved photoelectron
spectroscopy, single- and multiphoton ionization studies, and fragmentation measurements,
provide detailed insight into excitation pathways and subsequent dynamical evolution.

Within this broader context, femtosecond pump-probe spectroscopy at FLASH offers a
versatile platform for investigating fundamental processes in gas-phase atomic and molecular
systems. FLASH facility has played a pioneering role in establishing ultrafast X-ray science.
One of its earliest and most significant achievements was the demonstration of single-shot
coherent diffractive imaging of nanoscale particles and biological samples, providing the first
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proof of structure determination without crystallization [22]. In parallel, FLASH enabled
studies of few-photon and multi-electron dynamics in atoms and molecules. Its intense
femtosecond pulses in the XUV and soft X-ray range, combined with flexible pump—probe
capabilities, make it an ideal platform for investigating ultrafast processes in isolated
gas-phase systems.

1.2 Objectives and Structure of the Thesis

The objective of this thesis is to advance femtosecond pump—probe spectroscopy of gas-phase
atomic and molecular systems using the FEL FLASH by achieving high temporal resolution
with long-term stability and applying it to the investigation of ultrafast electronic relaxation
and structural dynamics. A central goal is to improve synchronization between the FEL
pulses and the external optical pump-probe laser at the FL.26 beamline. Because arrival-
time jitter of the external laser and long-term timing drift limit the achievable overall time
resolution in pump—probe experiments, an optical arrival-time monitor is implemented to
actively stabilize the timing of the NIR and to measure the jitter relative to the FEL master
clock. This approach enables sub-50 fs (FWHM) temporal resolution, as demonstrated by
benchmark measurements of xenon photoionization.

After improving the temporal resolution, the first scientific study investigates the re-
laxation processes in atomic xenon following core ionization of the 4d and 4p subshells
by extreme ultraviolet pulses. Using ion time-of-flight spectroscopy and a two-color XUV
pump-NIR probe scheme, the dynamics near the giant resonance and the Cooper minimum
are compared. Signatures of sequential two-photon absorption followed by AM decay are
identified, and the lifetimes of transient excited states are extracted.

The second part of the thesis extends these methods to small molecular systems by
examining the fragmentation dynamics of COy and CS; using time-resolved Coulomb
explosion imaging (CEI) with a reaction microscope (REMI). High-energy photons at 90 eV
from FEL pulses create triply charged molecular states in CO5 and CS,, which dissociate
via multiple pathways and are probed by the NIR pulse. Coincidence measurements
with three-dimensional momentum imaging allow determination of fragment charge states,
kinetic energies, and emission angles, revealing how atomic substitution influences ultrafast
fragmentation dynamics.

Finally, time-resolved pump—probe spectroscopy is applied to the larger molecule 1-
butanethiol to elucidate UV-induced fragmentation dynamics. An UV pump pulse excites
the molecule, and a time-delayed soft X-ray FEL pulse probes the excited-state evolution.
Ion and electron VMI are recorded, enabling correlated analysis of fragmentation pathways.
Element-specific probing of the sulfur (2p) core levels provides site-sensitive insight into
electronic and nuclear dynamics and their connection to molecular fragmentation.

The thesis is organized as follows. Chapter 2 introduces the theoretical background of
atom—laser and molecule-laser interactions, atomic decay processes, CEI in molecules, and
the models used to analyze pump—probe data. Chapter 3 describes the principles of FEL
and the two atomic, molecular, and optical physics (AMO) beamlines used in this work,
including the REMI, the FL26 beamline, and the CAMP endstation at the FL11 beamline,
formerly known as BLL1. Chapter 4 presents the methods developed to improve the time
resolution at FLASH2, including measurements and stabilization of timing jitter and drift in
the pump—probe system. Chapter 5 focuses on xenon photoionization following 4d ionization
and near the Cooper minimum at 160 eV. Chapter 6 discusses Coulomb explosion imaging
of COy and CS,y. Chapter 7 presents time-resolved UV-induced fragmentation dynamics
of 1-butanethiol. Chapter 8 summarizes the thesis’ main findings and offers an outlook on
future experiments in ultrafast X-ray science.



Chapter 2

Theoretical Background

This chapter presents the theoretical background necessary for understanding the experi-
mental results discussed in this thesis. It introduces the fundamental concepts of atomic
and molecular photoionization and outlines the interaction of intense ultrafast laser fields
with matter. The chapter begins with a discussion of photoionization theory, followed by
separate treatments of valence-shell and core-shell ionization processes. The principles of
Coulomb explosion imaging are then described as a structural probing technique. Finally,
the chapter concludes with a detailed presentation of the fitting procedure used to analyze
the pump—probe experimental data.

2.1 Interaction of Photons with Atoms and Molecules

Photoionization occurs when an atom absorbs electromagnetic radiation and an electron
acquires sufficient energy to escape. This can occur via the absorption of a single high-energy
photon or multiple lower-energy photons. The electron transitions from a bound state to a
free (continuum) state, thereby ionizing the atom.

In molecules, removing an electron can also break chemical bonds, causing photodissoci-
ation. The ejected electron and resulting ion or fragments contain information about the
system’s original state.

Following the invention of the laser, multiphoton processes enabled ionization of atoms
using multiple low-energy photons. Later, synchrotrons and FELs source enabled multiple
ionization with X-rays. HHG sources provide an additional means of achieving ionization
via high-energy photons generated by laser-driven harmonic conversion.

2.1.1 Strong-Field Ionization

Strong-field ionization (SFI) refers to the removal of valence electrons from atoms or
molecules by intense ultrashort laser pulses. Typically, such laser fields have pulse durations
on the order of tens of femtoseconds and intensities in the range of 10'-10' W/cm?,
most commonly in the NIR spectral region [26]. Under these conditions, the laser electric
field becomes comparable to the Coulomb field binding the valence electron, and the pulse
duration is comparable to the characteristic timescales of nuclear motion, thereby influencing
strong-field ionization and molecular dissociation dynamics [27, 28].

When an external oscillating laser electric field interacts with an atomic or molecular
system, the valence electron density is displaced along the field’s polarization direction. This
displacement leads to a time-dependent deformation of the Coulomb potential, such that the
electron experiences the combined influence of the ionic core and the laser field as depicted
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in Fig. 2.1 [29]. Depending on the laser intensity and pulse duration, the resulting degree of
potential distortion determines which ionization pathways become accessible [30, 31].

(a) Above Threshold
Y > 1 Muti-photon lonization (ATI)

‘.—

Laser Electric Field Laser Electric Field

— deformed potential well |..@..J--.. N
—— electron potential well Tunneling X,

lonization

Figure 2.1: Photoionization processes in atomic and molecular systems. (a) Multiphoton ion-
ization and above-threshold ionization (ATT) regime (v > 1). (b) Schematic representation
of strong-field photoionization for v < 1, illustrating tunnel ionization and over-the-barrier
ionization.

Fig. 2.1 shows two different ionization schemes, multiphoton ionization and tunneling
ionization. The ionization regime depends on the target’s ionization threshold and the
laser intensity. In the multiphoton ionization regime, electrons absorb multiple photons
simultaneously and acquire sufficient energy to escape into the continuum. If more photons
are absorbed than the minimum number required for ionization, the process is referred to as
ATT [32, 33]. In the tunneling regime, the strong laser field suppresses the Coulomb barrier
to such an extent that a narrow potential barrier is formed, through which the electron can
tunnel quantum mechanically into the continuum [34].

The dominant ionization regime of an atomic or molecular system is commonly charac-
terized by the Keldysh parameter 7, which relates the ionization potential I, of the target
to the ponderomotive potential U, of an electron oscillating in the laser field [35].

The Keldysh parameter is defined as

Y= /2[_&? (2.1)

where I, is the ionization potential and U, is the ponderomotive potential, i.e., the
cycle-averaged quiver energy of a free electron in an oscillating electric field.
The ponderomotive potential is given by

272
eI

4mew?

U, (2.2)

where e is the elementary charge, Ej is the peak electric field amplitude of the laser, m,
is the electron mass, and w is the angular frequency of the laser field. The electric field
amplitude is related to the laser intensity I by

21
Ey=4/— 2.3
0 C€Q ( )
with ¢ denoting the speed of light and ¢y the vacuum permittivity. Substituting this

relation into the expression for U, yields
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P dmaw? ce (24)
Expressed in practical units, the ponderomotive potential can be written as
U, [eV] = 9.338 x 107" I [W/cm?] A* [nm] (2.5)

Considering xenon (/, = 12.13 eV) interacting with NIR radiation (A = 800 nm) and
XUV radiation (A = 13.7 nm, hv = 90 eV) at an intensity of 10'* W /cm?, the ponderomotive
energy is U® & 6 eV in the NIR, but only UV &~ 10~* €V in the XUV. This shows that the
NIR field strongly drives electron quiver motion and distorts the atomic potential, whereas
the XUV interaction remains perturbative.

Once an electron is removed from the parent atom or molecule, the oscillating laser field
can drive it back toward the ion, a process known as recollision [36]. In HHG, the maximum
photon energy is given by

Eeuorr = 1, + 3170, (2.6)

where I, is the ionization potential and U, is the ponderomotive energy of the electron
in the laser field. This relation follows from the semiclassical three-step model, where the
factor 3.17 represents the maximum kinetic energy an electron can gain before recombining
with the parent ion [37].

In molecular systems, SFI is further influenced by molecular orientation and orbital
symmetry [38]. Although ionization often occurs from the highest occupied molecular orbital
(HOMO), lower-lying orbitals can contribute significantly when their spatial orientation
enhances their coupling to the external field. This orbital selectivity provides valuable
insight into molecular electronic structure and dynamics [39, 40].

Multiphoton Ionization

Multiphoton ionization (MPI) occurs when an atom or molecule absorbs multiple photons
in a single laser pulse to overcome its ionization potential I,. When driven by NIR laser
fields at moderate intensities, MPI can be described within perturbation theory [30]. In this
regime, the n-photon absorption probability scales as

T, =o,I" (2.7)

where o, is the n-photon ionization cross section and I is the laser intensity.

Two distinct MPI pathways can be distinguished: sequential ionization (SI) and non-
sequential ionization (NSI). In SI, ionization proceeds stepwise through the absorption of
single photons via real intermediate ionic states. In contrast, NSI involves the correlated
absorption of multiple photons through virtual intermediate states, leading to the simulta-
neous removal of more than one electron. As illustrated in Fig. 2.2, both channels can be
energetically allowed; however, their relative importance depends on the photon energy and
laser intensity:.

In synchrotron-based experiments, the comparatively low photon flux typically limits the
interaction to single-photon absorption per atom within a pulse [41]. In contrast, experiments
employing high-intensity FEL pulses can reach photon fluxes sufficiently high that both SI
and NSI become accessible.



8 2.1 Interaction of Photons with Atoms and Molecules

(a) Sl (b) NSI

E, A A X2+
5
2
© A A
> +
> E; X
@
c
L

XD

Figure 2.2: Multiphoton ionization of an atom X: (a) sequential ionization (SI) and (b)
non-sequential ionization (NSI).

Above-Threshold Ionization (ATI)

ATT is an extension of multiphoton ionization in which atoms or molecules absorb more
photons than the minimum number required to exceed the ionization threshold. The excess
photon energy is transferred to the liberated electron as kinetic energy, resulting in a series
of discrete peaks in the photoelectron spectrum separated by the photon energy hv, as
illustrated in Fig. 2.3.

The ATI ionization rate can be written as

Fn+s = O_n+sln+87 (28)

where I, s represents the partial ionization rate for the ATI channel involving the absorption
of n + s photons, 0,,., is the corresponding multiphoton ionization cross section, and s
denotes the number of excess photons absorbed beyond the minimum requirement. Each
ATT channel corresponds to a distinct peak in the photoelectron spectrum.

The kinetic energy of the emitted electron is given by

Ep=n+s)hw—1,— U, (2.9)

where I, is the ionization potential and U, is the ponderomotive potential, which accounts
for the average quiver motion of the electron in the oscillating laser field.

Tunneling Ionization

In the strong-field regime, the laser field substantially distorts the Coulomb potential,
reducing and narrowing the potential barrier, thereby enabling electron emission via tunneling
even when the photon energy is below the ionization potential. This process, known as
tunneling ionization, dominates in the regime where the Keldysh parameter satisfies v < 1.

A closely related mechanism is over-the-barrier ionization (OBI), in which the laser field
completely suppresses the Coulomb barrier, allowing electrons to escape directly rather than
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Figure 2.3: Schematic illustration of ATI. Absorption of additional photons beyond the
ionization threshold produces a series of photoelectron peaks separated by the photon energy.

tunnel. Both tunneling ionization and OBI are inherently quantum-mechanical processes
and cannot be explained within a purely classical framework.

The tunneling ionization rate can be described by the Ammosov—Delone—Krainov (ADK)
theory, which provides the probability per unit time for electron emission [34]. In a simplified
form, the width of the ion momentum distribution along the laser polarization is given by

(p) — po)?w?(21,)%/?

F(p||) :Aexp - 3[3/2 )

(2.10)

where p| is the ion momentum parallel to the laser polarization, py is the central
momentum, [, is the ionization potential, I is the laser intensity, w is the laser angular
frequency, and A is a normalization constant. The ADK approach can be used to estimate
the intensity of the NIR laser. During the experiment at REMI, the peak intensity at the
target was estimated by measuring the argon charge-state ratio, as described in Appendix A.

2.1.2 Core Ionization

When photons of sufficiently high energy interact with atoms or molecules, inner-shell
(core) electrons can be ionized by absorption of a single photon. Compared to valence-shell
ionization, core ionization requires significantly higher photon energies, typically from a
few tens to several hundreds of electron volts. For example, sulfur 2p ionization occurs
near 170 eV, while xenon 4d ionization occurs near 90 eV; these photon energies are readily
accessible at FELs and synchrotron facilities (see Fig. 1.1), and more recently with HHG.

The photoionization cross section decreases with increasing photon energy, except near
shell-specific ionization thresholds, where pronounced absorption edges appear. These edges
are characteristic of specific elements and electronic shells, such as the sulfur 2p and 2s
edges and the carbon 1s edge shown in Fig. 2.4.
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Figure 2.4: Total photoabsorption cross sections of atomic sulfur and carbon calculated with
XATOM (XRAYPAC) [42]. Sulfur 2p and 2s thresholds appear near 170 eV and 230 eV,
respectively, while the carbon 1s edge is near 290 eV.

Decay Processes

Ionization of a core-level electron leaves the atom or molecule in a highly excited state with
a vacancy in the inner electronic shell. Such a configuration is intrinsically unstable, and
relaxation proceeds through various decay pathways that redistribute the excess energy
either radiatively or non-radiatively. The dominant decay channel depends strongly on the
atomic number, the shell involved, and the available final states.

Fluorescence Decay

In fluorescence decay, a higher-lying electron fills a core hole, and the excess energy is
emitted as an X-ray photon, as illustrated in Fig. 2.5 (a).

hv = E; — E; (2.11)

Here, E; and E; denote the total electronic energies of the atom in the initial core-hole
state and the final relaxed state after radiative decay, respectively.

The fluorescence yield increases with atomic number due to higher radiative transition
rates. For elements such as sulfur and xenon, the AM decay process dominates.

Auger-Meitner Decay

AM decay is a non-radiative relaxation process following core ionization, in which the energy
released by filling a core hole is transferred to another electron, causing its emission.

AM transitions are labeled by the shell containing the initial vacancy, followed by the
shells of the electron filling the vacancy and the emitted electron. An example of a KLL
AM transition is shown in Fig. 2.5(b). In this case, an electron from the L; shell fills the
K-shell vacancy, while an electron from the Ly shell is emitted.
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Figure 2.5: Schematic overview of the de-excitation pathways following the creation of
an inner-shell vacancy in an atom. The primary relaxation mechanisms, fluorescence
emission and Auger—Meitner decay, are shown. In addition, higher-order ionization processes
accompanying the sudden creation of the core hole, including shake-up excitation and
shake-off ionization of outer-shell electrons, are illustrated.

The kinetic energy of the emitted electron is given by
Ekin - EK - ELl - EL2 - A, (212)

where Ey, Frq, and Ep5 are the binding energies of the respective shells, and A accounts
for electronic relaxation and Coulomb interaction in the final doubly ionized state.

If part of the excess energy is transferred to excite an additional outer-shell electron
rather than being fully converted into kinetic energy, the process is referred to as a satellite
AM transition. When the available energy is sufficient to eject two electrons simultaneously,
the process is known as double AM decay.

If the electron filling the inner-shell vacancy originates from the same shell as the initial
vacancy, while the emitted electron comes from an outer shell, the process is referred to as
Coster—Kronig decay, for example, the LLM transition shown in Fig. 2.5 (c). If the emitted
electron also originates from the same shell, the process is called super Coster—Kronig decay,
as in the LLL transition shown in Fig. 2.5 (d).

Shake-Up and Shake-Off Processes

When a core electron is suddenly removed, the effective potential experienced by the
remaining electrons changes abruptly, which can induce additional electronic excitations. In
a shake-up process, a valence electron is promoted to a higher unoccupied orbital, whereas in
a shake-off process, an electron is ejected into the continuum, resulting in double ionization
(see Fig. 2.5 (d) and (f)).

In photoelectron spectra, shake-up and shake-off processes appear as satellite peaks
shifted towards higher binding energies relative to the main core-level line.

2.2 Coulomb Explosion Imaging

A central goal of ultrafast molecular science is to construct time-resolved “molecular movies”
that visualize atomic motion during chemical reactions. Because reactions proceed through
short-lived intermediate geometries on femtosecond timescales, direct structural mapping of
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transient configurations, such as isomerization [43] and hydrogen migration [44], is essential
to resolve the underlying reaction mechanisms. CEI addresses this challenge by converting
the instantaneous molecular geometry into measurable fragment momenta.

CEI can be realized with any ionization source that produces rapid multiple ionization
on a timescale shorter than nuclear motion. Implementations include few-cycle femtosecond
lasers, FELs, energetic ion beams, and electron-impact ionization. Despite differences in the
ionization mechanism, all approaches rely on the same principle: sudden multiple ionization
projects the molecule onto a repulsive Coulomb potential energy surface, and the resulting
fragment momenta encode the initial geometry.

In pump—probe CEI (Fig. 2.6), a pump pulse prepares an ionized electronic state and
initiates nuclear dynamics. After a delay At, a probe pulse removes additional electrons,
thereby projecting the molecule onto a repulsive Coulomb potential. Under the frozen-
nuclei approximation, the geometry is assumed unchanged during ionization. The charged
fragments then separate under Coulomb repulsion, converting electrostatic potential energy
into kinetic energy. Coincident detection of all fragments and reconstruction of their three-
dimensional momentum vectors yield the molecular geometry at the probe time. Repeating
the measurement for different delays provides time-resolved structural snapshots.

KER

th A* + B*
4 Probe

Delay(At)

Potential energy

Ground state

Internuclear distance

Figure 2.6: Schematic illustration of pump—probe Coulomb explosion imaging. A pump
pulse prepares a neutral AB molecule from a singly ionized state ABT. After a controlled
delay, a probe pulse further ionizes the molecule to the dissociative state AB**, projecting
it onto a repulsive Coulomb potential-energy surface. The molecule subsequently dissociates
along the Coulomb curve, and the measured fragment momenta and kinetic energy release
encode the internuclear separation, and thus the molecular geometry, at the probe time.
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2.2.1 Principles of Coulomb Explosion Imaging

The theoretical description of CEI follows from energy and momentum conservation. For
a diatomic molecule, sudden ionization produces two fragments with charges ¢; and ¢
separated by an initial distance Ry. The resulting Coulomb repulsion drives rapid fragmen-
tation. The interaction potential between fragments ¢ and j separated by R;; is given by
the Coulomb potential,

_ 1 g
47'('60 Rij’

Vi (Rij) (2.13)
where ¢; and ¢; denote the fragment charges, R;; is the internuclear separation, and ¢ is
the permittivity.
As the fragments separate, this potential energy is converted into kinetic energy release
(KER). In the center-of-mass frame, momentum conservation requires

miv; = Mosy, (2.14)

and using the reduced mass p = myms/(m; + my), the KER is

1
KER = §/wfel. (2.15)

These relations establish a direct mapping between measured fragment velocities and
initial internuclear separations. Since experiments measure velocity distributions rather
than distances, the probability density functions in real space and velocity space are related
by conservation of probability,

P(v)dv = P(R)dR, (2.16)

where P(R) represents the probability density of the initial internuclear separation at
the moment of ionization, and P(v) represents the probability density of the measured
relative fragment velocity following Coulomb explosion.

Using the velocity—distance relation derived from Coulomb repulsion, the velocity distri-

bution can be expressed as
P(v) =,/ "21—;1: R™32P(R), (2.17)

which provides a direct connection between the experimentally measured velocity distri-
bution and the initial molecular structure.

For polyatomic molecules, multiple charged fragments interact simultaneously. The total
Coulomb potential is the sum of all pairwise interactions,

1 g,
v=y %% (2.18)
1<J

47T€0 Tij

By measuring all fragment momenta in coincidence and using classical Coulomb dynamics,
the initial molecular geometry can be reconstructed. This framework is valid when ionization
occurs much faster than nuclear motion, fragment charges remain approximately constant,
and external forces are negligible. While these conditions are reasonably well satisfied for
CEI using ~10 fs pulses, they are not strictly fulfilled. Nuclear motion can begin during
ionization, particularly for light atoms such as hydrogen, and sequential ionization may alter
fragment charge states during dissociation. These effects introduce deviations from the ideal
Coulomb explosion model and limit the accuracy of the reconstructed geometry.
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In addition, CEI becomes increasingly challenging for larger molecules, as complete
reconstruction requires detecting all fragments in coincidence, and the multi-fold coincidence
yield decreases with size. Achieving sufficient ionization of all atomic sites also becomes
more difficult in larger systems, making short pulses essential to ensure rapid ionization
before significant nuclear motion occurs. Consequently, smaller and lighter molecules are
generally more favorable for accurate structural reconstruction using CEL.

2.3 Pump—Probe Model and Fitting Procedure

The pump-probe measurement principle is illustrated schematically in Fig. 2.6. In a pump—
probe experiment, an initial pump pulse excites the atomic or molecular system and initiates
electronic and/or nuclear dynamics. A time-delayed probe pulse subsequently interrogates
the evolving state. By varying the delay between the two pulses and recording observables
such as transient absorption or ion and electron yields, the temporal evolution of the system
can be reconstructed. In this work, ion and electron signals are recorded using VMI or
coincidence measurements as a function of the pump-probe delay.

The pump—probe delay defines three characteristic temporal regimes, as illustrated in
Fig. 2.7.
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Figure 2.7: Schematic representation of the pump-—probe delay. Negative delay corresponds
to the probe pulse arriving before the pump pulse, temporal overlap indicates simultaneous
interaction, and positive delay corresponds to the probe pulse arriving after the pump pulse.

e Negative delays (¢,, < 0): The probe pulse arrives before the pump and interacts
with the system in its ground state. The measured signal serves as a baseline reference
that is independent of pump-induced excitation.

e Temporal overlap (t,, ~ 0): The pump and probe pulses overlap in time. The mea-
sured response is governed by their cross-correlation and determines the experiment’s
effective temporal resolution.

e Positive delays (t,, > 0): The pump pulse prepares an excited state, and the probe
interrogates the system after a controlled evolution time. The delay-dependent signal
reflects the relaxation and decay dynamics of the excited-state population.
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2.3.1 Pump-—Probe Fitting Model
Model Assumptions

Consider an idealized pump—probe experiment in which both pump and probe pulses are
infinitely short in time (delta-like). Each pulse instantaneously transforms the atomic or
molecular system, and the measured signal depends only on the pump-probe delay ¢,,. The
system dynamics are described using simple photochemical reaction schemes and first-order
kinetics, which provide a reasonable approximation for gas-phase ultrafast experiments [45,
46).

Step-Like Model: Long-Lived Excited State

The first model describes the formation of a long-lived excited state whose lifetime greatly
exceeds the experimental time window. In the delta-pulse limit, the intrinsic response is
represented by a Heaviside step function.

Reaction scheme

(2.19)

M 2 A
A probe B

If the probe arrives before the pump (¢,, < 0), no product B is formed. For ¢,, > 0,
the probe converts a fraction of the excited-state population into the observable product,
resulting in a step-like increase in the signal. The response function is therefore written as

f(t’pp> =Jfot+ hi e(tpp)a (2'20)
where 6(t) is the Heaviside step function defined as
t
0(t) = 0. by <0, (2.21)
1, t,=>0.

This model describes a population created by the pump pulse that remains constant
during the probe interaction.

Transient Model: Exponential Decay of a Metastable State

The second model describes a metastable state created by the pump pulse that decays
exponentially with decay rate constant k.

Reaction scheme
M + pump — A”

[ LaNTg (2:22)
A* + probe — B

The population of the metastable intermediate follows first-order decay kinetics [45],

A"](t) = [A*]oexp(—i) , (2.23)

T

where 7, = = is the relaxation time constant and [A*]y is the initial population created

by the pump pulse.
The corresponding pump—probe delay-dependent signal is
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Ft) = fot f16(t,0) exp(—tﬂ’) , (2.24)

r

which reflects the exponential decay of the metastable intermediate population probed
as a function of delay time.

Transient-Limited Model: Instantaneous Dynamics

The third model applies when the intrinsic system dynamics are much faster than the
experimental time resolution. In this case, the response can be approximated by a Dirac
delta function.

Reaction scheme
M Rumprerobe, o (2.25)

The signal is localized at zero delay and is given by

f(tpp) = fo 5<tpp)a (2'26)

where §(t) is the Dirac delta function. This indicates that the signal appears only when
the pump and probe pulses temporally overlap.

Finite Pulse Duration and Convolution

In real experiments, the pump and probe pulses have finite duration. The measured signal is
therefore the convolution of the intrinsic system response function R(t) with the instrumental
response function G(t),

S(t) = / TR Gt — ) dt. (2.27)

—00

Assuming Gaussian pulse shapes, the instrumental response function is

G(t) = exp (— r ) , (2.28)

-2
7-CC
where 7. is the cross-correlation time given by

7_2 2

i
72 = Pump | _probe 2 (2.29)

cc jitter-
Npump Nprobe

Here, Tpump and Tprobe are the pulse durations, npump and npone are the number of photons
involved in the process, and Tjiyer is the timing jitter.

Convolved Response Functions

In real pump—probe experiments, the measured signal is the convolution of the intrinsic
system response with the Gaussian instrumental response function. Assuming a Gaussian
cross-correlation function with width 7.. and temporal overlap at ¢y, the analytical forms of
the convolved response functions are illustrated in Fig. 2.8.
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Figure 2.8: Schematic illustration of the three relaxation mechanisms and their corresponding
convolved pump-probe signals. In each case, the intrinsic atomic or molecular response
function is convolved with a Gaussian instrumental response that represents the pump—probe
cross-correlation. The resulting observed signals are shown as fi(t), corresponding to a step-
like response for a long-lived excited state (1, — 00), fo(t), corresponding to an exponentially
decaying metastable state with finite relaxation time 7., and f3(t), corresponding to an
instantaneous response (7, — 0) limited by the experimental temporal resolution.

Step-like response function For a long-lived excited state (7, — o0), the intrinsic
response is a Heaviside step function. After convolution with the Gaussian instrumental
response, the measured signal becomes

fit) = % [1+erf (t_to)] : (2.30)

7-CC

where erf(z) is the error function. This describes a step-like rise broadened by the finite
experimental resolution.

Exponentially decaying response function For a metastable state with finite relaxation
time 7., the intrinsic response is an exponential decay multiplied by a Heaviside step function.
The convolved response is

1 T2 t—t t—ty e
t) =~ c_ 1 f — . 2.31
=40 zeXp<4rz " )[ o ( 2” 23

This function describes an exponentially decaying population observed with finite tem-
poral resolution.

Instantaneous response function When the intrinsic dynamics are much faster than
the instrumental response (7, — 0), the system response is approximated by a Dirac delta
function. The convolution yields a Gaussian profile:

f3(t) = exp (—M) : (2.32)

o
This function represents the temporal profile of the instrumental response and is used to
model instantaneous processes.
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The final fit function observed in the experiment S(¢) can be represented as a linear
combination of all response functions observed in the processes. This could be written as
follows.

S(t) = Ao+ Ay - f1(t) + Ay - fot) + A, - fu(t) (2.33)

2.3.2 Numerical Fitting Strategy

Because the analytical expressions used in this work are nonlinear and involve correlated
parameters, appropriate fitting methods are required to obtain reliable and physically
meaningful results. For the CO5 and xenon photoionization studies, described in Chapters 6
and 5, a Markov Chain Monte Carlo (MCMC) fitting algorithm based on the Metropolis
sampling scheme is employed. The implementation of these fitting procedures follows the
methodology described in Ref. [47].

For the UV-induced fragmentation dynamics of 1-butanethiol, as presented in Chapter 7,
the fitting procedure is performed using a nonlinear least-squares method implemented
through the SciPy optimization package in Python.



Chapter 3

Experimental Techniques using
Free-Electron Laser FLASH

3.1 Introduction

This chapter details the experimental methods applied in this thesis at the FLASH facility,
with a primary focus on the use of a FEL source for femtosecond X-ray pump—probe
spectroscopy to investigate ultrafast atomic and molecular dynamics. Section 3.2 provides
an overview of the working principles of FELSs, covering the main FEL components, the
microbunching and self-amplified spontaneous emission (SASE) process, the FLASH facility,
and photon beam diagnostics. Essential diagnostic tools, namely the gas monitor detector
(GMD) for measuring FEL pulse energy and beam position, and the FEL pulse duration
diagnostics, are discussed in terms of their roles in FEL pulse characterization and experiment
monitoring.

The experiments presented in Chapters 4, 5, 6, and 7 employ two-color pump—probe
spectroscopy to investigate atomic and molecular systems, using either an FEL pump with
an optical laser probe or an optical laser pump with an FEL probe. Two end stations at
FLASH, namely the REMI and the CFEL-ASG Multi-Purpose instrument (CAMP), were
used to study the reaction pathways of atomic and molecular systems.

The REMI end station was used to investigate both atomic and molecular systems (see
Chapters 5 and 6). Section 3.3 describes the pump—probe experimental setup at the REMI
end station, comprising a molecular source, a reaction microscope spectrometer, and position-
and time-sensitive particle detectors for measuring charged fragments, as well as the data
analysis scheme used for REMI. For atomic targets such as xenon (Xe), time-of-flight mass
spectrometry (TOF-MS) measurements were used to probe photoionization dynamics. For
molecular systems, including CO, and CS,, ion—ion coincidence detection provided access to
coincident fragmentation channels, enabling detailed insight into dissociation dynamics and
reaction mechanisms.

A second set of experiments was carried out at the CAMP end station on the BL1
beamline at FLASH1, focusing on the UV-induced fragmentation dynamics of 1-butanethiol
(see Chapter 7). Section 3.4 describes the pump—probe experimental setup at the CAMP
end station, including the molecular source and the VMI spectrometer, and introduces the
principles of VMI and Abel inversion.

These experimental methods demonstrate the capability of FEL-based pump-probe
techniques to resolve transient states in atomic and molecular systems, giving insights
into fundamental reaction mechanisms, dissociation pathways, and fragmentation dynamics
detailed in the following chapters 5,6 and 7.

19
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3.2 Free-Electron Laser

The FEL concept was introduced by Madey [20] in 1971 as an accelerator-based light source
in which coherent radiation is generated by relativistic electrons propagating through a
periodic magnetic structure known as an undulator (or wiggler) [48]. Unlike conventional
lasers, which rely on bound electronic transition in solid, liquid, or gaseous gain media, FELs
do not require a material gain medium and offer wavelength tunability determined by the
electron beam energy and undulator parameters. Following Madey’s original proposal, FELs
were realized in two principal operating regimes: low-gain and high-gain configurations [48].

In the low-gain regime, FELs are typically operated as oscillators, in which the radiation
is amplified over multiple passes through an optical cavity with relatively small single-
pass gain. Such oscillator-based FELs are well suited for long-wavelength operation, from
the microwave to the infrared and visible spectral ranges, where high reflectivity optical
components are available for the cavity [49]. In contrast, extending the oscillator concept
to shorter wavelengths is hindered by strong material absorption and the lack of suitable
X-ray cavities. As a result, short-wavelength FELs operate in the high-gain regime, in which
coherent radiation is generated and exponentially amplified in a single pass through a long
undulator without the need of a cavity. In this regime, the dominant radiation mechanism
is self-amplified spontaneous emission [50-52]. The underlying physics and characteristic
properties of the SASE process are discussed in detail later.

Compared to third-generation synchrotron radiation sources, which produce broadband,
partially coherent emission originating from relativistic electrons in bending magnets or
insertion devices [53], high-gain FELs provide orders-of-magnitude higher peak brilliance,
a high degree of spatial coherence, and femtosecond pulse durations [54]. These laser-like
properties enable the investigation of nonlinear phenomena and ultrafast dynamics in atomic,
molecular, and condensed-matter systems [55]. Furthermore, the high peak brightness and
coherence of FELSs have enabled single-shot coherent diffractive imaging and femtosecond

crystallography, advancing structural studies of biological samples to near-atomic resolution
[56].

SASE FEL facilities span a broad photon-energy range from the XUV to the hard X-ray
regime. Facilities operating in the XUV and soft X-ray range, such as FLASH in Germany
and FERMI in Italy, as well as large-scale X-ray facilities including the LCLS (LCLS-I and
LCLS-II) at SLAC in the United States, the EuXFEL in Germany, SwissFEL in Switzerland,
PAL-XFEL in Korea, and SACLA in Japan, operate from the soft to the hard X-ray regime
and are commonly referred to as X-ray free-electron lasers (XFELs), with their primary
focus on hard X-ray generation and applications.

The XUV and soft X-ray regimes are particularly well suited for spectroscopic investi-
gation due to strong resonant interactions with valence and shallow-core electronic states,
whereas hard X-rays, owing to their short wavelength and high penetration depth, enable
diffraction and imaging techniques with atomic resolution. The scientific programs of
these facilities overlap significantly, and experiments in AMO physics, condensed matter,
structural biology [57], and high-energy-density physics are conducted across the accessible
photon-energy range [58].
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3.2.1 FEL Components

Fig. 3.1 presents a schematic diagram of a single-pass FEL operating in the SASE mode. An
FEL has three primary components: an electron source, an accelerator, and an undulator.

Electron Electron
Source Bunch

Electron Accelerator

Undulator Magnet

Figure 3.1: Basic components of an FEL: Electron source, linear accelerator, and undulator.
Adapted from Ref.[59]

Electron Source

The electron source is an initial and essential part of a FEL. It generates high-quality
electron bunches, which remain essential for the SASE process discussed later. At FLASH,
electron bunches are generated in a superconducting radio frequency (RF) gun equipped
with a cesium telluride (Cs,Te) photocathode. The photocathode, illuminated by a UV
laser pulse, emits electrons through the photoelectric effect. The RF gun accelerates the
emitted electrons to an initial energy of approximately 5 MeV. The electron gun employs
superconducting technology to achieve high stability and efficiency while minimizing beam
degradation due to space-charge effects. This setup produces high-brightness electron
bunches, which are important for the stable performance of the FEL.

Superconducting Accelerator

Following their generation, the electron bunches are further accelerated through supercon-
ducting 1.3 GHz TESLA (Teraelectronvolt Energy Superconducting Linear Accelerator)
Test Facility (TTF) modules. These accelerating structures consist of superconducting linear
RF cavities that produce electric field gradients of up to 40 MV /m, accelerating electrons
to relativistic velocities [60]. As a result, the superconducting modules increase the electron
energy from an initial 5 MeV to 1.35 GeV by the end of the accelerator, following the
FLASH2020+ upgrade [61]. The use of superconducting RF cavities minimizes power losses
and enables operation at high repetition rates, enabling FLASH to deliver thousands of
pulses per second and thereby significantly enhancing data-collection efficiency.

Undulator Radiation

As electrons pass through the superconducting accelerating modules, they gain relativistic
energies, reaching velocities close to the speed of light, where relativistic effects become
significant. At these relativistic beam energies, electron beam dynamics is characterized by
the Lorentz factor.

7= —— (3.1)

where v is the electron velocity and c¢ is the speed of light, the electrons enter the
undulator. The undulator comprises a periodic array of magnetic dipoles that generates an
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alternating magnetic field. As the relativistic electrons traverse this field, they experience
the Lorentz force,

ﬁ:q(ﬁ+ﬁx§), (3.2)

where ¢ is the electron charge, E is the electric field vector, and B is the magnetic field
vector. In the undulator, the magnetic components force the electrons into a sinusoidal
oscillatory trajectory. This oscillatory motion results in the emission of synchrotron radiation,
which is predominantly confined to a narrow cone along the direction of electron propagation,
with an angular divergence of approximately

0~ —. (3.3)

Two key relativistic effects govern the wavelength of the radiation emitted by an undulator.
First, due to the relativistic motion of the electrons, the undulator period undergoes length
contraction in the electron rest frame, effectively reducing the undulator wavelength from
Au to A = Ay /7. Second, the radiation emitted by the oscillating electrons is blue-shifted in
the laboratory frame as a result of the relativistic Doppler effect. These two effects together
lead to emission at significantly shorter wavelengths, enabling FELs to generate high-energy
photons.

The wavelength of the undulator radiation emitted in the forward direction, including
the reduction in longitudinal electron velocity caused by transverse oscillatory motion, is

given by
A K?
N=—=(1+— 4
: 272(+2)’ (34)

where ), is the emitted radiation wavelength, A, is the undulator period (the distance
between identical magnetic poles), 7 is the Lorentz factor of the electrons, and K is the
undulator parameter defined as

o eBo)\u
© 2mmec’

(3.5)

with e denoting the elementary charge, B, the peak magnetic field, m. the electron mass,
and ¢ the speed of light.

The emitted wavelength \; depends strongly on both the undulator period A, and the
Lorentz factor v, with relativistic effects compressing the radiation wavelength by several
orders of magnitude. This scaling allows FELs to produce short-wavelength, high-energy
radiation—such as X-rays—even when the undulator period is substantially larger than the
emitted wavelength.

Interaction of Electrons and the Radiation Field

A one-dimensional theoretical framework can be employed to describe the interaction between
relativistic electrons and the radiation field in a single-pass undulator [62]. This simplified
model shows the generation of coherent radiation in a FEL and illustrates how energy is
transferred from the electron beam to the electromagnetic field. During this interaction,
electrons lose kinetic energy, which is converted into emitted radiation.

The radiation field is described using a plane-wave approximation propagating along the
z-direction, as illustrated in Fig. 3.2. The transverse electric field component is given by

2

B, = Bycos(kiz —wit +¢), with k=~ = = (3.6)
c l
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Figure 3.2: Energy is transferred from the electron to the light wave. The electron velocity
and the electric field are in the same direction.

where Ej, denotes the field amplitude, w; the angular frequency, and \; the radiation
wavelength.

The transverse electric field exerts a Lorentz-force on an electron, thereby modifying
its energy. The rate of energy exchange between an electron and the radiation field can be
expressed as

aw,
dt
where W, denotes the kinetic energy of the electron, e is the elementary charge and v,(t)
is the transverse velocity of the electron. For the radiation field to gain energy, the quantity
% must be negative, indicating a continuous transfer of energy from the electron beam to
the electromagnetic wave. This condition requires that the transverse electron velocity and
the electric field remain suitably phase-matched.

From Egs. 3.6 and 3.7, the average longitudinal velocity of an electron in the undulator

can be written as
L1 & (3.8)
v, =¢C B — — , .
272 2

where ~ is the relativistic Lorentz factor and K is the undulator parameter, which
characterizes the strength of the magnetic field. The longitudinal velocity is therefore
slightly smaller than the speed of light, and the electron follows a sinusoidal trajectory due
to the periodic magnetic field of the undulator.

The time required for an electron to traverse half of the undulator period (\,/2) and
the corresponding time required for the radiation field to propagate the same distance are
given by

= —ei- E = —ev,(t)E,(t), (3.7)

t, = Au d = Au
e — ZUZ’ al 1= 2—0
The difference between these times leads to a phase slippage between the electron and
the light wave, which is a key factor in sustaining coherent energy exchange during the FEL
interaction.
Continuous energy transfer occurs when the phase condition is satisfied.

(3.9)

wl(te - tl) =T (310)
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Under this condition, the transverse electron velocity and the electric field remain aligned,
as shown in Fig. 3.2, such that the light wave advances by half an optical wavelength (\;/2)
during half a period of the electron oscillation. This yields the resonance condition for
amplified radiation with wavelength \;,

A A K?
At =20 =2 (142, 11
¢ 9 M 272<+2) (3.11)

In the forward direction, the emitted radiation wavelength corresponds to the fundamental
undulator wavelength. When the phase condition satisfies wy(t. — t;) = 3, 57, 77, ..., odd
higher harmonics A;/3, A\;/5, \;/7,... can be generated. In contrast, even-order harmonics
are not amplified, as the net energy transfer from the electron beam to the radiation field
vanishes in these cases.

3.2.2 Microbunching and SASE

The previous section described the interaction of a single electron with a radiation field,
resulting in spontaneous undulator radiation. In a realistic FEL, radiation is produced
by an ensemble of electrons within a bunch. The spontaneous emission originating from
individual electrons provides the initial seed for the self-amplified spontaneous emission
(SASE) process.

As an electron bunch propagates through the undulator, each electron undergoes trans-
verse oscillatory motion and emits radiation at the resonant wavelength \,.. At the entrance
of the undulator, this radiation is incoherent, and the total radiated power scales linearly
with the number of electrons N,

-Pincoherent X Ne' (312)

As the interaction between the electron beam and the radiation field develops, collective
effects become significant. The longitudinal electric-field component of the radiation induces
energy modulation in the electron bunch. This modulation causes the electrons to reorganize
into microbunches with a spatial periodicity approximately equal to the radiation wavelength
Ar. The formation of these microbunches is a key mechanism for the development of
coherence in an FEL. Once microbunching occurs, electrons emit radiation in phase, leading
to constructive interference and a rapid increase in the emitted power.

In the SASE process, the radiation originates from shot noise in the electron beam
and grows exponentially as microbunching becomes more pronounced along the undulator.
This amplification continues until saturation is reached, resulting in the intense, ultrashort
radiation pulses characteristic of FELs.

Energy Modulation

As the radiation field copropagates with the electron beam through the undulator, the
transverse electric-field component FE, interacts with the electrons, inducing an energy
modulation. This energy modulation can be expressed as

Ay o cos(k,z), (3.13)

where k, = 27/, is the radiation wave number. The periodic modulation of the electron
energy is the first step in the development of longitudinal density modulation.
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Density Modulation

The energy modulation is converted into a density modulation because the electron longitu-
dinal velocity depends on energy. Electrons with higher energies advance relative to the
bunch, while lower-energy electrons lag behind. As a result, the initially uniform electron
distribution evolves into a density-modulated structure with a period matching the radiation
wavelength A,. This process leads to the formation of microbunches, as illustrated in Fig. 3.3.

Incoherent emission: Coherent emission:
electrons randomly phased electrons bunched at
radiation wavelength

Figure 3.3: Schematic representation of microbunching in an undulator. Initially, the
electron bunch is uniformly distributed and emits spontaneous radiation. Through the
SASE mechanism, energy and density modulation leads to microbunching and coherent
emission. Adapted from Ref. [63].

Coherent Emission and Amplification

Once microbunching is established, the electrons emit radiation that is phase-aligned
with the existing electromagnetic field. Under these conditions, the radiated power scales
quadratically with the number of electrons,

Pcoherent X Ne27 (314)

reflecting the coherent nature of the emission. The constructive interference between the
emitted radiation and the existing field leads to exponential amplification of the radiation
intensity along the undulator, as shown in Fig. 3.4.
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Figure 3.4: Evolution of the FEL pulse energy and electron-beam microbunching as a

function of undulator length z, showing exponential growth followed by saturation. Adapted
from Ref. [64].

The evolution of the radiation field amplitude A(z) along the undulator can be described
by

dA
diz) x A(2), (3.15)
which has the solution
A(z) = Age/Ls, (3.16)

where L, is the gain length, a characteristic parameter of the FEL that determines the
distance over which the radiation intensity grows exponentially.

The exponential amplification continues until saturation is reached. At saturation, a
significant fraction of the electron beam energy has been transferred to the radiation field,
and further amplification is suppressed. The saturation intensity I, depends on both the
electron beam properties and the undulator parameters.
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3.2.3 Free-Electron-Laser in Hamburg (FLASH)

The Free-Electron Laser in Hamburg (FLASH) originated from the TESLA test facility. It
was the first FEL in the extreme ultraviolet (XUV) and soft X-ray regions worldwide and
began its user operations in 2005. FLASH operates using the SASE process. Currently, it
can cover wavelengths from 3.4 nm to 51 nm at the first harmonic, with peak power in the
gigawatt (GW) range and pulse durations from less than 10 fs to 200 fs.

FLASH has two experimental halls: FLASH1, named after Albert Einstein, and FLASH2,
named after Kai Siegbahn, which was constructed as an extension of the existing FLASH1
facility. The first lasing from FLASH2 occurred in 2014, allowing parallel operation with
FLASHI1. FLASH2 is equipped with a variable gap undulator, enabling it to cover a wide
range of fundamental wavelengths from 3.3 to 90 nm.

RF Stations Accelerating Structures Xseed FLASH1 ‘Photon
v v v_ v h 4 h 4 v Fixed Gap Undulators THz Diagnostics

Bunch Compressors
Lasers

5 MeV 150 MeV 550 MeV 1350 MeV 7
FLASHForwarg Kai Siegbann

FEL Experiments

315m

Figure 3.5: Schematic layout of FLASH. Not to scale. The two main SASE beamlines,
FLASH1 and FLASH2, are in operation for user experiments. A third beamline runs the
FLASH Forward plasma acceleration experiment. Adapted from Ref.[61]

3.2.4 FEL Photon Beam Diagnostics

FLASH operates in SASE mode; the emitted radiation fluctuates significantly due to the
inherent stochastic nature of the amplification process. Therefore, it becomes essential to
install pulse-resolved diagnostics to characterize the properties of the FEL pulses.

FEL Pulse Energy

The Measurement of the single-shot pulse energy is an essential parameter in many FELs
experiments, as it directly relates to the number of photons in the pulse. Many phenomena
in AMO physics depend strongly on the number of photons involved in the excitation. A
non-invasive device, a gas monitor detector (GMD) [65, 66] is integrated into the FLASH
beamline to measure the intensity and position of the FELs beam. This device operates by
photo-ionizing rare gases at low gas pressure. Due to this low gas pressure, the interaction
region remains effectively transparent, allowing the FEL beam to pass through with negligible
attenuation. When the FEL beam passes through the chamber, it ionizes the gas. The
electric field inside the chamber accelerates ions upward and electrons downward. The
Faraday cup measures electron and ion currents. The number of photons can be calculated
from a simple photoionization formula shown in Fig. 3.6. Furthermore, the FEL pulse passes
between two electrode plates, enabling us to measure its position.

Two pairs of GMDs devices have been integrated into the beamline to ensure reli-
able, continuous monitoring of intensity and position: one set installed at the end of the
undulators and another in the experimental hall before the beam is distributed to the
instruments/beamlines.
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Figure 3.6: Schematic illustration of the GMDs, which provides non-invasive, shot-to-shot
measurements of the FEL pulse intensity. A Faraday cup detects and counts the electrons
and ions generated as the FEL pulse traverses an ionization chamber filled with rare gases
at very low pressure. On the left-hand side, a pair of split electrodes is used to determine
the horizontal position of the FEL beam based on the charge asymmetry induced by the
ionization signal. Adapted from Ref.[67]
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3.3 The Reaction Microscope Setup

REMIs [68] are multi-particle spectrometers, also known as cold-target recoil-ion momentum
spectrometers (COLTRIMS). They were developed to investigate correlated many-particle
dynamics in atoms, molecules, and clusters following interactions with femtosecond laser
pulses, HHG, FEL radiation, and electron and ion collisions [69]. This enables kinematically
complete atomic and molecular fragmentation experiments by coincident, momentum-
resolved detection of recoiling target ions and emitted electrons. Kinematic completeness
refers to the ability to measure the momenta, energy, and angles of all charged particles
observed in coincidence [70].

The REMI used in this thesis is located at beamline FL26 FLASH2, a permanent
endstation. Fig. 3.7 provides a schematic representation of the FL.26 REMI endstation.
The REMI setup includes an ionization source, FLASH2 pump-probe laser, and FLASH2
SASE FEL beam (depicted in purple), an ultrahigh vacuum (UHV) system, a supersonic jet
containing atoms or molecules (represented by green balls), and a spectrometer.

Charged particles—ions (red) and electrons (blue)—are guided by the spectrometer
fields: the ions are accelerated toward the ion detector by a uniform electric field, while the
electrons are steered toward the electron detector by a magnetic field. The combination of a
homogeneous electric field and magnetic fields provides 47 solid-angle acceptance for both
ions and electrons.

Helmholtz Coils

Ion Detector

......

Electron Detector

Figure 3.7: Sketch of reaction microscope (REMI) endstation at FLASH. Adapted from Ref.
[71]

3.3.1 Vacuum Requirement for REMI Experiment

An ultrahigh-vacuum (UHV) environment is essential for the spectrometer. In the XUV
and soft X-ray regime, photoionization cross sections are large for both the target gas and
residual background gases. As a result, background molecules can be ionized not only in
the focal region but also along the entire FEL beam path inside the spectrometer, leading
to false coincidence signals. To maximize the signal-to-noise ratio (SNR)—defined as the
ratio of ionization events originating from the target gas to those from residual background
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gases—the pressure in the main chamber must be maintained below 107! mbar. Under
these conditions, detected electrons and ions can be reliably attributed to the target species.

Such vacuum levels are achieved through a differential pumping scheme that progres-
sively reduces the pressure from the molecular source nozzle to the interaction region, in
combination with turbomolecular pumps, the use of low-outgassing materials [72], and
thorough bake-out procedures [73].

3.3.2 Gas Jet Source

The gas-jet system typically comprises a gas reservoir, a nozzle, multiple skimmer assemblies,
and differential vacuum stages, as shown in Fig. 3.8. These stages, using skimmers and
apertures, produce a collimated stream of atoms and molecules. This setup is designed to
meet, experimental requirements, including low thermal energy, precise target localization,
and low density, which are essential for achieving high-resolution momentum measurements.

One of the key benefits of the supersonic gas jet is its ability to reduce thermal energy.
Adiabatic cooling during supersonic expansion significantly lowers the gas temperature
down to just a few kelvins. At these low temperatures, the particles’ thermal and rotational
motion becomes negligible, enabling precise momentum measurements.

Secondly, the interaction volume in the REMI setup is highly localized, confined to the
laser focus (~ 50 um) and the FEL beam (~ 20 gm). The small, well-defined interaction
volume ensures a precisely known initial position of the charged particles, which is essential
for accurately reconstructing their initial momenta originating from molecular dynamics
rather than from acceleration in the spectrometer.

Another essential requirement that the gas jet source addresses is the low target density.
The gas jet density is kept below 10'° particles/cm®, in the interaction region essential for
coincidence measurements. A higher density could lead to excessive counts per laser shot,
complicating momentum reconstruction and coincident-channel analysis. The main thing is
that for coincidences, one wants at most one molecule ionized per shot.

Employing skimmers and differential pumping collimates the gas jet, thereby confining
the interaction volume and selecting the coldest and most central part of the beam. This
improves the definition of the target density distribution in the interaction region, thereby
enhancing the precision and reproducibility of the experimental measurements.

In a supersonic expansion, gas flows from a high-pressure reservoir (1-10 mbar) through a
nozzle of diameter 10-100 pm into a low-pressure region. Initially, the flow remains subsonic
(Ma < 1), but as the pressure drops rapidly beyond the nozzle, it transitions to supersonic
speeds (Ma > 1). Here, the Mach number is defined as

Ma = _, (3.17)
C

where v is the flow velocity and c¢ is the local speed of sound in the gas.

Two skimmers are used in this experiment to further collimate the beam. The expansion
process produces a gas jet with a sharp momentum distribution along the jet axis and an
even smaller transverse momentum spread. For an ideal gas undergoing such expansion, the
maximum jet velocity is given by:

2kgT,
Ve =\/ b T (3.18)

m v—1

Here, kp = 1.38 x 1072 J/K is the Boltzmann constant, T is the gas temperature before
the expansion, m is the particle mass, and ~ is the adiabatic index, defined as v = %, with
f being the degrees of freedom of the gas particle.
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Figure 3.8: Schematic of supersonic gas jet. The gas expands through the nozzle inside the
chamber. Two skimmers, in ring-shaped form, produce a collimated beam of ions after 2.2
m, ionized by a laser. Not ionized gas samples are captured by the beam dump.

3.3.3 Spectrometer and Detectors

Fig. 3.9 schematically shows the spectrometer used in this REMI setup. Atomic or molecular
samples in the supersonic jet entering from left to right are exposed to the laser and FEL
in the center of the spectrometer. The charged particles are guided into the spectrometer,
where a uniform electric field accelerates them and a magnetic field confines them toward
the ion and electron detectors, respectively.

The spectrometer generates a tunable electric field by applying a high-voltage bias to a
stack of cylindrical steel rings. A uniform electric field is achieved by connecting a series
of resistors between the rings. Since ions are much heavier than electrons, electrons attain
significantly higher velocities and therefore exhibit much shorter time-of-flight (TOF). The
distance from the interaction region to the electron detector is twice that on the ion side. A
magnetic field is applied parallel to the electric field to guide the fastest electrons toward the
detector. Rather than reducing their speed, the magnetic field changes only the direction of
the electron’s velocity, forcing them to follow cyclotron trajectories within the spectrometer
and enabling detection over the full solid angle 47. The motion of charged particles is
described by the Lorentz force 3.2.

The spectrometer consists of 22 rings of annealed stainless steel, stacked along the z-axis
and separated by 10 mm. The spectrometer rings are 1 mm thick, with an inner diameter of
120 mm and an outer diameter of 200 mm. The individual rings are electrically connected
via a 100 k € resistor, which maintains a constant potential across the spectrometer.

Detectors

The charged particle is guided to an ion and electron detector, respectively. The REMI
combines a Micro-channel plate (MCP) with a delay-line detector. The detection scheme
consists of two steps: In the first step, the signal is amplified by a MCP, and the impact
time is measured. In the second step, the anode of the delay line determines the particle’s
impact position. Fig. 3.10 shows an ion and electron detector system scheme.

Micro-Channel Plate

Ions passing through the grid reach the end of the spectrometer, where they strike the MCP.
Fig. 3.10(a) illustrates the MCP, which consists of a thin plate made of glass or ceramic
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Figure 3.9: Schematic of the spectrometer.

material embedded with millions of tiny micro-channels, each with a diameter between 5-25
pm. The plate is cut at a slight angle to ensure that incoming particles strike the channel
walls.

When a charged particle collides with the wall of a channel, it ejects secondary electrons
from the surface. These secondary electrons are accelerated by a high voltage applied along
the channel, initiating an avalanche process as they move downward. This electron cascade
significantly amplifies the signal. The MCPs can amplify the signal by up to a factor of 10°,
making them highly sensitive detectors.

The impact time of a particle on the MCP is recorded and used to calculate the TOF.
By combining the timing signal from the MCP (¢tyicp) with the FEL trigger time (Zigger)
the TOF is calculated as:

tror = tnmep — ttrigger

Lirigger 1 the input provided by the FLASH facility, indicating the arrival time of the
photons.

Delay-line Anode

When a particle (such as an ion or electron) hits the MCPs above the delay line, an electron
cloud emerging from the back of the MCPs interacts with the delay-line anode, generating
an electrical signal. Fig. 3.10(c) illustrates how the signal travels along the wires to both
ends of each wire layer. The time difference between these signals (from one end to the
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Figure 3.10: (a) Schematic representation of an MCP working principle and a delay-line
anode. (b) An incident particle impacts the inner wall of the MCP, generating secondary
electrons that initiate a cascade amplification process, resulting in an electron cloud. (c)
The spatial position of the particle impact is determined using a delay-line anode. The
generated signals propagate along the delay-line wires in opposite directions and are detected
at the ends. The time difference (At) between the signals is used to calculate the spatial
coordinates of the particle’s impact. Adapted from Ref. [71].

other) provides information about the exact position of the particle impact in both the X
and Y coordinates. The difference in arrival times across wire layers (e.g., X and Y') is used
to triangulate the precise two-dimensional position of the impact point on the detector. The
signal is processed by software [69].

If the timing information along the z- and y-directions is obtained, then the two-
dimensional information on the impact position can be calculated as:

X o (tz1 — taep) — (tze — tucp)

Y o (ty1 — tmep) — (B2 — tumep)

Here, t,; and t,o are the arrival times of the signals at both ends of the wire in the
x-direction, while t,; and t,, represent the corresponding times for the y-direction. These
time differences determine the precise X and Y coordinates of the particle’s impact.

This method offers several advantages over charge-coupled device (CCD) cameras,
including high spatial resolution, improved timing accuracy, and minimal dead time.
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3.3.4 Reconstruction of Ion momenta

The ion momentum can be decomposed into longitudinal and transverse components
depending on the spectrometer geometry. The longitudinal momentum (p,) is parallel to
the spectrometer axis or in the z-direction, and transverse momentum (p,) and (p,) are
perpendicular to the z-axis.

Longitudinal Ion momentum

The longitudinal momentum (p,) corresponds to the ion’s motion along the z-direction. It
is primarily determined by the spectrometer’s electric field. The total flight time ¢,, ,(p.) is
the sum of the acceleration region and drift region.

d

to(2) 20 + (3.19)
m,qg\Pz) = M .
! VP24 2mgAU £p,  /p? 4 2mqAU

Acceleraaorn Region Driftgegion

In the following, m and ¢ are assumed to be known. If there is no drift region present
(d = 0), the analytical solution is given by

~ma qAU

p(t) = — — 5 ~t (3.20)

Approximation of Small Momenta

When the initial momentum p, is small compared to the momentum gained in the extraction
field,
p. < \/2mqAU,

an approximation can be derived. For small p,, the term

VD2 + 2mgAU

can be expanded as a Taylor series:

p.(t) = AU

%;”+o«m—ﬁy (3.21)

where the zero-momentum flight time ¢, is defined as:

to = \/QAIU (\/Ea + %) . (3.22)

This approximation is valid for small initial momenta p, < /2mqAU, and provides a
closed-form analytical expression for p,(t).

Transverse Momentum

The transverse momentum (p ) lies in the plane perpendicular to the spectrometer axis and
is not unaffected by the electric field. The transverse components p, and p, represent the
ion’s motion in the z- and y-directions, respectively.

The impact position on the detector depends on the initial transverse momenta p, and
py, as well as the TOF (¢). Additionally, there is a constant offset muje, due to the jet
velocity vje; along the z-axis.
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The positions x and y on the detector are expressed as:

t t
= (Pe +mVjer), Yy = Py (3.23)

Rearranging these equations to solve for the transverse momenta:

Z )
Pz =M (; - jet) Py = (3.24)

Thus, the transverse momentum p, is reconstructed as:

pL=\/P:+ D (3.25)

3.3.5 Data Analysis of REMI

The REMI data analysis was performed using the Grand unifiEd reactioN microscopE
souRce Code (GENERIC), developed during this work [74]. GENERIC is implemented as a
shared library within the GSI Object Oriented On-line Off-line system (Go4) framework
[75], which is itself based on CERN’s ROOT data analysis framework [76]. Since its initial
implementation, the software has been further developed in several thesis projects, where
general analysis procedures and calibration strategies were established and documented [77,
78].

Within Go4, the list-mode data files were processed, and the data acquisition (DAQ)
performance was monitored throughout the experiment. The data analysis consists of four
main steps: acquire, unpack, calculate, and merge. In these steps, raw detector signals are
converted into timing information, reconstructed into TOF and position data, transformed
into calibrated three-dimensional momentum vectors and derived physical observables, i.e.,
KER and angular distributions, and finally merged with the FLASH DAQ dataset to enable
time-resolved analysis.

In the following subsections, the individual analysis steps are described in more detail.
The final merged datasets were further processed and visualized in Python using several
scientific computing packages, particularly those listed in Refs [79-87].

Acquire Step: From Voltage Traces to Timing

In the acquire step, the raw voltage traces from all individual detector channels are converted
into timing information. To determine the arrival time of the voltage trace with high accuracy,
a constant fraction discriminator (CFD) is applied to each channel’s raw voltage signal. A
CFED reduces timing errors by triggering at a fixed fraction of the pulse amplitude, making
the timing largely independent of signal amplitude fluctuations.

Unpack Step: Reconstruction of Detector Hits

In the unpack step, the timing information from each detector channel is used to reconstruct
the TOF and the impact position on the delay-line detector. The output of this step contains
the TOF and the ion’s spatial position.

Calc Step: Identification of Ions and Coincidence Analysis

In this step, the reconstructed TOF and position information are used to identify the ions
and to calculate their momentum vectors. The ions are then grouped into coincidence
channels based on momentum conservation. If the vector sum of the momenta of the
group of ions is close to zero, the ions are identified as fragments originating from the same
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dissociation event. The output of the calc step comprises two datasets: one containing the
identified ions with their reconstructed momenta, and another containing the ions sorted by
coincidence channel.

Kinetic Energy Release and Angular Variables

From the reconstructed momentum vectors, the kinetic energy (or particle energy) of each

ion is calculated as )
p
KER = o (3.26)
where m is the mass of the particle and p is the magnitude of the particle’s total
momentum.
The emission angle of an individual ion is measured relative to the spectrometer axis.
In the case of multi-ion fragmentation, the relative angles between momentum vectors are

obtained from the corresponding scalar products:

Pi - Dy
cosb,; = . 3.27
' = oIy (3:27)

Coincidence Detection

To identify coincidence fragmentation channels, an ion—ion coincidence map, as a pho-
toion—photoion coincidence (PIPICO) map, is constructed. A distinct diagonal line can
appear in the map, corresponding to a specific molecular fragmentation channel. The
momentum sum in the z direction is already very narrow, as expected when selecting ion
pairs with correlated TOF values, which imply correlated z momenta. However, a false
coincidence can still occur and still fulfill this filter /condition.

The PIPICO map is based solely on TOFs information; consequently, ions with similar
TOFs can be misassigned. For example, in triatomic molecules such as OCS, O" and
S?* ions cannot be distinguished based on their mass-to-charge ratio (and thus TOF).
However, when momentum-conservation conditions are applied to filter coincidence events,
this ambiguity is reduced: in the case of a single ionization event per FEL pulse, only one
oxygen ion and one sulfur ion can be produced. Therefore, to suppress random coincidences,
a momentum-sum condition was applied in all three spatial directions. The resulting three-
dimensional momentum-sum distribution for the CO™ 4+ O coincidence channel is shown
in Fig. 3.11 to illustrate the procedure.

Merging with FLASH Data

The FLASH DAQ system records FEL and laser parameters on a shot-to-shot basis, required,
for example, for time-dependent normalization of ion yields. The FLASH DAQ and REMI
DAQ datasets are merged using their common event identifiers called “TrainID”. The
resulting merged dataset contains, for each Train ID, the complete set of relevant FLASH
parameters together with the corresponding REMI observables from the Acqiris, unpack,
and calc stages. In particular, the FLASH DAQ parameters used in this work include the
FEL pulse energy, pump—probe laser pulse energy, the delay between the pump—probe laser
and the FEL, and timing diagnostics from the bunch arrival-time monitor (BAM) and Laser
arrival monitor (LAM).
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Figure 3.11: Momentum-sum spectra of the coincidence channel CO*/O" obtained from
the CO, data set. Panels (a)—(c) show the summed momentum components along the z, v,
and z directions, respectively. Panel (d) displays the PiPiCo histogram after applying the
two-dimensional momentum-sum condition used to isolate the coincidence line.
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3.4 CAMP End-Station

The UV-induced fragmentation experiments of 1-butanethiol (see Chapter 7) were conducted
at the CFEL ASG Multi-Purpose (CAMP) end-station [88], located at the FLASH1 beamline
FL12, formerly known as BLL1. The CAMP end-station is a versatile instrument that enables
a range of experimental techniques, including coherent diffraction imaging and electron-ion
spectroscopy [89]. These experiments are often executed in a pump-probe scheme that
combines FEL pulses with a synchronized pump-probe laser [90].

3.4.1 Layout of the Experimental Hall

Fig. 3.12 illustrates the schematic layout of the FLASH1 hall and BL1 beamline. At FLASH,
electron bunches are distributed between the two experimental halls FLASH1 and FLASH2,
via a kicker system [91]. FLASH1 employs a fixed-gap undulator. This BL1 beamline has a
split-and-delay mirror unit (SDU) for XUV-pump/XUV-probe experiments [92].
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Figure 3.12: Schematic layout of the FLASH1 facility and the CAMP end-station. The
upper panel shows an overview of the FLASH1 experimental hall and the BL1 beamline.
The lower panel illustrates the optical pump—probe laser system used in the experiment.
The electron beam passes through a fixed-gap undulator to generate FEL pulses, which
are transported to the CAMP end-station via a series of beamline mirrors. Diagnostic
instruments, including the GMD,BAM, and variable-line-spacing (VLS) spectrometer, are
positioned along the beamline. An optional delay stage and split-and-delay (SDU) unit
enables FEL-pump/FEL-probe experiments. The FEL beam is focused onto the interaction
region using Kirkpatrick-Baez (KB) mirrors. The Ti:sapphire-based FLASH1 laser system
includes synchronization, harmonic generation, and beam diagnostics. The optical pump—
probe laser beam is transported through evacuated beamlines to the CAMP end-station. At
the end station, the laser pulses are compressed, frequency-converted to the second, third,
and fourth harmonics, and characterized using diagnostic tools. The system also enables
two-color pump—probe experiments using only optical laser pulses.

CAMP end-station
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3.4.2 FLASH1 Optical Laser System

Two laser systems are located in the FLASH1 experimental hall: one is used for pump-probe
experiments at BL1 (CAMP endstation) and BL3, and the other is used for the PG1 and
PG2 beamlines. For the BL1 and BL3 endstations, the laser system based on Ti-Sapphire
technology delivers a central wavelength of 800 nm (up to 10 mJ, 50 fs FWHM) and a
repetition rate of 10 Hz. Second-, third-, and fourth-harmonic pulses at 400 nm, 267 nm,
and 200 nm can be generated near the end station.

The Fig. 3.12 shows an overview of the FLASH1 Pump-probe laser system. The Ti:Sa
oscillator is locked to the FEL accelerator’s master oscillator clock. A balanced cross-
correlator is installed to stabilize timing and measure the oscillator’s arrival time. A detailed
explanation is provided in the Chapter. 4. The laser beam from the Ti:Sa oscillator is
directed to the high-power amplifier (HIDRA), which operates at a 10 Hz repetition rate
and delivers a pulse energy of up to 10 mJ after amplification.

The FLASH1 laser system is located in a separate climate-controlled laser hutch in
the FLASH1 experimental hall. Under vacuum conditions, the laser beam is transported
from the hutch to the BL1 end station. Near the end station, an optical table is used to
diagnose the laser and guide it to the coupling window, where the beam is sent to the CAMP
end-station.

For the pump-probe experiment, synchronization between the FEL and IR pulses from
different sources is not possible. The synchronization of FEL and PP laser is discussed in
the timing chapter.

3.4.3 Molecular Source

The 1-butanethiol sample is a liquid at ambient conditions with a vapor pressure of 61 hPa
at 25 °C. Its boiling point ranges between 97 and 99 °C. To conduct gas-phase experiments,
the sample was vaporized. This was achieved by placing the sample in a bubbler and heating
it to an elevated temperature, achieving the necessary vapor pressure for phase transition. A
continuous supersonic jet was used to deliver molecules in the experiment. The supersonic
expansion was achieved using helium as the carrier gas, enabling rapid cooling and sample
expansion. This molecular gas jet source is elaborated in Subsection 3.3.2. The molecular
beam setup at REMI and CAMP is very similar

3.4.4 Electron and Ion Spectrometer

The molecular beam is aligned perpendicular to both the FEL and optical laser beams
within the interaction region. This geometry is illustrated in Fig. 3.13, which shows a
schematic of the CAMP double-sided VMI spectrometer. In the present configuration, the
optical laser beam intersects the FEL beam at a small angle of approximately 1.5°.

Upon interaction with the laser and FEL pulses, the molecules undergo ionization and
fragmentation, leading to electron emission and the formation of ionic fragments. An
electrostatic extraction field accelerates these charged particles in opposite directions toward
their respective detectors. The spectrometer electrodes are configured to satisfy velocity-
focusing conditions, such that particles with identical initial velocity vectors are mapped
to the same detector positions, largely independent of their initial spatial coordinates.
This arrangement enables simultaneous measurement of the kinetic energy and angular
distributions of both electrons and ions.

The detection system consists of MCP detectors coupled to phosphor screens and CCD
cameras. Electrons and ions are detected on separate detector assemblies positioned at the
bottom and top of the spectrometer, respectively. The total current signal from the MCP is
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Figure 3.13: Schematic of the double-sided VMI spectrometer. The experimental setup
involves supersonic expansion of the molecular sample, which is cooled to low temperatures
to reduce thermal motion. This sample interacts perpendicularly with the FEL beam and
the pump-probe laser beam. The experiment employs a double-sided VMI configuration to
detect electrons and ions simultaneously. The charged particles are guided to the respective
top (ion) and bottom (electron) detectors, each comprising a MCP, a phosphor screen, and
a CCD camera to image the phosphor screen from outside the vacuum.

digitized using a 2 GHz analog-to-digital converter (ADQ2AC-4GMTCA). The arrival times
of the ions are recorded and used to obtain TOF-MS.

3.4.5 Velocity Map Imaging

The concept of velocity map imaging was first proposed by Chandler and Houston in 1987
[93], and was subsequently refined by Eppink and Parker [94]. Fig. 3.13 shows a VMI
spectrometer imaging the velocity distributions of ions or electrons, making it a powerful
technique for investigating the structure and dynamics of atoms, molecules, and clusters.
In VMI experiments, ionization and fragmentation processes generate charged particles
in a localized interaction region, which are guided toward a position-sensitive detector by
electrostatic fields.

The integration of electrostatic imaging optics with TOF-MS enables simultaneous
measurement of the kinetic energy and angular distribution of ions and electrons. This
capability allows discrimination and quantitative analysis of ions with identical mass-to-
charge ratios. Advanced configurations, such as double-sided VMI spectrometers, further
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enable simultaneous detection of electrons and ions, facilitating coincidence and correlation
measurements.

Fig. 3.14 shows a conventional single-sided VMI spectrometer consisting of parallel
electrodes: a repeller, an extractor, a lens, and a ground electrode. Charged particles
are created in the interaction region between the repeller and extractor plates and are
subsequently accelerated toward the detector by the electrostatic lens field. The electrode
voltages are adjusted to satisfy velocity-focusing conditions, such that particles with identical
initial velocity vectors are mapped to the same detector positions, largely independent of
their initial spatial coordinates.

The electrostatic lens system projects the three-dimensional velocity distribution of
the particles onto a two-dimensional detector plane. Consequently, the recorded image
represents a two-dimensional projection of the three-dimensional velocity space. Assuming
cylindrical symmetry about the laser polarization axis, the original three-dimensional velocity
distribution can be reconstructed from this projection using inverse Abel transformation
techniques.

Repeller Extractor Lens Ground
Laser 3D Newton Sphere

Gas

_ _ Drift region 2D projection on detector
Interaction region

Figure 3.14: Schematic of the VMI spectrometer and the VMI image formation principle.
The interaction of the molecular beam (green) with the laser and FEL pulse produces a
three-dimensional Newton sphere of ions or electrons. The electrostatic lens system maps
the three-dimensional velocity distribution onto a two-dimensional detector plane under
velocity-focusing conditions. Particles possessing identical initial velocity vectors are focused
to the same position on the detector, largely independent of their initial spatial coordinates
within the interaction volume.

3.4.6 Abel Inversion

In VMI experiments, the detector records a two-dimensional projection of the three-
dimensional velocity distribution of charged particles (Fig. 3.15(a). The VMI spectrometer
axis is aligned with the laboratory z-axis, while the detector lies in the (z,y) plane. As-
suming cylindrical symmetry about the spectrometer axis, the three-dimensional velocity
distribution depends only on the radial coordinate.

p=r?+y?+ 22 (3.28)

The measured image intensity I(z,y) = I(r), with r = /22 + y2, corresponds to the
projection of the three-dimensional distribution along the z-axis,
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() :/+OOF<\/W) dz. (3.29)

—00

This expression can be written in the form of the Abel transform,

I(r) =2 / N \/”% dp. (3.30)

The three-dimensional velocity distribution is recovered wvia the inverse Abel transform
(95, 96] (Fig. 3.15Db).

F(p) :—1/oo dr(r) dr_ . (3.31)

pBASEX Method for Abel Inversion

Although the inverse Abel transform provides an exact analytical solution for reconstructing
the original radial distribution f(p) from the projection I(r), its direct numerical imple-
mentation is highly sensitive to experimental noise. This sensitivity arises primarily from
the presence of the derivative term and the square-root singularity at y = r. To overcome
these limitations, several stable numerical algorithms have been developed for practical Abel
inversion. In this work, the pPBASEX (polar basis set expansion) method was employed for
all Abel inversion procedures due to its numerical stability and robustness against noise [97].
Fig. 3.15 shows how the VMI image is processed for recorded pump—probe delays.

The pBASEX method is an extension of the BASEX algorithm, specifically optimized for
velocity-map imaging data expressed in polar coordinates. In this approach, the measured
projection F'(y, 0) is expanded in a set of analytical basis functions and Legendre polynomials:

F(y,0) = an Bu(y) P(cos), (3.32)

n,l

where B, (y) are radial basis functions, P;(cos#) are Legendre polynomials describing the
angular dependence, and a,,; are expansion coefficients determined through a least-squares
fitting procedure.

Because the Abel transform of each basis function B,,(y) is known analytically, the original
three-dimensional distribution can be reconstructed without numerical differentiation. The
reconstructed radial distribution f(r,#) is obtained as

F(r,0) = i bu(r) P(cos ), (3.33)

where b, (r) are the inverse-Abel-transformed radial basis functions.

This basis-set expansion approach significantly reduces noise amplification and provides
a numerically stable reconstruction of both radial and angular distributions.
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Implementation of the pBASEX Method

Several steps are taken to implement the pBASEX method.

Image preprocessing Raw CCD images contain contributions from electronic offsets,
scattered light, and detector background. Therefore, each image was first background-
corrected by applying a Gaussian blur to remove the background. Residual hot pixels and
low-intensity background contributions were removed using threshold-based filtering. These
steps improved the signal-to-noise ratio while preserving the image features relevant to
quantitative inversion.

(a) Raw VMI Image \ (b) Abel Inversion
800 .

5 600 —

L [}

X X

2 2

> 400 2 &

200

400 600 400 600
X (pixels) X (pixels)

Avg. image per

1ps delay bin An
) Delay-Dependent PES w00 é ,\/

175 = —— Q N

150 —_ 200 Q o

ooooo

]
J

5
S

Analysis R

8000

§ £ 4000
s —
g -600 2000
3
0+ -800
5.0 55 6.0 .
PP-Delay (ps)

Figure 3.15: The top panel shows a raw VMI image and its corresponding Abel-inverted
image from the 1-butanethiol dataset. The bottom panel illustrates the processing steps
for VMI images acquired in a pump—probe scheme. Images are first binned by delay stage,
and an average image is computed for each delay bin. Abel inversion is then applied, after
which the kinetic (or binding) energy distributions are extracted for each delay. These
data are collected and visualized as two-dimensional histograms and one-dimensional energy
distributions for each delay.
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Delay binning and averaging For pump-probe measurements, individual images were
recorded as a function of the pump—probe delay. The images were grouped into discrete delay
bins according to the experimental timing resolution. For each delay bin, all images were
averaged to yield a single representative image, thereby reducing statistical fluctuations and
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improving the robustness of the subsequent Abel inversion. The resulting set of delay-binned,
averaged images served as input to the pBASEX analysis.

Basis-function definition and reconstruction parameters Prior to the inversion, a
precomputed pBASEX basis set was loaded from an HDF5 file. The basis set is characterized
by the maximum image radius and the truncation parameters used in the basis expansion
(e.g., the number of radial basis functions and the maximum Legendre order). In the present
analysis, a basis set corresponding to a maximum radius of R = 480 pixels and a maximum
angular order of [, = 4 was used. The reconstruction further requires defining the image
center (g, o), selecting a quadrant for symmetry averaging, and specifying a regularization
parameter « that balances numerical stability and spatial resolution.

Centering, quadrant folding, and resizing Accurate image centering is essential
because the image center corresponds to zero transverse velocity. The center coordinates
(20, yo) were determined and kept fixed throughout the analysis to ensure consistency between
delay bins. Assuming cylindrical symmetry about the laser polarization axis, quadrant
folding was applied using all four quadrants. The folded images were then resized to a fixed
radius of R = 480 pixels to match the dimensionality of the selected basis set.

pBASEX inversion and extraction of observables For each delay bin, the algorithm
returned the reconstructed inverse-Abel image, the fitted projection, and the corresponding
radial intensity distribution. The radial coordinate was converted into kinetic energy using
a calibration constant determined from helium photoelectron reference spectra.

Overall, the combination of background correction, delay binning and averaging, symme-
try enforcement via quadrant folding, and stable pPBASEX inversion enabled reproducible,
quantitatively reliable reconstruction of energy- and angle-resolved distributions from the
measured VMI data.



Chapter 4

Achieving Sub-50fs Temporal
Resolution at FLASH2

Observing and controlling matter on its intrinsic timescale represents a central goal of ultra-
fast science. Fundamental processes in physics, chemistry, and biology, including electronic
rearrangement, charge migration, and nonadiabatic relaxation, occur on femtoseconds or
attoseconds timescales [9]. In a typical pump-probe experiment, a pump pulse excites the
system and initiates a dynamical process, while a second time-delayed probe pulse probes
the transient atomic or molecular state. By scanning the relative delay between the pulses
and recording observables such as ion yields, photoelectron spectra, or transient absorption
spectra [99], the temporal evolution of the underlying processes can be reconstructed.

The most challenging aspect of FEL pump-probe experiments is the precise synchro-
nization of the FEL and the external pump-probe laser. In conventional tabletop ultrafast
laser pump-probe experiments, pump and probe pulses originate from the same oscillator or
amplifier system and are transported over short distances. Even in these compact setups,
beam transport can introduce timing jitter or slow drift due to mechanical vibrations,
pointing instability, and environmental fluctuations. However, at large-scale facilities such
as FLASH, synchronization challenges are substantially greater.

The external femtosecond pump-probe laser system must be synchronized with the
accelerator-generated XUV pulse, which extends over 100 meters [100]. Long-distance
transport of laser pulses along the beam path, uncommon in FEL facilities, increases
sensitivity to temperature fluctuations, humidity, air-pressure changes, and mechanical
vibrations. Since pump-probe experiments often involve data acquisition over extended
periods, maintaining stable temporal overlap over timescales of several days is essential.

Various FEL facilities worldwide have thus implemented multiple strategies to achieve
accurate control of the relative timing between FEL and external laser, employing dedicated
diagnostics and feedback systems. For instance, the European EuXFEL has demonstrated
sub-20 fs temporal precision in short-pulse operation during soft X-ray photoelectron
spectroscopy experiments [101]. At the LCLS, temporal resolutions in the approximately 30 fs
regime have been achieved [102], while typical optical-laser/X-ray pump-probe experiments
report resolutions around 60 fs (full width at half maximum (FWHM)) [103]. The externally
seeded FEL facility FERMI [104] provides X-ray pulses with timing jitter below 5 fs [105]
relative to the optical laser; however, the overall experimental temporal resolution remains
on the order of 100 fs (FWHM) [106, 107], primarily limited by pulse durations rather than
residual jitter or drift. These cases demonstrate that achievable time resolution is strongly
dependent on facility configuration and experimental conditions.

This chapter is based on work published in Optics Express; see Ref. [98]. The author of this thesis is a
co-first author on the published work with Atia-Tul-Noor and was involved in the experiment, data analysis,
and manuscript preparation.
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At the FLASH2 FEL beamlines, temporal resolution in two-color pump-probe ex-
periments has historically been limited to approximately 150-300 fs (FWHM), which is
substantially larger than the jitter and cross-correlation time of the two pulses [108-110].
This observation suggests that residual jitter and long-term drift are the primary factors
limiting effective time resolution achieved in the experiment. Enhancing synchronization
performance is therefore crucial for fully utilizing the capabilities of FEL-based ultrafast
spectroscopy at FLASH.

This chapter presents a detailed investigation of FLASH timing information and the
achievable temporal resolution at the FLASH2 beamline FL.26. An optical LAM is im-
plemented to actively compensate for slow drifts in the pump-probe laser arrival time
using a feedback loop, while simultaneously measuring the timing jitter of each laser pulse.
Additionally, the timing jitter of the FEL and the optical laser is independently measured
using the BAM and LAM, respectively, and employed to correct the relative arrival time of
the two pulses [108, 111], resulting in an effective temporal resolution below 50 fs (FWHM)
in a benchmark xenon photoionization measurement.

4.1 Experimental Setup

The experiments presented in this chapter were performed at the FLASH using the REMI
end-station at the FL.26 beamline [71, 112]. A detailed description of the FLASH facility,
its operation in SASE mode, and the REMI setup is given in Chapter 3. Here, only aspects
relevant to the pump-probe configuration are summarized, with emphasis on the FLASH
timing and the LAM system used to measure and stabilize the laser timing jitter.

FLASH is a 315 m long FEL facility delivering intense femtosecond pulses in the XUV
and soft X-ray range [51, 113]. The measurements were carried out at FLASH2 [114], which
offers variable-gap undulators that enable wavelength tuning within a limited range for a
given electron-beam energy. For the data presented here, the accelerator was tuned to an
electron-beam energy of 925 MeV, and the undulator was configured to generate XUV pulses
at a photon energy of 160 eV (7.7 nm). The pulse energy shows significant shot-to-shot
fluctuations, with an average of approximately 2.5 pJ in the interaction region. From
the statistical fluctuations of the FEL pulse energy and the accelerator settings, the pulse
duration is estimated to be (20 £ 10) fs (FWHM), corresponding to only a few temporal
modes [115-117]. An overview of the FLASH facility, including the timing and diagnostics
infrastructure and the delivery of the external pump-probe laser to the experimental end
station, is shown in Fig. 4.1.

FLASH operates in burst mode at 10 Hz. Each burst consists of an 800 us RF pulse
during which a train of electron bunches generates FEL radiation in the undulators. The
bunch trains for FLASH1 and FLASH2 are separated downstream of the last accelerating
module by a kicker-septum system, with a gap of 50 us (sometimes 70 us) to accommodate
the kicker rise time and the transition of the RF system. Up to 800 FEL pulses can be
produced within a burst with intra-burst repetition rates of up to 1 MHz [118]. In the present
experiment, the FLASH2 FEL was operated at 100 kHz, corresponding to a bunch spacing
of 10 ps. The macropulse structure is illustrated in Fig. 4.2. For the measurements, 45 FEL
pulses were synchronized with 77 NIR laser pulses. The first 45 pulses overlapped with the
FEL for FEL-NIR pump-probe measurements, while the remaining pulses, containing only
the NIR pulses, served as references.

The presented pump-probe experiments employed a wavelength-tunable optical para-
metric chirped-pulse amplification (OPCPA)-based NIR laser system synchronized to the
FEL burst pattern [119, 120]. The oscillator output is amplified by ytterbium-based fiber
pre-amplifiers and a high-power chirped-pulse amplification (CPA) stage, which pumps a



Chapter 4. Achieving Sub-50 fs Temporal Resolution at FLASH2

47

MO \/ \
J X r.—l Y 1 y > LaserLab €
INJL BAM
B seeen  EREzmooam .
Gun ||Accelerating module Undulators FEL-XUV -

Laser Lab FEL-XUV A /A
MOD2.6 NIR| | Sample
> Oscillator Amplifiers - ) T REMI
|FB 1 l Compression Control In-Coupling
Il
b BCC 1 ; Box
ry I FB 2 Focusing
I
Dol | - SRR o0 DN Dolay 2 R
\\@\ Beam
MLO Diagnostics

/

Figure 4.1: Schematic layout of the FLASH facility and the FLASH2 experimental hall.
The laser laboratory is indicated in light yellow, and the MOD2.6 in yellow (the bottom
section shown enlarged). The RF main oscillator (MO) provides the reference timing signals
for the gun and the accelerator of FLASH, as well as for the master laser oscillator (MLO).
BAMs are installed at timing-critical locations along the linear accelerator to measure the
arrival time of the electron bunches and provide feedback for stabilizing their timing relative
to the optical reference. The balanced cross-correlatorss (BCCs) are important components
of the synchronization system, enabling synchronization of the pump—probe laser with the
MLO. In particular, the LAM, which is based on a BCC, compensates timing drifts arising
during laser amplification and transport. The pump—probe laser system is located in the
laser laboratory within the experimental hall and is transported through

multi-stage OPCPA seeded by a supercontinuum source. The system delivers wavelength-
tunable femtosecond pulses with durations below 15 fs.

The pump-probe laser system is located in an environmentally stabilized laser hutch
within the FLASH2 experimental hall. From there, the laser beam is transported to the
MOD2.6 next to the REMI endstation at beamline FL.26 via an approximately 40 m long
vacuum beamline. While the laser laboratory provides relatively stable environmental
conditions, with typical temperature fluctuations of about +0.1 K and relative humidity
variations of about 5%, the larger hall where the end stations are located experiences
larger fluctuations of approximately +0.5 K and +10% relative humidity over the course of
a week.

After laser pulse compression, the NIR pulses pass through several diagnostic sections
and dispersive glass wedges to control pulse duration. The laser beam is transported from
MOD2.6 to the in-coupling box located near the REMI end station. In the in-coupling box,
the NIR beam is focused by two spherical mirrors, and a photodiode measures the laser
pulse energy and the far-field focus. The NIR and XUV beams are then combined through
the in-coupling window of the REMI spectrometer. The laser beam is coupled into the
vacuum chamber through a 3.5 mm-thick BK7 window and overlapped with the FEL beam
using a mirror with a central aperture that enables collinear propagation of the FEL and
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Figure 4.2: Timing structure of the FLASH RF pulse showing RF filling, bunch trains for
FLASH1 and FLASH2, kicker rise and fall for beam switching, and RF emptying within
the 10 Hz cycle. In this experiment, 45 FEL pulses overlapped with NIR laser pulses for

pump-probe measurements, while the remaining laser pulses served as references without
FEL overlap.

NIR beams. In the present experiment, the NIR laser operated at a central wavelength of
800 nm with a pulse duration of 18 fs (FWHM), a pulse energy of 110 uJ, and a focal spot
size of approximately 50 pm.

The sample is introduced via supersonic expansion in a continuous gas jet[112]. The gas
beam propagates perpendicular to both the XUV and NIR laser beams and intersects them
in the interaction region at the center of the REMI spectrometer. The generated ions are
extracted by a homogeneous electric field and directed onto a time- and position-sensitive
detector. A detailed description of the gas jet source and the REMI spectrometer is provided
in section 3.3.

4.1.1 FLASH Timing Infrastructure

Precise synchronization between the FEL and the external laser is important for high-time-
resolution pump-probe experiments at FLASH. To achieve femtosecond-level timing stability
across the entire facility, FLASH employs a hierarchical timing architecture that combines an
RF system with an optical synchronization network and dedicated arrival-time diagnostics
for the FEL and laser. This section describes the main components of the FLASH timing
system and their roles in maintaining the temporal stability at the experimental end station.

FLASH timing infrastructure is based on the RF MO, which provides the master reference
for accelerator subsystems, including the electron gun and superconducting accelerator
modules. While RF synchronization is sufficient for accelerator operation, femtosecond
pump-probe experiments require significantly higher timing precision. For this purpose, an
optical MLO serves as a very stable optical reference clock.

The MLO generates trains of 200-fs ultrashort pulses at 217 MHz at 1550 nm, distributed
throughout the facility via actively stabilized optical fiber links. The fiber links are designed
to suppress path-length fluctuations caused by environmental changes, such as temperature
variations and mechanical vibrations. As a result, the arrival time of the optical reference
pulse is stabilized to the femtosecond level over long distances. All timing-critical subsystems,
including the electron-bunch arrival time and the external pump-probe lasers, are referenced
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to this common optical clock, thereby ensuring a unified timing network.

Several diagnostics are used to monitor and stabilize the timing of the accelerator and
external lasers relative to the optical reference. BAMs installed at timing-critical sections of
the accelerator measures the electron bunch arrival time and provides feedback to stabilize
their timing relative to the MLO. In addition, BCCs are used to synchronize the external
pump-probe laser oscillator to the optical timing network. BCC is explained in the Appendix
Section A. A LAM, also based on a BCC, is installed close to the experimental end station
to measure and compensate timing drifts arising from laser amplification and transport
discussed in the following section.

Bunch Arrival Monitors

The BAM is an important diagnostic system for measuring the arrival time of electron bunches
relative to an optical reference clock and thus plays an important role in synchronizing FEL
pulses with external pump-probe laser systems or stabilizing the FEL. The arrival time of
the electron bunches, and thus of the FEL pulses, is measured on a shot-to-shot basis using
BAM.

The BAM operates via electro-optic sampling of the transient electric field generated
by a passing electron bunch. This timing signal is referenced to the MLO, providing
femtosecond-level arrival-time precision. BAMSs are installed at timing-critical sections
along the accelerator and integrated into longitudinal feedback systems to stabilize electron-
bunch timing during FEL operation. Details can be found in [121, 122]. In pump—probe
experiments, the recorded BAM data enable post-analysis correction of fast shot-to-shot
timing jitter, thereby improving the effective temporal resolution.

4.1.2 Laser Arrival Monitor

To compensate for timing drifts of the pump-probe laser, a LAM is installed at MOD2.6
near the REMI end station. As illustrated in Fig. 4.3, the LAM utilizes a BCC to measure
the relative timing between the pump—probe laser pulses and the optical reference from
the MLO. A small fraction of the compressed NIR beam is sampled and spatially and
temporally overlapped with the reference pulses in a nonlinear beta-barium borate (BBO)
crystal, generating a sum frequency generation (SFG) signal. The signals from the two
passes through the BBO crystal are detected by a balanced photodiode pair (PD1 and PD2),
and the difference between their outputs yields a differential error signal proportional to the
timing offset between the laser pulses and the reference.

The feedback actuator consists of a temperature-controlled fiber section of approximately
30 m and an additional 5 m polarization-maintaining single-mode fiber that serves as the
actuator in the optical path. Adjusting the fiber temperature changes the optical path
length through thermal expansion and the thermo-optic effect, thereby shifting the arrival
time of the laser pulses. This configuration enables continuous tuning of the laser timing
with a coefficient of approximately 330 fs/K, providing a delay adjustment range of several
picoseconds with sub-femtosecond resolution.

The error signal from the LAM is used in an active feedback loop (FB2) to compensate
for timing drifts and slow timing fluctuations of the pump—probe laser. Based on the LAM
error signal, the arrival time of the laser pulses is stabilized by adjusting the optical path
length between the oscillator and the laser amplifier using the temperature-controlled fiber
actuator.

For FEL-laser pump—probe experiments, both stable and precisely controllable laser
arrival times relative to the FEL pulses are required. The arrival time of the laser pulses
can be scanned by delaying the LAM reference using Delay 2, while the FB2 feedback loop
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Figure 4.3: Schematic of the laser setup at MOD2.6. The laser beam is transported from
the laser hutch to MOD2.6 via a vacuum beam transport pipe. The NIR laser (red) is
stabilized for pointing and compressed using a double-chirped mirror (DCM) compressor. A
small fraction of the beam is directed to the LAM, while the main beam passes through
control and diagnostic stages before reaching the experimental end station. In the LAM, the
laser pulses are combined with the MLO reference (blue) and focused into a BBO crystal to
generate SFG. Temporal overlap is adjusted using Delay 2 in the reference beam path. After
the first pass through the crystal, the laser pulse is slightly delayed relative to the reference,
and both beams are reflected for a second pass. The resulting SFG signals are detected by a
balanced photodiode pair (PD1 and PD2), from which the feedback signal (FB2) is derived.

adjusts the fiber temperature accordingly. This approach translates the reference delay into
a controlled shift of the pump—probe laser arrival time.

4.1.3 Active Drift Compensation

Figure 4.4 presents the performance of the LAM feedback over a 12-hour measurement
period. The dataset includes several experimental runs, during which the pump-probe delay
was scanned for approximately 7 hours. The gaps observed in Figure 4.4 (a) correspond to
interruptions in data acquisition between individual runs. The initial experimental run lasts
approximately 4 hours.

The actively stabilized laser arrival time, as measured with FB2 feedback, is depicted
in green and yellow. The feedback loop regulates the temperature of the fiber coil in FB2
to minimize the LAM error signal, which quantifies the relative timing difference between
the MLO reference and the pump-probe laser pulses. With active feedback, the in-loop
arrival-time stability reaches approximately 10 fs rms, and drifts averaged over five minutes
are reduced to below 1 fs rms (yellow trace).

To estimate the drift expected without active stabilization, the compensated drift is
reconstructed from the temperature changes applied to the fiber actuator (blue curve).
This analysis indicates that, without feedback, the laser arrival time would drift by up to
approximately 500 fs peak-to-peak over the 12-hour measurement period. After subtracting
a five-minute rolling average, the residual jitter of the reconstructed drift is approximately
21 fs rms (red trace).
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Figure 4.4: In-loop drift measurement of the LAM with internal feedback (FB2) over 12
hours. The mean arrival time values for each burst, recorded at a repetition rate of 10 Hz,
are shown in green, while the yellow curve represents the five-minute rolling average. The
blue trace shows the compensated drift, obtained by converting the applied fiber temperature
changes into timing shifts. The measurement indicates a peak-to-peak drift of approximately
500 fs over the 12-hour period. (b) Measured delay stage position (black) and corresponding
fiber temperature (red) over approximately four hours of laser operation, corresponding
to the period labeled “one run” in panel (a). The scan range is 1 ps with a step size of
30 fs. The laser arrival time is scanned by delaying the LAM reference via FB2, thereby
shifting the pump—probe laser arrival time through corresponding adjustments to the fiber
temperature.

The oscillatory behavior observed in the timing drift likely results from independent
feedback loops within the laser system and from thermal relaxation of the temperature-
controlled fiber actuator. Additionally, environmental variations along the extended beam
transport path to the experimental end station can accumulate over time and contribute to
the observed timing drifts. Active LAM feedback is therefore essential for compensating
these effects.

Fig. 4.4 (b) shows the effect of a delay scan on the relative arrival time during a single
experimental run lasting approximately 4 hours. The LAM timing reference is shifted by
Delay 2 (black curve), while the pump-probe laser arrival time follows this shift via FB2
feedback, adjusting the fiber temperature (red curve). The small difference between the two
traces arises from the simultaneous compensation of slow timing drifts.

The delay scan spans 1 ps with a step size of 30 fs. Because the FB2 feedback responds
without significant delay, the delay scan does not noticeably affect the in-loop jitter or drift
shown in Figure 3(a). The pump-probe laser arrival time reliably tracks the LAM reference
throughout the scan, demonstrating that the FB2 feedback and the temperature-controlled
fiber actuator are effective for both drift stabilization and controlled-delay scans in typical
user experiments.
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4.2 Results

The performance of the implemented LAM stabilization scheme was evaluated using a
pump-probe experiment on xenon. Laser-assisted xenon X-ray photoionization [123] provides
a reliable method for quantifying the temporal resolution. Xenon is particularly well-suited
for this purpose because its well-characterized photoionization dynamics and subsequent
AM decay produce a clear temporal response. This allows precise determination of the
temporal overlap between the FEL and optical laser pulses, providing a direct measure of
the effective time resolution.

In this experiment, XUV pulses from the FEL with photon energies at 160 eV act as the
pump. Photoionization of the 4d and 4p shells generates a core hole that relaxes within a
few femtoseconds via AM decay, resulting in Xe?* ions and a range of excited intermediate
states [124]. Several of these states lie below the Xe3" ionization threshold and exhibit
lifetimes ranging from a few femtoseconds to several hundred picoseconds [125, 126]. A
detailed discussion of xenon photoionization at this photon energy is provided in Chapter 5.

A delayed NIR probe pulse can further ionize these intermediate states, resulting in
higher final charge states. Consequently, the Xe?* yield decreases when the probe arrives
after the pump pulse. Measuring the Xe?* ion yield as a function of the XUV-NIR delay
therefore provides a direct probe of the temporal response of the pump—probe interaction.
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Figure 4.5: Xe?" ion yield as a function of the delay between the XUV pump and the NIR
probe. The curves are fitted with step functions convolved with a Gaussian to account
for pulse duration and timing jitter. Without feedback, the intrinsic timing stability at
FLASH2 yields a width of 130 fs FWHM (blue). Shot-to-shot timing correction using the
BAM reduces this to 104 fs FWHM (green). With additional optical laser stabilization via
LAM feedback, the width decreases to 46 £ 5 fs FWHM (black).

The data points shown in Fig. 4.5 correspond to Xe?* yields averaged over 10 fs delay
bins, with error bars representing the standard error of the mean. The corrected delays were
grouped into 10 fs intervals and normalized by the number of shots per bin. To evaluate the
impact of timing corrections, three delay definitions were compared: (i) the raw delay-stage
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position, (ii) delays corrected shot-by-shot using the BAM, and (iii) delays corrected using
the BAM with additional active stabilization of the laser with laser jitter.

For this measurement, the delay stage was scanned bidirectionally over a range of
approximately £0.5 ps. The delay was incremented in 30 fs steps, with data collected
for 30 s at each position, resulting in a total acquisition time of approximately 1 h. Ion
signals from the REMI DAQ were combined with FEL machine parameters from the FLASH
control system, including LAM, BAM, FEL pulse energy (GMD), fiber temperature, and
the raw pump-probe delay. The datasets were synchronized on a shot-by-shot basis during
post-processing (see Section 3.3.5).

To remove unstable FEL and laser conditions, events were filtered by selecting the central
regions of the LAM and FEL energy distributions (Fig. 4.6). This procedure suppresses
outliers and ensures that only shots recorded under stable FEL and laser conditions are
included in the analysis.
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Figure 4.6: Event selection based on laser timing and FEL pulse energy. (a) Distribution of
the laser arrival monitor (LAM) timing jitter. (b) Distribution of the FEL pulse energy.
The red shaded regions indicate the selection windows used in the data analysis.

The delay-dependent signal was fitted using an error function of the form

t— 1o
f(t) a+b[1+erf<\/§a)}, (4.1)
where a and b represent the baseline and amplitude, respectively, ¢, denotes the temporal
overlap between the pulses, and o corresponds to the standard deviation of the Gaussian
instrument response. The extracted temporal width reflects the convolution of the temporal
profiles of the XUV and NIR pulses, as well as residual timing jitter and slow temporal
drifts in the experimental setup. A more detailed description of the fitting procedure is
provided in Section 2.3.1.

Without timing correction, the fitted width is (130£17) fs FWHM (blue curve). Applying
shot-to-shot BAM timing correction reduces the width to (104 +9) fs FWHM (green curve).
When both BAM correction and active LAM feedback stabilization are applied, the width
further decreases to (46 +5) fs FWHM (black curve), corresponding to an approximately
two-fold improvement in temporal resolution.

To understand the achieved temporal resolution and its remaining limitations, the known
sources of timing jitter and drift are considered. In this context, jitter refers to short-term
fluctuations in pulse arrival time on a shot-to-shot basis, whereas drift describes slower



54 4.2 Results

variations on timescales of minutes to hours. By averaging the experimental data over
individual pulse trains, long-term drifts can be separated from the pulse-to-pulse jitter.

The electron bunch arrival time is measured on a shot-to-shot basis using the BAM. This
allows correction of the relative timing between the electron bunch and the MLO, leaving a
residual uncertainty determined by the BAM resolution of approximately ogay =~ 5 fs rms,
limited by measurement noise. In addition, intrinsic arrival time fluctuations associated
with the SASE process contribute an estimated jitter of ogasg &~ 3 fs rms at a wavelength
of 7 nm [127].

A dominant contribution to the temporal resolution originates from fluctuations in
the arrival time of the optical laser pulses. In the absence of stabilization, slow drifts of
several hundred femtoseconds can occur over timescales of minutes to hours, as illustrated in
Fig. 3(a). The implemented active LAM feedback compensates these slow variations within
the laser transport system, reducing drifts from approximately 500 fs peak-to-peak to about
1 fs peak-to-peak. Analysis of the LAM data indicates a residual pulse-to-pulse timing jitter
of approximately 10 fs rms, which is comparable to the intrinsic timing jitter of the laser
oscillator relative to the optical reference, opsc_mrLo & 6 fs rms. This observation suggests
that the amplification and transport stages of the optical laser mainly introduce slow timing
drifts while contributing negligibly to the overall timing jitter.

The optical reference distribution itself contributes only a minor timing uncertainty of
approximately ooptret &~ 1 fs rms [100]. Taking these contributions into account, the total
timing jitter after sorting the data using the BAM signal can be estimated as

_ 2 2 2 2
Ojitter = \/ T0ptRet T 7BaM T 95AsE T OLAM jitter: (4.2)

This results in an estimated total timing jitter of approximately 12 fs rms, corresponding
to about 29 fs FWHM.

The overall experimental temporal resolution is obtained by combining this timing jitter
with the durations of the XUV and NIR pulses. Assuming pulse durations of mxyyv &~
(20 + 10) fs FWHM and 7aser =~ (18 £ 10) fs FWHM, the effective temporal resolution can
be approximated by

— 2 2 2
Tresolution — \/TXUV + T peer T Oiitter- (43)

This yields a temporal resolution of approximately (40 4 12) fs FWHM), which is in good
agreement with the experimentally measured values within the given uncertainties.

Potential sources of residual timing drift and jitter of the laser may lie outside the active
feedback loop. In particular, approximately 4 m of the NIR beam path from the MOD2.6
(see Fig.4.1) to the interaction region remains outside the stabilization scheme. In addition,
mechanical vibrations of the optical component in the attached in-coupling box with the
REMI setup, for example, those induced by vacuum pumps, may contribute to residual
timing instabilities.

The length and temperature variations of the remaining 4 m beam path are monitored
during the experiment using an interferometer (SIOS SP 15000 NG, SIOS Messtechnik
GmbH) with sub-nanometer precision. The additional timing jitter introduced by this
section of the beam path was measured to be below 1 fs rms, while the drift observed during
the measurements presented here was approximately 6 fs peak-to-peak. A detailed analysis
is provided in Appendix B.2.
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4.3 Summary

An active feedback stabilization scheme based on drift correction using the LAM, which
measures laser timing jitter and compensates timing drifts, has been successfully implemented
and characterized. This scheme was first realized at the FLASH2 beamline FL26. Using
the LAM system, a benchmark two-color XUV-NIR pump-probe experiment on xenon
was performed, achieving a temporal resolution of 46 + 5 fs FWHM over an hour-long
measurement period. This performance was enabled by the combination of long-term drift
suppression via active feedback, shot-to-shot laser and FEL timing jitter. Prior to the
implementation of the LAM system, the effective time resolution at the FLASH2 beamlines
typically ranged from 150 to 300 fs FWHM, highlighting the substantial improvement
achieved.

The enhanced temporal resolution demonstrated in the FEL-NIR pump-probe experiment
significantly extends the range of ultrafast phenomena accessible at FLASH. It enables
real-time investigations of fundamental processes, including molecular vibrations, charge
migration [128], and short-lived transient excited states [125] that evolve on femtosecond
timescales. Furthermore, the LAM feedback loop maintains timing stability of approxi-
mately £30 fs over extended periods, enabling long data acquisition runs without frequent
realignment, timing-overlap scans, or experimental interruptions. This stability significantly
improves the efficiency and throughput of experimental data, particularly for complex or
statistically demanding measurements.

Further improvements in timing diagnostics are anticipated, particularly through the
installation of the LAM feedback loop closer to the interaction region. Such developments
are expected to further reduce residual timing errors and improve overall synchronization
performance. With these enhancements, achieving a temporal resolution below 10 fs appears
feasible, thereby opening access to an entirely new class of ultrafast dynamics for experimental
investigation.

Looking ahead, future developments at FLLASH include the implementation of seeded
FEL operation, which is expected to provide significantly improved temporal coherence
and stability compared to SASE operation. Seeded FLASH pulses offer enhanced control
over temporal pulse shape, reduced pulse duration, and lower timing jitter, enabling more
precise and reproducible pump-probe delay scans. Together, these advances position FLASH
as a leading platform for high-precision ultrafast science, facilitating studies of dynamical
processes spanning the femtoseconds-to-attoseconds regime.
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4.3 Summary




Chapter 5

Xenon Photoionization Dynamics in
the Vicinity of the 4d Giant
Resonance and Cooper Minimum

5.1 Introduction

Time-resolved X-ray spectroscopy can provide insights into the dynamics of electronic
structure and relaxation processes in atoms and molecules. A fundamental process that
governs many dynamical processes and thus motivates numerous studies is the creation and
decay of core holes. When atoms and molecules absorb high-energy photons, a core electron
is ejected, creating a highly excited ionic state (see Fig. 2.5). This excited, unstable state
rapidly relaxes, often via AM decay [130]. In this non-radiative process, outer-shell electrons
fill the core vacancy, releasing energy by emitting an AM electron. Probing the dynamics of
this core-hole creation and its subsequent decay on the timescale of a few femtoseconds is
essential for understanding electron correlation.

Xenon (Xe) serves as a benchmark atomic system for studying these ultrafast phenomena
in the XUV regime. Xe has complex multielectron dynamics, particularly in the 4d subshell,
with a pronounced maximum in its photoionization cross-section, well known as the “giant
resonance”. This resonance significantly enhances absorption and profoundly affects subse-
quent relaxation dynamics, making Xe an ideal candidate for theoretical models. Another
significant feature in Xe photoionization is the Cooper minimum near the photon energy
of 160 eV. At this energy, the photoionization cross-sections for the 4d and 4p subshells
become comparable. Studying Xe, especially around the Cooper minimum, thus provides
critical insights into the fundamental photoionization process.

A variety of experimental techniques have been employed to investigate the ionization
dynamics of xenon following inner-shell ionization, including multielectron coincidence
measurements [131], ion—electron coincidence spectroscopy [132], time-resolved multielectron
spectroscopy [133], and ion TOF spectroscopy [134], as well as measurements of charge-state
distributions and ion yields as a function of incident photon energy [135-138]. These studies
have provided valuable insight into the production probabilities of multiply charged ions
and the cascade pathways associated with AM decay.

Particular interest has focused on the formation and decay of double-core-hole states in
Xe, such as the 4d—2 configuration. These states may be produced through strongly correlated
electronic processes involving 4p orbitals [139] or through sequential AM decay following

This chapter is based on work published in Physical Review A; see Ref. [129]. Sonu Kumar, the author
of this thesis, is the first author of the publication and was involved in the experiment, data analysis, and
preparation of the manuscript.
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the formation of a 4s™! core hole [140]. Previous investigations employing multielectron—
ion coincidence spectroscopy have resolved several ionization pathways leading to these
configurations and have provided detailed insight into their formation mechanisms [141, 142].
However, experimental access to the temporal sequence and lifetimes of the intermediate
states involved in these decay cascades remains challenging due to their extremely short
lifetimes and the limited temporal resolution of earlier experimental approaches.

In this chapter, the AM decay dynamics of xenon following inner-shell ionization are
investigated using ion TOF spectroscopy in combination with XUV pump NIR probe
measurements. In the first part of this chapter, the relative ion yields of multiply charged
xenon ions are measured at two photon energies, 90 eV and 160 eV. The photon energy of
90 eV serves as a reference point due to the large photoabsorption cross section associated
with the well-known xenon giant resonance [143]. In contrast, 160 eV lies near the Cooper
minimum, where the photoionization cross sections of the 4d and 4p subshells are similar
[144]. A comparison of the resulting charge-state distributions provides insight into the
dominant decay pathways following inner-shell ionization.

In the second part of the chapter, time-resolved XUV pump-NIR probe measurements
are performed to investigate the temporal evolution of the intermediate states involved in
the AM decay cascade. By analyzing the delay-dependent ion yields, characteristic lifetimes
of transiently populated states can be extracted. These measurements provide further
insight into the relaxation dynamics of xenon following inner-shell ionization and allow
direct comparison with previously reported results obtained at similar photon energies for
90 eV [125, 145]. The results presented in this chapter, therefore, contribute to a deeper
understanding of correlated electron dynamics and ultrafast decay processes in atomic
systems.

5.2 Experimental Methods

The experiments were performed at the FLASH FEL facility using the REMI end-station at
the FL26 beamline during two separate beam times. A detailed description of the REMI
apparatus, the FLASH source, and the pump—probe configuration is provided in Chapter 3.
The two beam times were conducted at photon energies of 90 eV and 160 eV, respectively.
These photon energies were selected to investigate xenon photoionization dynamics in the
vicinity of the 4d giant resonance and the Cooper minimum.

A detailed description of the FEL and NIR laser pulse parameters is provided in the
Appendix A. The XUV SASE pulses had a duration of approximately (20 + 10) fs (FWHM)
and were synchronized with NIR laser pulses of wavelength centered at 800 nm with a duration
of (15+3) fs (FWHM). The corresponding average XUV pulse energies were about 1.5 uJ at
90 eV and 2 uJ at 160 eV, yielding peak intensities on the order of 10 W/cm?. The overall
temporal resolution of the experiment, determined from cross-correlation measurements (see
Chapter 4), was (46 £5) fs (FWHM).

The xenon dynamics were investigated using ion TOF-MS. Both beams were spatially
and temporally overlapped and focused onto a supersonic xenon gas jet located at the
center of the REMI spectrometer. The XUV focal spot size was approximately 25 pm
(FWHM), while the NIR focal spot size was about 50 ym (FWHM). Ions generated in the
interaction region were extracted by a homogeneous electric field and detected using a time-
and position-sensitive detector (see chapter section 3.3) for more details.
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5.2.1 Data Acquisition and Analysis

Xenon ions were detected using a delay-line REMI detector, which records the impact
position (z,y) and TOF for each detected ion in list-mode files. The experiments were
performed during two separate beam times, with consistent data analysis procedures applied
in both cases. Data acquisition and online monitoring were carried out using the Go4
software framework. A detailed description of the data acquisition system, including the
merging of REMI and FLASH DAQ data and the subsequent analysis, is provided in
subsection 3.3.5.

The data analysis was carried out in several stages. In the first stage, the detector
coordinates and the TOF offset were calibrated. In the second stage, background removal
was performed, and the calibrated, filtered data were merged with the FLASH DAQ for
further time-resolved analysis.

Background suppression was achieved by applying TOF-dependent filters to the detector
signals. Linear boundaries of the form y = mx + ¢ were used to constrain the valid region
in the X-position (jet direction), while constant limits y = +c¢ were applied along the
Y-direction (FEL direction) as shown in Fig. 5.1(a) and (b). These conditions define a
region of interest (ROI) for the ions and suppress background contributions from other ions
with similar TOF. The figure corresponds to data recorded at a photon energy of 160 eV;
the same filtering procedure was also applied to the 90 eV dataset.
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Figure 5.1: Filter applied to 2D histograms of detector position versus TOF. The red lines
indicate the selection boundaries used to define the region of interest (ROI): (a) filtering in
the X-direction and (b) filtering in the Y-direction. Only events within these boundaries
are retained for further analysis.
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After background filtering, the cleaned REMI data were merged with the FLASH DAQ
data based on the TrainID. Pump-probe delay was corrected using single pulse BAM and
LAM data to account for timing jitter between the pump and probe pulses. The corrected
delays were grouped into 20 fs-wide bins to improve statistical reliability, analogous to the
procedure described in Chapter 4. The pump—probe scan was performed by varying the
NIR delay stage in 30 fs steps, with 25,000 shots recorded at each delay point.

Ion yields for different xenon charge states were extracted by selecting and summing
counts within the corresponding ion TOF ranges. The yields were normalized to the number
of shots per delay step. To account for pulse-to-pulse fluctuations inherent to the SASE,
only pulses within the 1-5 uJ energy range were considered, and the ion yields were further
normalized to the FEL pulse energy on a shot-by-shot basis. To further improve temporal
resolution, additional slicing based on the LAM and BAM distributions was performed to
remove outliers.

5.3 Results

5.3.1 Mass Spectra and Relative Ion Yields

The mass spectra of multiply charged xenon ions obtained following interaction with
XUV pulses at photon energies of 90 eV and 160 eV are presented in Fig. 5.2(a) and (b),
respectively. The presence of multiple peak structures within individual charge states is
attributed to the natural isotopic distribution of xenon. At a photon energy of 90 eV
(Fig. 5.2(a)), xenon charge states Xe?" (¢ = 2-4) are clearly observed in the mass spectrum.
The measured mass spectrum closely matches that reported in earlier studies under low-FEL
irradiance conditions [145, 146]. Among the observed species, Xe?' constitutes the dominant
contribution (56%), followed by Xe*t (43%) [146]. These relative ion yields provide an
estimate of the branching ratios, defined as the yield of a particular charge state relative to
the total ion yield resulting from the decay of core-hole excited Xe™. The corresponding
branching ratios for 90 eV are summarized in Table 5.1.

Fig. 5.3 shows the energy-level scheme and possible transition responsible for the forma-
tion of higher charge states after XUV photoionization, along with the additional transition
accessible by the NIR probe pulse discussed later section. At 90 eV, the photoionization
process is dominated by single photon absorption via the giant 4d — ¢ f continuum resonance.
The resulting core-hole excited 4d~' state primarily decays to Xe?* through a single AM
process leading to a 5p~2 configuration, and to Xe®" via a subsequent second AM decay
also known as double AM decay.

The AM decay of Xe 4d core-hole states (4d;/12 and 4d5_/12), as well as 4d shake-up satellites

in configurations such as 4d~'5p~'nl, predominantly produces intermediate Xe?* states.
These states are denoted as "a” and ”b” in Fig.5.3 (likely corresponding to the 5s5~15p=27p
configuration) located above, and ”¢” below, the Xe** threshold (associated with Rydberg
series such as 5s7'5p26p or 5p~3nl [125]). These intermediate Xe?' states subsequently
decay via a second AM process to various Xe>" states [147, 148]. Additionally, direct double
AM decay, in which two electrons are emitted simultaneously, contributes to the Xe?* yield
(not shown) [149]. The very small fraction of Xe*" (< 1%) observed at 90 eV indicates that
single-photon absorption is the dominant mechanism [148].

At a higher photon energy of 160 eV, the mass spectrum shows the formation of higher
charge states, Xe?™ (¢ = 2-6), as shown in Fig. 5.2(b). The most abundant species is Xe3"
(38%), followed by Xet™ (33%) and Xe*™ (29%), as listed in Table 5.2. This photon energy
exceeds the ionization threshold of the 4p subshell (binding energy 145.6 eV [8]) but remains
below that of the 4s subshell (213.32 eV [140]). A single XUV photon can ionize electrons
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Figure 5.2: Mass-to-charge (m/q) spectra of xenon ions recorded at photon energies of (a)
90 eV and (b) 160 eV. The lower panels show spectra obtained in the presence of both XUV
and NIR pulses at early and late delays of 100 fs: (c) 90 eV XUV with NIR and (d) 160 eV
XUV with NIR. For better visibility in the low-m/q region, the ion intensities were scaled
by factors of 50 in (a), 40 in (b), 50 in (c), and 15 in (d), corresponding to m/q < 40 in (a,c)
and m/q < 30 in (b,d). The multi-peak structure arises from the natural isotopes of xenon.

Ion XUV (90 eV) XUV+NIR (early) XUV+NIR (late)

Xe?t 57% 59% 48%
X3t 43% 41% 52%
Xett < 1% < 1% < 1%

Table 5.1: Relative ion yields of xenon following 4d ionization at a photon energy of 90 eV.
The yields are shown for XUV-only excitation and for combined XUV+NIR excitation
at early (negative delay) and late (positive delay) of approximately 100 fs. The values
are extracted from the ion yield intensities of the TOF spectra shown in Fig. 1(a,c). The
measurement uncertainty is on the order of a few percent.

from both the 4d and 4p subshells, and subsequent AM decay processes lead to final charge
states of Xe?t, Xe3t, and Xett.

The 4d ionization cross section at 160 eV is approximately one order of magnitude
lower than at 90 eV [143] and approaches a minimum near 180 eV, known as the Cooper
minimum [139, 151]. In the vicinity of this minimum (~ 160 eV), the ionization cross
sections of the 4d and 4p subshells become comparable [144]. As a result, Xe?*™ and Xe*" ions
are predominantly produced through AM cascades following ionization of both subshells.
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Ion XUV (160 eV) XUV+NIR (early) XUV+NIR (late)

Xet 29% 30% 17%
Xt 38% 38% 46%
Xett 33% 31% 34%
XePt < 1% <1% 3%

Xebt < 1% < 1% < 1%

Table 5.2: Relative ion yields of xenon following combined 4d and 4p ionization at a photon
energy of 160 eV. The yields are shown for XUV-only excitation and for XUV+NIR excitation
at early (negative delay) and late (positive delay).
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Figure 5.3: Energy-level diagram of the most relevant states of Xe?" (¢ = 1-6) lying below
a binding energy of 320 eV. Neutral xenon is excited or ionized by XUV radiation (purple
solid arrow). The subsequent AM transitions most relevant to this study are indicated by
black arrows. The gray boxes represent the binding-energy ranges of the corresponding
states, with AM transitions taken from Refs. [8, 124, 131, 132, 140, 141, 150]. The light-gray
horizontal arrow denotes the super-Coster—Kronig (sCK) transition (see text). The green
and orange boxes indicate possible intermediate states probed by the NIR field, as shown
by the red arrows. The dashed purple arrow represents a possible second-photon absorption
leading, for example, to the 4d~3 state.

Recent theoretical studies [152] support the dominant formation of Xe3™ associated with
primary 4p photoionization, as also observed in multielectron coincidence experiments [132].
The potential pathway for the formation of Xe** involves the population of 4d~2 states via
super-Coster—Kronig (sCK) [139] transitions following 4p ionization, followed by subse-
quent AM decay. Therefore, two distinct decay pathways originating from 4p~! and 4d—?
configurations must be considered at 160 eV.

The 4p~! vacancy decays via single and cascaded AM processes, predominantly pop-
ulating satellite states such as 4d~'5p~! and 4d~15s7!, as well as configurations of the
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form 4d~'5p~2(5d, 6s)! [8]. In contrast, the decay of doubly ionized 4d~? states, previously
investigated in soft x-ray photoabsorption experiments [124, 141], proceeds via Xe*" to Xe3"
(4d=15p~?), which further decays into configurations such as 5s~'5p~3 or 5p~*, ultimately
leading to Xe*t.

The comparatively large yields of Xe** indicates that ionization pathways involving
excitation and subsequent decay of 4d~2 states play a dominant role in the formation of
higher charge states under these conditions.

5.3.2 Intensity-Dependent Ion Yields

The observation of Xe** at 90 eV and Xe®* and Xe®* at 160 eV, as shown in Fig. 5.2,
indicates that at least two photons must be absorbed, since a single photon does not have
sufficient energy to reach the corresponding ionization thresholds. The higher harmonic
spectral content in the FEL could, in principle, contribute to the formation of such high
charge states; however, the reflectivity of the FL26 beamline mirrors strongly suppresses the
second- and third-harmonic components to the 1074-107° level relative to the fundamental,
thereby ruling out any significant harmonic contribution.

The dependence of the ion yields on the XUV pulse energy provides insight into the
underlying ionization mechanisms. The ion yields Y as a function of pulse energy I were
analyzed using a double-logarithmic representation, where the data were fitted with a linear
function.

log(Y) = mlog(I) + ¢, (5.1)

with the slope m corresponding to the effective number of absorbed photons.

At a photon energy of 90 eV, low charge states such as Xe?™ and Xe3* exhibit an
approximately linear dependence on intensity over a broad range, as shown in Fig. 5.4(a).
This behavior is characteristic of single-photon ionization followed by AM decay. In contrast,
the Xe!" yield shows a steeper slope (m > 1), indicating the involvement of multiphoton
ionization.
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Figure 5.4: Ion yield as a function of the FEL pulse energy for xenon ions recorded at
photon energies of 90 eV (a) and 160 eV (b). The data are fitted with a linear function on a
double-logarithmic scale. At 160 eV, the formation of Xe®" is observed from pulse energies
of approximately 2 uJ.

A similar feature is observed at 160 eV (Fig. 5.4(b)), where the Xe*™ and XeS" ion
yields show nonlinear scaling with intensity, with slopes exceeding unity. These observations
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indicate that the formation of higher charge states proceeds predominantly via sequential
multiphoton ionization rather than through contributions from higher harmonics of the
XUV beam.

At the higher FEL pulse energy, the ion yield tends to saturate, attributed to the
depletion of neutral xenon atoms within the interaction volume.

5.3.3 Delay-dependent Ion Yields at 90 eV

The delay-dependent mass spectra at 90 eV are shown in Fig. 5.2(c), and the corresponding
relative ion yields obtained in the pump-probe scheme are listed in Table 5.1. Here, NIR
pulses arriving 100 fs before and after the XUV pulse are referred to as "early” and "late”,
respectively. The delay range of £0.5 ps was scanned multiple times in both directions for
each measurement set. By convention, positive delays correspond to the NIR pulse arriving
after the XUV pulse, and negative delays to the opposite case. Details of the data analysis
and normalization procedures are described in the previous section 5.2.1.

Compared to the mass spectrum obtained with XUV-only excitation (Fig. 5.2(a)), the
relative ion yields Xe?t (¢ = 2-4) remain largely unchanged for negative delays. In contrast,
for positive delays, the Xe?* yield increases by approximately 25%, while the Xe?* yield
decreases by about 18%. This behavior is attributed to the ionization of intermediate Xe**
states by the NIR pulse, as indicated by the red arrows in Fig. 5.3. The Xe™ ion yield is
predominantly generated by the NIR pulse alone.

Fig. 5.5 shows the delay-dependent ion yields for Xe?t, Xe3*, and Xe** at 90 eV. In
Fig. 5.5(a), the Xe?* (left axis) and Xe®* (right axis) yields are plotted as a function of the
XUV-NIR delay. For positive delays, a pronounced decrease in the Xe?" signal (black dots
with error bar) is observed near zero delay, where the pump and probe pulses temporally
overlap. This decrease is accompanied by a rapid increase in the Xe3T yield (blue dots with
error).

The delay-dependent change in the Xe?* signal arises from XUV-induced creation of
a 4d~! core hole in Xe™, followed by an ultrafast AM decay (lifetime ~ 6 fs [153]), which
populates intermediate Xe?* states within the cross-correlation time 7., ~ 30 fs of the pump
and probe pulses. These intermediate states are susceptible to further ionization by the
NIR pulse. For large positive delays, Xe*" predominantly relaxes to its ground-state 5p~2
configuration.

The observed increase in the Xe3t yield is attributed to NIR-induced ionization of
excited Xe?" states, such as 55 15p~26p [149] and 5p~3nl configurations (denoted by "¢’ in
Fig. 5.3), which lie just below the Xe*" threshold and cannot decay spontaneously. These
states have long lifetimes exceeding ~ 100 ps [125, 126]. Consequently, the delayed NIR
pulse efficiently ionizes these states, leading to a sustained increase in the Xe3* yield. No
decrease in the Xe®* signal is observed at large positive delays, consistent with the long
lifetime of the intermediate states relative to the experimental timescale and in agreement
with previous studies [125]. The resulting Xe®" ions predominantly occupy the ground-state
5p~3 configuration.

For negative delays, where the NIR pulse precedes the XUV excitation, the relaxation
pathways of the 4d~! and 4d~'5p~1nl states are only weakly affected by the probe pulse.
These features observed in the Xe?* and Xe?* signals arise from the interplay between the
initial AM decay and the subsequent NIR-induced ionization, and are convolved with the
finite temporal resolution of the experiment. To quantify this behavior, the data are fitted
using a Gaussian error function.

TCC

filt) = Ag+ A [1 + erf (t — to)} , (5.2)
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Figure 5.5: Ion yields of Xe?t (¢ = 2-4) as a function of the delay between the 90 eV
XUV pump and NIR probe pulses. (a) Ion yields of Xe*" (left) and Xe** (right) as a
function of the pump-probe delay. Over the same delay range, the Xe?* yield decreases
while the Xe3" yield increases. The dots and error bars represent the average values and
the corresponding standard errors of the measurements, respectively. The solid black and
blue curves correspond to fits using the function given in Eq.5.2, yielding cross-correlation
times of (30 £ 3) fs for Xe?* and (37 + 2) fs for Xe3*, respectively. (b) For Xe'", the ion
yield as a function of delay is fitted with an exponential model5.3, showing an average
lifetime of (32 £ 5) fs. The purple and blue curves represent the exponential and step-
function components of the fit, respectively, while the solid red curve shows their combined
contribution.

where Aj represents the baseline, A; the amplitude, ¢y the temporal offset, and 7. the
cross-correlation time determined by the pulse durations, timing jitter, and experimental
drifts. From the fit to the Xe?T data, 7., = (30 & 3) fs is obtained.

At a photon energy of 90 eV, Xe*t cannot be efficiently produced via single-photon
absorption (threshold ~ 106 e¢V). While less than 1% Xe'* is observed under XUV-only
conditions, its yield increases by approximately a factor of two in the pump-probe experiment.
In addition to this overall enhancement, a pronounced transient feature is observed in the
Xe't signal. As shown in Fig. 5.5(b), the Xe*" yield initially rises and subsequently decays
rapidly.

This transient behavior in Xe** is attributed to NIR-induced double ionization of short-
lived doubly excited 5p~4nl states of Xe*" (indicated in Fig. 5.3), which decay to Xe*" in the
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5p~2 configuration via a second AM process [125, 138]. The temporal evolution of the Xel*

yield is described by a model combining the Gaussian error function with an exponential
decay (see Sec. 2.3.1 for details),

_ _ 2
f@) = fi(t) + Asexp (—t - to) [1 + erf (tT fo _ ;—CTC)} exp (%) , (5.3)

where A, defines the amplitude of the transient contribution and 7, represents the
effective decay time of the intermediate states. The fit to the data is shown in Fig. 5.5(b)
(orange solid line) and yields an average lifetime of (32 + 5) fs. This value is attributed
to the doubly excited intermediate Xe?" states involved in the decay cascade, primarily
of the 5p~*nln/l' configuration, and is in excellent agreement with previous time- and
energy-resolved measurements [125, 147].

5.3.4 Delay-dependent Ion Yields at 160 eV

At photon energy of 160 eV, ionization occurs from both 4p and 4d subshells, whose cross
sections are comparable. As a result, the branching ratios of the ion yields differ from 90 eV.
The relative ion yields of Xe?" (¢ = 2-6) remain nearly unchanged for XUV-only excitation
and for negative pump-probe delays. In contrast, for positive delays, a clear redistribution
of the ion yields is observed. The yield of Xe?* decreases by approximately 41%, while the
yields of Xe3* and Xe't increase by about 21% and 3%, respectively. The most pronounced
changes occur for Xe®* and Xe®", which show strong relative increases of roughly 200% and
100%.

Fig.5.6 shows the delay-dependent ion yields measured at 160 eV. As in the 90 eV case,
the Xe?* signal exhibits a step-function behavior. This indicates that intermediate states
are formed by the XUV pulse and are subsequently ionized by the delayed NIR pulse. The
yields of Xe3* and Xe?T increase for positive delays, suggesting that long-lived intermediate
states play an important role.

The behavior of Xe*™ can be understood as arising mainly from NIR-induced ionization
of intermediate states created after 4d core-hole ionization, as discussed in the last section.
However, the overall change in Xe3* is less pronounced than at 90 eV. This is because, at
160 eV, a significant fraction of Xe3* is already produced via 4p ionization pathways, which
are not strongly affected by the NIR pulse.

The time-dependent Xe?" yield can be attributed to ionization of intermediate Xe3"
states, such as those in the 55~ '5p~3nl and 5p~*nl configurations, which lie below the Xe*t
ionization threshold. The delay dependence of both Xe3* and Xe** is fitted using the model
described in Eq.5.2. Their temporal evolution reflects contributions from both 4p- and
4d-initiated processes, as well as the interplay between AM decay and NIR-induced ionization.
These contributions, however, cannot be fully separated using ion TOF measurements alone.

A particularly strong transient feature is observed in the Xe® yield, as shown in
Fig. 5.6(c). The signal rises within a few tens of femtoseconds and then decays. This
behavior can be understood in terms of competing processes involving intermediate states
in the decay cascade. Long-lived states, such as 5p~>nln/l’, can be further ionized by
the NIR pulse. The initial rise in the Xe®" signal is attributed to NIR-induced double
ionization of these states, leading to the formation of Xe®*. The subsequent decay reflects
the competition between this ionization pathway and AM decay into Xe*t. As the delay
increases, the population of intermediate states decreases due to AM decay, resulting in a
reduced Xe®* yield for delays beyond approximately 90 fs. The remaining enhancement at
large positive delays indicates that some of these intermediate states have lifetimes longer
than the maximum experimental delay of about 0.5 ps.
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Figure 5.6: (a)—(d) Ion yields of Xe?" (¢ = 2-6) as a function of delay at 160 eV XUV
pump and NIR probe pulses. In (a), the left and right y-axes correspond to Xe*" and Xe3*,
respectively. The yields of Xe?*-Xe*t are fitted using the step function defined in Eq.5.2,
yielding cross-correlation times of (37 £ 3) fs, (44 £5) fs, and (31 £ 7) fs, respectively. The
Xe’T yield in (c) is fitted using Eq.5.3, resulting in a cross-correlation time of (30 + 1) fs
and a lifetime of (49 & 3) fs. In (c), the purple and blue curves represent the exponential
and step-function components, respectively, while the red solid line shows the combined fit.

To quantify this behavior, the Xe®* data are fitted using the transient function 5.3. The fit
shows an average lifetime of (494 3) fs, which can be attributed to the decay of intermediate
states dominated by 5p~>nln/l’ configurations. This value is about a factor of two shorter
than previously reported [123], likely due to differences in experimental conditions, in
particular the shorter instrumental response time in the present measurements.

Finally, the Xe5* yield, shown in Fig. 5.6(d), exhibits a similar but weaker transient
behavior. Due to limited statistics, no reliable lifetime can be extracted. Nevertheless,
the general trend of an increase near zero delay followed by a gradual decrease suggests
a mechanism similar to that of Xe®". In this case, highly excited configurations such as
5p~9nln'l" are populated, decay via AM processes to Xe®t, and are subsequently ionized by
the NIR pulse to form XefT.

5.4 Summary

This chapter investigates the ionization and relaxation dynamics of xenon atoms exposed to
an intense, ultrashort XUV pulse from the FEL at photon energies of 90 eV and 160 eV,
corresponding to the 4d giant resonance and the vicinity of the Cooper minimum, respectively.
At 90 eV, the ionization process is dominated by 4d single ionization followed by AM decay,
whereas at 160 eV both 4p single ionization and 4d double ionization contribute significantly,
leading to altered branching ratios of the resulting charge states. These processes are studied
using ion TOF spectroscopy using the REMI end-station.
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Analysis of the ion yields as a function of XUV pulse energy shows that the formation
of higher charge states Xe?™ and Xeb* at 160 eV, and Xe** at 90 eV cannot be explained
by single-photon absorption and is instead governed by multiphoton processes, most likely
arising from sequential two-photon ionization. Pump-probe measurements were performed
using a two-color XUV pump-NIR probe scheme with improved temporal resolution. In
this approach, the NIR pulse probes the transient population of intermediate excited
states by promoting them to higher-lying configurations, thereby providing insight into the
intermediate steps of the relaxation pathways leading to different final charge states.

From the analysis of the delay-dependent ion yields, an average decay time of (49 4 3) fs
is obtained for the processes leading to Xe®*. This value is approximately a factor of two
shorter than previously reported results, which can be attributed to the improved temporal
resolution achieved in the present experiment. Furthermore, a distinct decay pathway
leading to the formation of Xeb* is identified. This pathway originates from NIR-induced
ionization of Xe®* ions produced via sequential two-photon absorption.

Overall, the results show that intense XUV pulses from the FEL enable selective excitation
of core-hole states and, when combined with synchronized NIR pulses, provide direct
time-domain access to ultrafast decay dynamics in atomic systems. Future investigations
employing time-resolved ion-electron coincidence techniques will enable more detailed and
state-selective characterization of AM decay dynamics in xenon. In addition, further
improvements in temporal resolution will be essential for resolving the fastest decay channels
and gaining deeper insight into correlated electron dynamics.



Chapter 6

Fragmentation Dynamics of CO9 and
CS2 using an FEL Pump—NIR Probe
Technique

6.1 Introduction

The ionization and fragmentation dynamics of carbon dioxide (CO,) and carbon disulfide
(CS,) are of broad scientific importance in atmospheric chemistry, astrophysics, and strong-
field physics [27, 154, 155]. In planetary atmospheres such as those of Mars [156] and
Venus [157], where CO, is a major constituent, exposure to high-energy radiation, such
as UV light and highly charged particles from the solar wind, leads to ionization and
dissociation, shaping the upper-atmospheric chemistry. Understanding these dynamics
under intense XUV radiation from a FEL is therefore essential for radiation chemistry.

CEI in a pump-probe configuration provides an excellent method for probing transient
molecular structure by analyzing the correlated momenta of the ionic fragments [71]. An
XUV pump pulse removes one or several valence electrons, initiating rapid Coulomb-driven
dissociation, while a time-delayed NIR pulse interrogates the evolving nuclear dynamics.
By varying the pump—probe delay, one can effectively obtain a time-resolved movie of
the molecular breakup. In our experiment, CEI was implemented using a REMI, which
records all the charged fragments in ion coincidence and reconstructs their three-dimensional
momentum vectors. The temporal and spatial evolution of the molecular geometry is then
inferred from time-resolved KER and the correlated momentum distribution of the fragments
[44, 158].

The ionization and fragmentation dynamics of CO, and CS, have been extensively studied
using various experimental techniques, including electron-ion impact and femtosecond laser
excitation [159-161]. In this work, the response of these triatomic molecules to intense 90 eV
XUV FEL pulses is examined. At this energy, XUV efficiently populates the dicationic
and tricationic species, and the resulting strong Coulomb repulsion between the ions drives
complex fragmentation dynamics.

For photon energies above 37 eV, CO, undergoes double ionization to form the metastable
dication CO5 ", which can persist briefly due to potential energy barriers that delay dissoci-
ation, whereas excited dicationic states are dissociative [162]. Under the same excitation
conditions, CS, also forms a metastable dication CS¢" and its excited states are dissociative
[163], but its heavier sulfur atoms and its different electronic structure give rise to a broader
range of dissociation pathways compared with CO, [164]. At 90eV, triple ionization to
COs " and CS; " becomes accessible. For CO5", the potential energy surface is purely
dissociative and dominated by Coulombic repulsion, leading to prompt fragmentation [165].

69
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In contrast, CSy " exhibits a barrier on the potential-energy surface (PES) in addition to the
Coulombic repulsion, which originates from the bound trication state; as a result, CSy " is
clearly observed in the mass spectrum.

Tricationic molecular ions can undergo three-body dissociation—for example, COx*" —
C*+0,74+0,". Such a breakup proceeds via two mechanisms: sequential and non-sequential
(concerted) [161]. In the sequential mechanism, one bond breaks first, producing a rotating
intermediate dication that subsequently dissociates after a short delay. In contrast, the
non-sequential mechanism involves the nearly simultaneous breaking of multiple bonds,
ejecting all ionic fragments in a single step from an essentially intact molecular geometry.
The relative contributions of these pathways depend on both molecular properties and
the total energy deposited into the molecular ion. Lighter systems, such as CO,, exhibit
significant contributions from both mechanisms, whereas heavier systems, such as CS,,
tend to favor non-sequential fragmentation. A comparative investigation of CO, and CS,
under identical excitation conditions, therefore, provides critical insight into how atomic
substitution and molecular composition influence ultrafast Coulomb-explosion dynamics in
linear triatomic molecules.

6.2 Experimental Setup

This experiment was performed at the REMI endstation at FL26 FLASH2 beamline [71].
A brief overview is presented here, while a detailed description of the REMI apparatus
and the FEL-NIR pump-probe setup can be found in Chapter 3. Briefly, the FEL was
tuned to 90 eV, while NIR pulses from the pump—probe laser, synchronized with FLASH
[100], were wavelength centered around 800 nm with a repetition rate of 100 kHz per burst.
The FEL and NIR pulses had durations of less than 20 fs, and both lasers operated at a
common repetition rate of 10 Hz. The FEL delivered 45 pulses per train at a rate of 450
pulses per second, while the NIR laser delivered 75 pulses per train at a rate of 750 pulses
per second. A synchronized pump—probe delay scan was performed using the NIR laser. In
the pump—probe experiment, the first 30 pulses consisted of NIR only, the next 40 pulses
involved overlapping FEL and NIR, and the final 5 pulses were FEL only. The FEL and
pump—probe laser pulse patterns and overlap are described in Chapter 4. The average FEL
pulse energy, measured using a (GMD)[66], was 1.5 pJ, with approximately 10% shot-to-shot
variation. The FEL beam was focused into the interaction region using an ellipsoidal mirror,
achieving a nominal spot size of 2.7pm x 3.1pm[71]. In our experiment, however, the
actual focal spot size was approximately 20 pm, yielding an estimated peak intensity of
1 x 10 W cm~2 based on the xenon or argon charge state in the mass spectrum. The NIR
laser pulse was focused at the interaction region using two spherical mirrors, yielding a focal
spot size of approximately 50 pm, as measured by a near-field camera that imaged the beam
profile at the focus. The peak intensity was determined to be 8 x 10 W cm ™2 and was
verified through TOF measurements of argon charge-state ratios (see Appendix A.

The CO, and CS, molecules were introduced into the vacuum chamber via supersonic
expansion through a 50 pm-diameter nozzle, forming a molecular jet. Upon expansion into
ultra-high vacuum, the molecules are cooled and form a forward-directed beam, which is
subsequently collimated by two skimmers. The resulting jet is directed into the REMI
interaction region, where the collinear FEL and NIR beams intersect it perpendicularly.
Fragment ions produced by the XUV and laser pulses are accelerated by a homogeneous
electric field of 10V /cm toward the ion detectors.

The resulting photoions were recorded using a REMI spectrometer. Ions were detected
with large-area MCP detectors equipped with a delay-line anode, which provided the TOF
and impact positions (z,y) of each fragment. From these, the three-dimensional momenta
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were reconstructed: the TOF gives the velocity along the spectrometer axis, and the impact
position yields the transverse velocities in x and y. For more details, see Section 3.3.

6.2.1 Data Acquisition and Analysis

For CO4 and CS,, ions were detected using a delay-line anode REMI detector, recording
the impact position (z,y) and TOF for each hit (event) in list-mode files. The Go4 software
was used for both online monitoring during beam time and offline data analysis [166]. The
REMI CO4 and CS, data analyses are detailed in Section 3.3.5

Two-fold Coincidence

In the two-fold ion—ion coincidence channels, the doubly ionized molecule (CO, or CS,)
undergoes a two-body fragmentation into two charged fragments, for example

COST — COT+ 0", or CSfT — CST + ST,

These channels appear as distinct islands in the ion—ion photoion-photoion coincidence
(PIPICO) maps, where the TOF of the two ions from the same event are plotted against
each other.

To ensure that the detected ion pairs originate from the same parent molecule, a
momentum conservation filter is applied to the dataset. Only events satisfying

P+ p2 =0

within the experimental resolution are retained, where p; and p> are the momentum vectors
of the two detected ions. This condition eliminates accidental coincidences arising from
fragments of different molecules or from background signals.

From these selected ion pairs, the KER distributions are extracted. The KER provides
insight into the potential energy surfaces involved at the instant of fragmentation.

Three-fold Coincidence

In the three-fold ion—ion—ion coincidence channels, the triply ionized parent molecule
undergoes a complete Coulomb explosion into three charged fragments, for example:

COsT — CT 4+ 0"+ 0", or CS" — Ct 48T + 8T,

Experimentally, these triple-coincidence channels are visualized in a PIPICO-sum represen-
tation, where the sum of the TOF of two fragments is plotted against the TOF of the third
fragment.

For a true triple-coincidence event, momentum conservation must hold simultaneously
for all three fragments in three dimensions:

—

1+ P2+ p3 =~ 0.

This criterion ensures that all detected ions originate from a single molecular dissociation
event.
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Momentum-Space Visualization: Newton and Dalitz Plots

In addition to the PIPICO and KER analyses, the fragmentation dynamics of both CO53"
and CSy** were studied using Newton and Dalitz plots [167]. These momentum-space tools
provide complementary information about the geometric arrangement and energy sharing of
the fragments in multi-body breakup channels.

The Newton plot is employed to analyze momentum correlations among the three
fragments produced by the dissociation of CO,*" or CS,**. In this representation, the
momentum vector of the first outer atom (O in CO, or ST in CS,) is aligned along the x
axis and serves as a reference direction. The momentum vectors of the remaining fragments
are then plotted in the upper and lower halves of the coordinate frame, providing a clear and
intuitive visualization of the breakup geometry. This representation is particularly useful
for three-body Coulomb explosion, distinguishing between non-sequential and sequential
fragmentation pathways, as each mechanism produces characteristic, readily identifiable
patterns in the Newton plot.

For three-body dissociation channels, Dalitz plots were additionally used to quantify the
partitioning of the total kinetic energy among the fragments, thereby complementing the
geometric breakup information obtained from the Newton plot. In this two-dimensional
plot, the difference between the normalized kinetic energies of the two identical outer atoms
(O" in COq or ST in CS,) is mapped onto the x axis, whereas the normalized kinetic energy
of the central C* ion is represented on the y axis. The Dalitz coordinates are defined as

€ A — € As
x i (6.1)
1

Y =¢€c— 3 (6.2)

where €4,, €4,, and e denote the normalized kinetic energy of the two outer fragments
(O or S*) and the central C* fragment, respectively. These normalized energies are
obtained from

€ = ? k=Ea + Ea, + Ec, (6.3)

with k£ representing the total kinetic energy in the three-body fragmentation channel.

The resulting Dalitz plot provides a clear visualization of the energy-sharing dynamics,
effectively distinguishing the symmetric linear breakup pathways characteristic of molecules
such as COy and CS, from more asymmetric or sequential dissociation processes.

The distinction between these non-sequential and sequential mechanisms is made by
analyzing momentum-correlation maps, Dalitz plots, and Newton diagrams, which reveal
characteristic geometric patterns and energy partitioning among fragments. Sequential
breakup typically yields asymmetric energy sharing and elongated momentum structures,
whereas concerted breakup produces more symmetric distributions and higher total kinetic
energy.
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6.3 Results

6.3.1 Fragmentation Dynamics of CO,
Mass Spectrum of CO,

Fig. 6.1 summarizes the ion signals recorded with the REMI detector for CO, under different
ionization conditions (XUV+NIR, XUV-only, and NIR-only).

Fig. 6.1(a) shows a two-dimensional histogram of the ion signal, plotted as the radial
distance R (mm) from the detector center versus the ion TOF (proportional to y/m/z).
This representation directly visualizes the correlation between the ion-impact radial position
and the mass spectrum for COs exposed to combined XUV and NIR pulses. The localized
spot at the center of the detector corresponds to ions with almost zero kinetic energy, i.e.,
intact doubly ionized parent ions such as bound CO,*" (m/z = 22) states that do not
dissociate. Inner rings arise from neutral-dissociation channels, where only one fragment
is charged and carries small kinetic energy, for example O" (m/z = 16). The pronounced
outer ring is attributed to the Coulomb explosion of multiply charged COs, which produces
highly energetic fragment ions such as C* (m/z = 12), OT, and CO™.

Fig. 6.1(b) shows the corresponding one-dimensional mass spectrum for the XUV+NIR
configuration, obtained by integrating the 2D distribution in Fig. 6.1(a) over the radial
coordinate. The spectrum is dominated by the singly charged parent CO,™, with additional
peaks from CO™ and O", and a small contribution from CO5**. The dication can dissociate
via

COST — COT + O™,

and this two-body Coulomb explosion shows as larger-radius rings in Fig. 6.1(a), reflecting
the high KER.

Fig. 6.1(c) compares the XUV-only and NIR-only mass spectra. The XUV pulse produces
single- and multiple-charge states of CO,, but no distinct CO5*" peak at the expected
m/z ~ 14.7. This is because the highly unstable trication undergoes prompt Coulomb
explosion into CT + O" + OT. A small C** peak appears at m/z = 16 only in the XUV-
present condition, and a weak HoO" peak is observed at m/z = 18. In contrast, the
NIR-only spectrum is dominated by the parent CO,* peak, with only a very weak dication
contribution. Taken together with panel (b), these observations show that ionization and
fragmentation are driven mainly by XUV absorption, while the NIR pulse primarily perturbs
the branching between parent and fragment channels.

Pump—Probe Ion Yields of CO,; Fragments

The CO, fragment ion yield is obtained by integrating the counts within the TOF window
of the fragment for each delay bin and normalizing by the total number of laser shots. To
account for XUV intensity fluctuations, the yield is further normalized to the FEL pulse
energy. The pump-probe delay was scanned repeatedly over a range of +500 fs, with
positive delay defined such that the NIR pulse arrives after the XUV pulse and vice versa
for negative delay.

Fig.6.2 shows the delay-dependent ion yields of CO™ and CO,*" as a function of pump—
probe delay. For positive delay, the CO™ ion yield increases like a positive error function
near the temporal overlap of the XUV and NIR pulses, while the CO5>" channel show
transient feature.

The CO,*" yield displays a pronounced maximum close to temporal overlap, followed
by an exponential decay at positive delays. This behavior indicates that COy*" is formed



74 6.3 Results

103

(a)

noon

1023

CE

. O*from 0022+
diss.

CO* from 10!

L

(HI+ANX) s

- 2 v i 4 100
0 10 20 30 40 50
Mass-to-charge ratio (m/z)

—— XUV +NIR C*

/

Isotopes

| H,O*

0 10 20 30 40 50

10-24 — XUVonly
— NRonly C* O ICO,%* CO*

0 10 20 30 40 50
Mass-to-charge ratio (m/z)

Figure 6.1: Ion signals from COs. (a) 2D histogram of detector radius R versus mass-to-
charge ratio (m/z) for the XUV+NIR pulse together, average over all pump—probe delays.
(b) Mass spectrum obtained by integrating panel (a) over R. (¢) Comparison of NIR-only
(red) and XUV-only (blue) mass spectra.

via a transient intermediate state prepared by the XUV pulse. In a simplified picture, the
XUV pulse first populates an excited molecular cation,

COQ + hVXUV — COQ+* +e,

which subsequently evolves and decays on a characteristic timescale 7. The delayed
NIR pulse probes this population by further ionizing or promoting CO;™™* onto metastable
dicationic states (CO5*").

COQ+* + hVNIR — COQ2+ +e

The CO5*" ion yield as a function of pump-probe delay (At) is well described by the
convolution of the instrument response function with an exponential decay; fitting the
transient yields an intermediate-state lifetime of 7 = 62 4+ 10 fs for the excited states of
CO,™™*. The fitting procedure is described in Section 2.3.1.
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Figure 6.2: Ion yields vs. At. (a) CO™: black points with error bars are the exp. data; the
red curve is the instrument cross-correlation or error function. (b) COy**: black points with
error bars are the exp. data; the red curve is the total fit (error function response (blue),
exponential decay component (pink dotted).

The CO™ ion yield exhibits a positive error function increase around the temporal overlap
of the XUV and NIR pulses and then remains approximately constant for positive delays.
This behavior is characteristic of a long-lived intermediate state.

In a simplified picture, the XUV pulse first prepares an excited molecular cation,

COQ + hVXUV — COQ+

which has a long lifetime compared to the pump—probe delay range. When the NIR pulse
arrives (for At > 0), it couples this population into dissociative or higher-lying dicationic
states that eventually yield

C02+ -+ hVNIR — CO+ + 0O or C02+ + hVNIR — CO + O+

Because the CO,™ population is essentially constant over the scanned delays, the NIR
pulse finds nearly the same amount of intermediate population for all At > 0. As a result, the
CO™ yield increases sharply once the pulses start to overlap and then saturates, appearing
as a step function in the delay-dependent ion yield.

Photo-ion Photo-ion Coincidence (PIPICO)

The PIPICO map of CO, is shown in Fig. 6.3. Panel (a) displays the TOF correlation
between the first-hit and second-hit ions, corresponding to a two-fold ion—ion coincidence.
Panel (b) shows the correlation between the TOF of the first-hit ion and the sum of the
TOFs of the other two fragments, representing a three-fold coincidence and allowing access
to three-body fragmentation channels.

Coincident ion detection enables detailed investigation of fragmentation dynamics and
ion—ion correlations in molecular breakup processes.

Time-Resolved KER of the CO1T + O™ Channel

Fig. 6.4(a) shows the KER of CO™ + O™ as a 2D histogram I(KER, At). Two main features
are evident: (i) true ion-ion coincidences from CO5*" — CO' + O" (red dotted line in
region 2), and (ii) contribution attributed to false coincidences, where ions originating from
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Figure 6.3: PIPICO map of CO, showing different dissociation channels: (a) TOF correlation
between the first and second ions (two-fold ion—ion coincidence); (b) correlation between
the TOF of the first-hit ion and the sum of the TOFs of the other two fragments (three-fold
coincidence).

independent ion-neutral channels, such as CO™ 4+ O and CO + O™, pass the momentum
conservation filter (region 1).
It can be simplified using the following equation.

COQ + hVXUV — COQ+* +e (64)
COQ+* + hI/NIR — C022+ +e — CO+ + O+.

Fig. 6.4(c) shows that the KER yield from false coincidence in the range from (0eV to
1eV) show postive error function after NIR pulse arrives. This can be explained by the fact
that the behavior increases with temporal overlap, consistent with NIR-induced ion—neutral
dissociation of CO,"; the onset is described by the instrument cross-correlation (FWHM
~70 fs). In contrast, the high-KER trace in panel (d) (4eV to 9eV) exhibits a transient
characteristic of dication formation followed by Coulomb explosion. The delay dependence
is modeled by the instrument response convolved with an exponential decay, yielding an
intermediate-state lifetime of 7 = (57 £ 8) fs, which is a similar lifetime obtained by fitting
CO,2" jon yield vs pump-probe delay.
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Figure 6.4: Time-resolved KER for CO* + O". (a) Two-dimensional map of KER as a
function of pump-probe delay. (b) KER distribution of the CO* + O channel, peak at
6.2 eV (blue curve); the green and orange curves show the individual fragment kinetic
energies of O" and CO™, respectively. (c) Delay-dependent KER yield integrated over the
region (0eV to 1eV, Region 1), dominated by ion-—neutral dissociation from excited COy™*
states, fitted with an error function. (d) KER yield integrated over the Coulomb-explosion
window (4eV to 9eV, Region 2), reflecting the formation and dissociation of CO,*" into

CO* + O™.

Three-Body Dissociation Channel CO*t — CT+0,T+0,*

The three-body breakup of CO,** into O," + C* 4 O, occurs via two pathways. In the
non-sequential (direct) breakup, both C-O bonds break nearly simultaneously,

CO T = O,F + CT + 0Oy, (6.6)

whereas in the sequential pathway, a CO*" fragment is formed first and subsequently
dissociates,
COSt — CO*" + 0,7 = O, +CT+ 0O, (6.7)

The three-body coincidence channel can be analyzed using Dalitz and Newton plots.
Fig. 6.5(a) shows the geometrical representation of the Dalitz plot, where each point
corresponds to a specific momentum correlation among the three fragments. Different
regions in this diagram correspond to distinct dissociation mechanisms. Events located near
the central, symmetric region correspond to non-sequential (concerted) breakup, in which
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both C-O bonds rupture nearly simultaneously. In contrast, elongated structures along the
characteristic axes (indicated by the red dotted line) arise from sequential fragmentation, in
which the molecule dissociates stepwise via a transient CO*" intermediate.
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Figure 6.5: (a) Schematic momentum-correlation features at representative points of the
Dalitz plot. (b) Experimental Dalitz plot for the three-body channel COy*" —— C* +
0,7+ 0,™. (c) The Newton plot for all events. (d) KER correlation between the two OF
ions produced in the fragmentation of CO5 . Two regions are identified: Region 1 (blue),
below the y = x line, corresponds to sequential fragmentation, while Region 2, above the
line, is dominated by non-sequential breakup.

The experimental Dalitz plot for the CT + O, + O, ' channel is shown in Fig. 6.5(b).
The same characteristic features are observed: a small island near the bottom corresponds
to nearly linear dissociation with very little bending excitation, while events along the green
dotted line are associated with non-sequential fragmentation. A more extended band is
attributed to the sequential pathway. From the relative population distributions in these
regions, the two fragmentation mechanisms can be clearly distinguished and their relative
contributions quantified.

Complementary information is obtained from the Newton diagram. Fig. 6.5(c) shows the
Newton plot for the CT + O," + O, channel, where the momentum of O™ is fixed along



Chapter 6. Fragmentation Dynamics of CO, and CS, using an FEL Pump-NIR Probe
Technique 79

the x axis, and the momenta of C* and O, are plotted in the upper and lower halves of the
frame, respectively. Sequential events form a circular band (indicated by the red elliptical
curve), providing evidence of a two-step decay: first COy** —— O, + CO?**, followed by
the delayed dissociation of CO*". Because the first dissociation occurs near the equilibrium
bond angle (~ 170°), the departing O" imparts angular momentum to the CO** fragment,
producing the characteristic ring structure.

The above Dalitz and Newton plots include all events, consisting of both sequential and
non-sequential contributions. To separate these pathways, a correlation plot of the kinetic
energies of the two terminal O ions was used. Asshown in Fig. 6.5(d), a pronounced diagonal
island reflects the strong kinetic energy correlation expected for non-sequential breakup,
whereas a diffuse off-diagonal region corresponds to sequential fragmentation. Sequential
events are selected below the y = x line, while the remaining events are non-sequential.

Fig. 6.6 presents the Newton diagrams after separating the sequential and non-sequential
events. In the non-sequential case, the Newton plot shows well-separated distributions of
C* and O" in the upper and lower halves of the frame, reflecting a concerted breakup. In
contrast, for sequential events, the first dissociation step imparts angular momentum to the
intermediate CO*" fragment, leading to the characteristic ring structure observed in the
Newton plot.
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Figure 6.6: Newton plots for events selected based on the kinetic energy correlation of the
two terminal O ions: (a) non-sequential and (b) sequential.

The asymptotic angle between the momentum vectors of the two O ions is expected
to be less than 180° due to Coulombic repulsion between the positively charged fragments.
Fig. 6.7(a) shows the distribution of this asymptotic O —O" angle, featuring a broad peak
in the range of 100°-150° for the sequential process and a narrow distribution centered
around 160° for the non-sequential process. The smaller angles observed in the sequential
process arise because the first O ion is ejected earlier, allowing the intermediate CO5 ' to
rotate before the second bond breaks.

Fig. 6.7(b) shows the kinetic energy of the C* ion. The C" ions show higher kinetic
energy in the sequential process than in the non-sequential process. This increase arises
from the stepwise breakup, where Coulomb repulsion in the intermediate stage (COQ+)
contributes additional kinetic energy to the C* fragment. In contrast, in the non-sequential
process, dissociation occurs in a nearly linear geometry, with the two O" ions emitted
back-to-back. As a result, the momentum of the C* ion approaches zero, since the momenta
of the OT ions balance each other. This reflects conservation of linear momentum, and
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Figure 6.7: (a) Asymptotic O"—O" angle between the momentum vectors of the two O
ions, (b) kinetic energy of C*, and (c¢) KER from the fragmentation of CO5". Non-sequential
fragmentation (blue solid line) and sequential fragmentation (red solid line) are shown.

the kinetic energy of the C* ion is minimized in such a symmetric dissociation. Fig. 6.7(c)
shows the KER for the sequential and non-sequential processes. In the sequential case, the
KER is approximately 10 eV, whereas in the non-sequential case it is around 26 eV. In the
sequential process, part of the available energy is transferred into rotational excitation of
the CO*" intermediate state.

Time-Resolved KER of C023Jr

In the pump—probe sequence, the XUV pulse prepares an excited dication COQZ+*, which
can be further ionized by the delayed NIR pulse to form CO5

COQQJr* + hVNIR — C023+. (68)
The formation of CO5™ opens the three-body fragmentation channel
COst — CT 4+ 0, + 04, (6.9)

The subsequent dissociation proceeds via two distinct pathways: (i) a non-sequential
breakup, in which both C—O bonds rupture nearly simultaneously, and (ii) a sequential
process proceeding via a transient CO?' intermediate. Triple-coincidence events C* +
O," + Oy are separated into non-sequential and sequential contributions based on the
kinetic energy correlation of the two OT ions. For each class, the events are binned as a
function of pump-probe delay At, and a two-dimensional histogram [(KER, At) is plotted.

Fig. 6.8(a) shows the delay-dependent KER map for the non-sequential channel, while
Fig. 6.8(b) shows the corresponding map for the sequential channel. From these plots, the
KER-integrated yields, Yionseq(At) and Yieq(At), are obtained by integrating over all KER
and are shown in Fig. 6.8(c—d), respectively.

The non-sequential KER yield exhibits a prompt, step-like rise at the temporal overlap of
the XUV and NIR pulses, followed by a slow saturation for positive delays. In contrast, the
sequential yield rises more gradually and shows a pronounced increase only after delays of
approximately 250 fs, indicating a delayed population and rotational evolution of the CO*"
intermediate prior to its breakup. The rotational dynamics can be verified by constructing
time-resolved Newton plots (see Fig. 6.9). A small tail in the CT momentum distribution
is observed for time delays between 0 and 250 fs, with the NIR pulse arriving later. No
arc-like feature appears in this other time window, indicating that the CO*" intermediate
state subsequently dissociates into C™ and OT. The rotational time of the CO*' ion can
be theoretically estimated to be approximately 89 fs for half a rotational period [161]. The
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secondary breakup of this rotating CO** wave packet gives rise to the circular feature
observed in Fig. 6.9(b).
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Figure 6.8: Time-resolved KER of triple-coincidence events: (a) non-sequential and (b)
sequential 2D histogram (KER vs. pump—probe delay); (c,d) corresponding delay-dependent
KER-integrated yields.
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Late NIR delay, 400-600 fs. (d) Late NIR delay, 400-800 fs
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6.3.2 Fragmentation Dynamics of CS,
Mass Spectrum of CS,

Fig. 6.10(a) shows a two-dimensional histogram of the ion yield for CSy recorded with
combined XUV+NIR pulses, plotted as detector radius R (mm) versus mass-to-charge ratio
m/z. Localized counts at the detector center correspond to fragments with negligible KER,
whereas features at small R (inner rings) arise from low-energy dissociation pathways such
as neutral dissociation accompanied by a charged partner fragment. In contrast, the outer
rings originate from Coulomb explosion following breakup of multiply charged CSy?" (¢ > 2),
which shows high KER. This R—m/z map separates low- and high-energy fragmentation at
a glance.

Fig. 6.10(b) shows the corresponding one-dimensional mass spectrum obtained by in-
tegrating panel (a) over R. Narrow peaks from metastable and bound states of CS,"
(m/z = 76), CSy** (m/z = 38), and CSy*" (m/z ~ 25.3) indicate intact molecular ions
in the cold beam, while broader features originate from energetic fragments. Prominent
fragment peaks include CS* (m/z = 44) and ST (m/z = 32) from two-body breakup, as
well as lighter ions such as C* (m/z = 12). The spectrum shows that single ionization is the
dominant channel, although higher charge states are also populated via multiple ionization
followed by two- or three-body dissociation.

Fig. 6.10(c) compares the XUV-only and NIR-only spectra. The XUV pulse produces
substantial single-, double-, and triple-ionization of CS,; notably, a distinct CS,*" peak
is observed. In contrast, the NIR-only spectrum is dominated by the parent CS," with a
much weaker dication signal. Together, these observations indicate that XUV absorption
drives the production of higher charge states and associated multi-body breakup in CSs,
while the NIR pulse primarily modifies branching fragment channels.

CS, PIPICO

The PIPICO map for CS, is shown in Fig. 6.11, providing a two-fold coincidence repre-
sentation in which the TOF of one ion is plotted against that of the second ion for each
event. Correlation identifies specific two-body breakup channels. In Fig. 6.11(b), the TOF
of one ion is plotted against the sum of the TOFs of the other two ions, i.e., TOF; vs.
TOF; + TOF}, revealing triple-coincidence fragmentation channels.

Several coincident channels arising from dications and trications, as well as from dimers
of the CSy molecule, are observed as sharp lines in the PIPICO map within the region
marked by the white dotted line.

CSy* " —— CS* 4 ST, (6.10)
CSy*T —— C 4 S, T, ( )
(CSy)p2t — €Syt + CS, ™, (6.12)
CS*t —— CS*F + ST, (6.13)
CSy° — CS* 4 8%, (6.14)
CS*t —= CT 4+ 8,7 + ST (6.15)

Here, S,* and S;* denote the two sulfur ions in the three-body channel (6.15); the
subscripts indicate detection order. In the data analysis, true-coincidence events are selected
using a momentum-conservation filter that ensures all fragments originate from the same
dissociation event.
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Figure 6.10: Ion signals from CS,. (a) 2D histogram of detector radius R versus mass-to-
charge ratio [m/z] for the XUV+NIR pulse together, average over all pump—probe delays.
(b) Mass spectrum (Counts/shot vs. m/z) obtained by integrating panel (a) over R. (c)
Comparison of NIR-only (red) and XUV-only (blue) mass spectra.

Branching ratios of coincidence channels

The branching ratio BR; of a given coincidence channel ¢ is defined as

N;
BR; = =—— x 100% 6.16
(2 Z] N] 0 Y ( )
where N; is the number of coincidence events observed in channel i and » ; N is the total
number of coincidence events in all considered channels. The total number of coincidence
events is calculated by summing all the coincident events, and the branching ratio values
are summarized in Table 6.1.

> N, = 306653 (6.17)
J
The CS™ + S* channel clearly dominates with a branching ratio of 82.09%, indicating

that it is the most favorable two-body dissociation pathway. Its high yield enables reliable
delay-dependent analysis.
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Figure 6.11: PIPICO map of CS, showing different dissociation channels: (a) TOF correlation
between the first and second ions (two-fold ion—ion coincidence), (b) correlation between
the TOF of the first-hit ion and the sum of the TOFs of the other two fragments (three-fold
coincidence).

Table 6.1: Branching ratios of the coincidence channels.

Channel N; BR; [%]
ST+ CS* 251722 82.09
CSy + CSy 11274 3.68
CS* + S%F 3628 1.18
Ct+ Sy 1420 0.46
CS* + S+ 2810 0.92
Ct+SH+S7 35799 11.67
Total 306653  100.00

In contrast, the C* + S, channel exhibits a very small branching ratio (0.46%), making
it the least probable two-body dissociation pathway and preventing meaningful time-resolved
analysis. Similarly, the low yields of the other minor channels limit the scope of delay-
dependent studies. In addition, three-body breakup C* +S," + S, ™ (11.67%) is observed,
reflecting the formation and fragmentation of higher charge states.

KER of Two-Body Breakup Channels

Fig. 6.12(a—d) shows the KER distributions for the two-fold ion—ion coincidence channels
identified in the CS, data. Two prominent channels originate from the dication.

C822+ — CS* + S+ and C822+ — CT + 82+.

For the CS* + S* channel shown in Fig. 6.12(a), the KER exhibits a pronounced peak
near 4.2 eV, with a tail extending to 10eV. The C* +S,* channel shown in Fig. 6.12(b) also
peaks at 4.2eV, but with a narrower KER distribution. This channel likely originates from
a bending motion in which the two sulfur atoms approach each other, form a transient S—S
bond (near-triangular geometry), and subsequently detach from the carbon atom, producing
SoT. Because the charge-separation distance at breakup is similar to that in the CST-S™
channel, the KER values are comparable. Momentum conservation then leads to a strongly
asymmetric energy partitioning: the lighter C* fragment carries most of the kinetic energy,



86 6.3 Results

(a) x10% C522+ -»CSt +S* (b) %102 C522+ -Ct+ Sz+
—— KER
] 1.0+
2.0 —— C*KE
) ¥ o] —— STKE
‘C 151 c
5 =}
o o 0.64
— —
L1110 o
% 9 0.4+
C C
5 =}
0 0.5 o
O O 0.24
0.0 0.0-%‘1ﬂ
T B S
KER (eV) KER (eV)
3+ 2+ +
(c) = CS;° " -»CS“ " +5S (d) X102 CS,2+* - CSt+ 52+
KER 1.2' — KER
0 —— S*KE - 107 —— S2+ KE
—_ )
c 1.54 I=
= S 0.81
¥e) IS
— [
L 1.04 & 0.6
(%))
+~ 7]
c T 0.41
2 S
G 057 o
O o2
00 25 50 75 106 125 150 —_—

KER (eV) KER (eV)

Figure 6.12: KER distributions for two-fold ion—ion coincidence channels: (a) CSy*" —
CST 48, (b) CS*T —— CT +S,7, (c) CS* —— CS*F +ST, (d) CS*T —— CST 482+,

while the heavier S;™ ion is correspondingly slower.
Two additional two-body breakup channels arise from the trication and are shown in
Fig. 6.12(c—d):

CSy*" —— CS* + 87 and CSy*" —— CST + S*F.

As expected for a higher total charge, their KER distributions are shifted to larger
energies and are generally broader than the dication channels, reflecting a stronger Coulomb
drive and a range of breakup geometries at the instant of fragmentation. For the channel
CSy3T —— CS*™ + ST, the KER peaks at around 7eV and extends up to 12eV. In contrast,
for €S> —— CS*™ 4 S** (Fig. 6.12d), the KER is more broadly distributed, spanning
roughly 5eV to 20eV with a peak near 9eV. This broadening likely arises from low barriers
on the relevant PESs along C-S bond stretching, which permit fragmentation over a wide
range of geometries and can support bound states at low vibrational excitation [168].

Time-Resolved KER of the CST + ST Channel

A time-resolved KER map was plotted for the CST + ST two-body breakup, with sufficient
statistics for delay-dependent analysis. Fig. 6.13(a) shows the 2D histogram I(KER, At).
Binning was chosen to balance temporal resolution, and errorbar counts are normalized per
laser shot and corrected for FEL pulse energy.



Chapter 6. Fragmentation Dynamics of CO, and CS, using an FEL Pump-NIR Probe

Technique 87
(a) 10 Coincidence of CS* and S+ ,._; (b) 10-2 KER range: 3-6 eV
™ 2'5; --- Erf component
14 = ] --- Decay component
S 5 241 —— KER total fit
— o . . ® KER exp. data
> O 2234
- 8 © ]
o N = ]
L T B 221
X g 9 \
o > ] 4
[} - N
z 211y J
w3
2.01 *
] =57 £ 17 fs
-100 0 100 200 300 '-100 0 100 200 300 400 500
Pump-Probe Delay (fs) Pump-probe delay (fs)

Figure 6.13: Time-resolved KER of CS™ + S*. (a) 2D histogram of KER vs. pump-probe
delay. (b) Delay-dependent yield integrated over 3eV to 6eV. Black points with error bars
show the measured KER integrated yield; the red curve is the total fit. The blue dotted
curve is the error-function (cross-correlation) component, and the pink dotted curve is the
exponential decay component. The vertical dotted lines mark the temporal overlap.

To quantify the dynamics, Fig. 6.13(b) plots the KER yield integrated over 3eV to 6eV.
A clear transient is observed: the yield rises during the XUV-NIR temporal overlap and
decays at positive delays, indicating that the NIR pulse probes a short-lived intermediate
prepared by the XUV pulse.

CSQ + hVXUV — CSQ+* +e + hVNIR — CSJr + S+ +e

The delay dependence is well described by an exponential convolved with the instrument
cross-correlation, showing a characteristic timescale of 7, = (57 & 17) fs from the 1D fit.

The CSy>™ —— CS* + S* channel shows the same transient behavior like COy2"
dissociation into CO™ + O™. In CS, data, ion-neutral channels such as CST + S or ST +
CS are not observed.

Three-Body Dissociation Channel CSy3T — s Ct+8S8,7+S,™

Fig. 6.11(b) shows the PIPICO map for CS, in the three-body breakup regime. A distinct
triple-coincidence island is observed for the complete Coulomb explosion channel,

0Sy% —» ¢t 48,7 + 8,1,

where subscripts a, b label the two indistinguishable sulfur ions.

Fig. 6.14(a) shows the geometrical representation of the Dalitz plot, where the marked
regions indicate the expected signatures of different mechanisms. The experimental Dalitz
distribution is shown in Fig. 6.14(b), in which each point corresponds to one C* +S,* +S,*
event and encodes the sharing of the KER among the three fragments. The axes are
normalised according to Egs. (6.1) and (6.2). Distinct regions can be associated with specific
pathways: events enclosed by the green dotted oval correspond to molecular bending, and the
bottom central area, marked in dotted purple, indicates nearly linear dissociation, in which
carbon has nearly zero energy, and the other two atoms carry all the energy and separate.
Two other lobes, marked by the black oval shape, reflect the asymmetric stretching of CS,,
where one C—S bond stretches more than the other at the time of Coulomb explosion. The
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Figure 6.14: (a) Schematic momentum-correlation features at representative points of the
Dalitz plot. (b) Experimental Dalitz plot for the three-body channel CSy*t —— C* +
SaT + Sy, (¢) Newton plot for all events(including sequential and non-sequential). (d)
Energy-correlation plot for the two sulfur ions.

event located along the two crossing dashed red-lined elongated band along the characteristic
axis (indicated by the red dashed line) signals sequential fragmentation, in which the two
C-S bonds break stepwise via a transient CS?" intermediate. Compared with CO5*"—where
linear, symmetric breakup is often dominant than CS,®>" here molecular bending dominates.
This difference arises from the larger mass of sulfur compared to oxygen, which modifies
the momentum and kinetic energy partitioning during fragmentation.[169, 170]. There is a
higher probability of a higher-vibrational-frequency population, thus favoring the molecular
bending fragmentation mechanism [168].

The Newton plot for the triple-coincidence channel is shown in Fig. 6.14(c). The
momentum vector of S,* is fixed along the z axis, while the momenta of C™ and S,
are plotted in the upper and lower half-planes, respectively. Two intense islands are
observed, corresponding to non-sequential dissociation of CSy*". A weak half-circular arcs
are visible between the islands; these ring-like features are characteristic of sequential
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breakup, reflecting a two-step decay in which CS,*™ —— S, ™ 4+ CS*" is followed, after a
finite delay, by CS** — C* + S, ™.

To separate these two mechanisms quantitatively, the correlation between the kinetic
energies of S, and S, is shown in Fig. 6.14(d). Two structures are clearly distinguished:
a strong diagonal band, indicating a pronounced correlation between the sulfur-ion energies
(non-sequential), and a diffuse off-diagonal region with weak correlation (sequential breakup).
The dotted white boundary marks the selection used for subsequent analysis: events within
the off-diagonal region are assigned to the sequential pathway, while the complementary
region along the diagonal defines the non-sequential set. This energy correlation also confirms
the coexistence of concerted and stepwise fragmentation mechanisms.

After filtering the events based on the kinetic energy correlation, the non-sequential and
sequential contributions are separated, and the corresponding Newton diagrams are shown
in Fig. 6.15(a-b), respectively. In the non-sequential case, the Newton plot exhibits two
distinct islands, whereas the sequential Newton plot shows a tail-like feature. Due to limited
statistics, a clear ring structure cannot be resolved in the sequential Newton plot.

100 Non-sequential 100 Sequential
(a) o T L v-'.f:-.\._. . (b) ! )
509 "+ 50
— A 102 -
S 01 3 01
T T
-50+%. n —50 4 0t
£ g E £
D - 3 = 3
C -1004 ..M O € -1004 o
(D] = . 10! (D]
S S
O —150+ O —-1501
= =
—200 1 —200 1
—250 — S — . . 100 —-250 - . . . . 100
-150 —-100 -50 O 50 100 150 -150 =100 -50 O 50 100 150
Momentum (a.u.) Momentum (a.u.)

Figure 6.15: Newton diagram of (a) Non-sequential (b) and sequential fragmentation for
CSy*F — CT 4+ 8,7 +S,"

Fig. 6.16(a) shows the KER distribution of all events, including sequential and non-
sequential, for CSy,*" together with the corresponding fragment energies. The KER is
broadly distributed and peaks at approximately 19eV. For comparison, strong-field mea-
surements using longer NIR pulses (~ 60 fs, ~ 5 x 10 W ecm™2) report smaller KER (15 eV)
values. This reduction is plausibly attributed to molecular deformation (e.g., bond stretch-
ing/bending, bond softening) during the longer pulse, which increases the charge-separation
distance at breakup. In the present experiment, the FEL pulse duration is < 20 fs, limiting
nuclear rearrangement prior to Coulomb explosion and yielding a higher KER peak. The
~ 19 eV value is consistent with prior measurements reported by Rjagara et al. using
120 keV Ar®" ion impact [171] and by Wang et al. using 1 keV electron impact [168].

Fig. 6.16(b) compares the KER for sequential and non-sequential three-body fragmen-
tation. The sequential mechanism KER range from 0eV to 17eV with a peak near 14eV,
whereas the non-sequential pathway peaks around 19 eV. The reduced KER in the sequential
case is consistent with a two-step breakup in which the second dissociation occurs at a larger
internuclear separation, thereby reducing Coulomb repulsion and the released kinetic energy.
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Figure 6.16: (a) KER distribution for the three-body breakup CSy*" — C* + S, +S,™.
(b) Comparison of KER distributions for non-sequential and sequential mechanisms.

Time-Resolved KER of CSST

Fig. 6.17(a) shows the time-resolved KER map for triple-coincidence events (C* +S,* +
Sy 1), plotted as a 2D histogram of KER (eV) versus pump-probe delay. Owing to the low
triple-coincidence count rate, coarser binning in both delay and energy is used than for the
two-body channels. Each bin is normalized to the laser shot and corrected for the FEL
pulse energy.

A clear delay-dependent signal is visible: the mean KER decreases from approximately
19eV at temporal overlap to 15eV at positive delays, consistent with a coulombic potential
energy curve. Because of limited statistics, sequential and non-sequential contributions
cannot be reliably separated; consequently, the aggregate KER is reported.

Given the low counts, a robust fit of the delay-dependent yield integrated over 10eV to
30eV is not feasible, and quantitative lifetimes for this channel cannot be extracted.
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Figure 6.17: Time-resolved KER of C* + S* + S*. (a) 2D map of KER versus pump-probe
delay. (b) Integrated KER yield over the selected KER window as a function of delay.



Chapter 6. Fragmentation Dynamics of CO, and CS, using an FEL Pump-NIR Probe
Technique 91

6.4 Summary and Conclusions: Comparative Dynam-
ics of CO5 and CS,

This chapter provides a comparative analysis of the ultrafast ionization and fragmentation
dynamics of COy and CSs using time-resolved CEI with an XUV-pump and an NIR-probe
in a REMI setup.

In CO,, XUV FEL pulses induce single and double ionization, thereby populating both
bound and dissociative states. Triple ionization leads exclusively to dissociative states;
consequently, the triple-ionized species (CO§+) does not appear as a distinct peak in the
mass spectrum, reflecting its high instability and rapid Coulomb-driven fragmentation.
Coincidence analysis identifies two principal fragmentation pathways: a two-body channel
(COT + O") and a three-body channel (C* + O* + O"). The KER for the two-body
channel exhibits a transient dependence on the pump-probe delay, which is attributed to a
dissociative cationic state (CO3 *) with a lifetime of 62 + 10 fs.

Dalitz and Newton plot analyses of the three-body fragmentation channel in CO, provide
detailed insight into dissociation dynamics. These triple-coincidence data reveal both
sequential and non-sequential fragmentation pathways. Energy correlation analysis between
the two O ions enables clear differentiation between concerted (non-sequential) and stepwise
(sequential) breakup mechanisms. Newton plots show distinct momentum distributions:
the sequential pathway exhibits well-defined lobes, indicating a delayed emission of the
second O™ ion after formation of a rotating CO*" intermediate, whereas the non-sequential
pathway shows a more symmetric distribution. Time-resolved Newton plot analysis further
elucidates the rotational dynamics of the intermediate CO?* fragment, with an estimated
rotational timescale of approximately 250 fs. The three-body channel is further enhanced
by ionization from the delayed NIR pulse, which promotes the formation of CO,*™* and
its subsequent conversion to CO,*". This highly charged state subsequently undergoes
Coulomb explosion, resulting in fragmentation into C™ and two O% ions through both
sequential and non-sequential processes, with a clear dependence on the pump—probe delay.

In CS,;, XUV FEL pulses induce single, double, and triple ionization, populating both
bound and dissociative states, as evidenced by the mass spectrum. Coincidence analysis
identifies several two-body fragmentation channels, with the CS™ + S™ channel being
dominant, as well as a three-body channel (C* +S™ 4+ S™). The KER for the dominant
CS™ 4 S channel exhibits a transient dependence on the pump-probe delay, attributed to
a dissociative excited cation state (CSy™*) with an exponential decay time of 57 4 17 fs.

Dalitz and Newton plot analyses of the three-body fragmentation channel C* 4 S* + S™
in CS, indicate the presence of both sequential and non-sequential breakup mechanisms.
Separation of these pathways is achieved by measuring energy correlations between the two
sulfur ions (S*). The analysis indicates that the non-sequential (concerted) mechanism
is dominant. Additionally, the mean KER decreases from approximately 19 eV to 15 eV
as the positive delay increases, suggesting structural evolution of the molecule. However,
limited statistics restrict more detailed separation and quantitative analysis of the individual
contributions.

The comparison of CO5 and CSs underscores the impact of molecular mass and electronic
structure on fragmentation dynamics. In CO, the atomic masses are relatively similar,
while in CSy, the heavier sulfur atoms significantly influence nuclear motion. Additionally,
sulfur’s greater electron count compared to oxygen leads to differences in electronic structure
and ionization behavior. Consequently, CSy displays more pronounced bending dynamics,
as observed in Dalitz plot distributions, whereas CO5 remains comparatively linear. This
increased bending in CS, facilitates the observation of minor channels such as C* 4 Sy™,
while CO, exhibits only a very weak O,™ signal. Furthermore, CS, shows a clear trication
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signature in the mass spectrum, whereas in CO, the trication state dissociates too rapidly
to be directly detected.

Despite these differences, the lifetimes of the states COy™* and CS,™* are approximately
similar within experimental uncertainty. However, the low triple-coincidence count rate
limits a more detailed analysis of three-body fragmentation dynamics. Future experiments
utilizing higher-repetition-rate free-electron lasers or extended acquisition times under stable
conditions will be necessary to clearly distinguish between sequential and non-sequential
breakup mechanisms.



Chapter 7

UV-Induced Dissociation of
1-Butanethiol

7.1 Introduction

Sulfur-containing organic compounds play a significant role in the photochemistry of the
Earth’s atmosphere, despite their low concentration [172]. These compounds act as secondary
air pollutants, influencing air quality, climate regulation, and ecosystem health [173]. Within
this family of chemicals, small-carbon-chain thiol (R-SH) molecules such as methanethiol
(CH3SH), ethanethiol (CoH5SH), propanethiol (C3H7SH), and the linear-chain of four-carbon
1-butanethiol (C4HgSH) are common and reactive, playing an important role in atmospheric
sulfur cycling [174]. These thiol molecules enter the atmosphere from both anthropogenic and
natural sources, with contributions from fossil fuel combustion, petroleum refining, biomass
burning, and biologically mediated marine fluxes [173]. Thiol groups in the atmosphere
can undergo photolysis under UV radiation, where absorption of light leads to cleavage of
sulfur-hydrogen (S—H) and carbon—sulfur (C—S) bonds and the formation of sulfur radicals
[175]. These radicals can initiate a series of atmospheric reactions, ultimately leading to the
formation of harmful compounds, such as sulfur dioxide (SO2) and sulfuric acid (H2SOy).
These products are responsible for environmental problems such as acid rain and smog [176].

Photodissociation of organosulfur molecules governs the formation of reactive sulfur-
containing radicals, with implications ranging from atmospheric chemistry to biomolecular
photoprotection. However, a detailed, real-time understanding of how S—H and C—S
bonds break, when they do, and how the charge redistributes during bond breaking and
rearrangement in the gas phase is an active area of research [177].

Traditional optical pump—probe techniques provide excellent temporal resolution but
lack element specificity. In contrast, synchrotron-based X-ray probes with picosecond
pulse durations provide chemical sensitivity but lack time resolution for studying ultrafast
processes and suffer from limited photon flux for low-density gas-phase targets, making
site-specific studies on femtosecond timescales challenging [178]. Recent advancements in
X-ray FEL sources have overcome these limitations by delivering short, high-intensity X-ray
pulses [51]. This enables time-resolved inner-shell photoelectron spectroscopy in the gas
phase with both element and site specificity, allowing, for example, the direct tracking of
sulfur-centered electronic and nuclear dynamics during UV-driven dissociation [109, 177,
179-182].

Probing the sulfur (S) 2p edge leverages the locality and chemical sensitivity of inner-
shell ionization: the S (2p) binding energy shift is influenced by the immediate bonding
environment. Therefore, a time-delayed sulfur-edge X-ray probe provides insight into the
evolving local structure as S-H and C-S bonds depart from their equilibrium geometries and
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fragments form.

Time-resolved X-ray photoelectron spectroscopy (TR-XPS) exploiting the S (2p) edge
has been used to disentangle the ultrafast UV dissociation of CS,, directly assigning the
emergence of CS and S photoproducts from the time-dependent S (2p) photoelectron
lines, validating the sulfur-site specificity for bond-selective breakup [177, 183]. Another
complementary study, using time-resolved X-ray Auger-Meitner spectroscopy (TR-AMS)
at the S (2p) level, monitors the Auger-Meitner (AM) electron spectra of UV-excited CS,,
resolving from bound excited molecule to CS + S fragment and provides a dissociation time
constant of 1.2 ps consistent with prior S (2p) TR-XPS result [183].

Here, the UV-induced dissociation of 1-butanethiol was studied using an UV pump
pulse at a center wavelength of 267 nm, corresponding to 4.65 eV photon energy to initiate
dissociation, followed by a delay-controlled XUV probe pulse at 179 eV photon energy to
investigate sulfur-centered dynamics with femtosecond resolution (see Fig. 7.1). Experiments
were conducted at the CAMP endstation (beamline BL1, FLASH1), employing an ion
time-of-flight spectrometer and an electron velocity map imaging (VMI) spectrometer; see
Chapter 3 for more details. Time-resolved experiments provide information on fragmentation
pathways and on the evolution of FEL-induced charge states, where charge transfer stops as
the molecular fragments separate. As the C-S bond dissociates and the 1-butanethiol moiety
evolves towards atomic sulfur, the S (2p) binding energy shifts to higher values, directly
reflecting the transition from molecular to an atomic sulfur environment. This increase in
binding energy corresponds to a decrease in the photoelectron and AM kinetic energy.

7.2 Experimental Method

The time-resolved UV/XUV pump—probe experiments described in this chapter were carried
out at the permanent CAMP endstation at beamline BL1 at FLASH1, as described in
Chapter 3. The XUV probe pulse was generated by the FLASH1 fixed-gap undulator and
set to a photon energy of 179eV to ionize the S (2p) core level states. The FEL operated at
10 Hz, synchronized with the optical laser system. The XUV pulse has a temporal duration
of approximately 50 fs (FWHM) and was focused into the interaction chamber using a KB
mirror setup, producing a focal spot of roughly 10 pm diameter [88].

Because of the stochastic nature of the SASE process and accelerator fluctuations—i.e.,
variations in the electron bunch energy and timing—both the FEL pulse energy and arrival
time fluctuate from shot to shot. To correct for these variations, the pulse energy was
recorded on a shot-by-shot basis using a GMD [66], while the timing jitter was measured
using a BAM setup [121]. These diagnostics were used in the post-analysis to normalize the
data and correct for timing jitter, thereby improving temporal resolution [98, 108, 111, 185].

A Ti:Sapphire pump—probe laser synchronized to FLASH delivered 800 nm NIR pulses;
a fraction of the beam was frequency tripled in a BBO crystal to produce UV pump pulses
with pulse durations on the order of about 150fs and a peak intensity of 5 x 102 W cm™2.
The UV and XUV pulses were spatially and temporally overlapped in the interaction region.
Temporal delay scans were performed using a motorized delay stage, varying the relative
delay between —1ps and 1ps in 100 fs steps. Background datasets, FEL-only and UV-only,
were acquired intermittently at 0.25 Hz during the scans.

Gas-phase 1-butanethiol samples were introduced into the interaction region via super-
sonic expansion. The sample (Sigma-Aldrich, >98 % purity) was vaporized in a resistively
heated reservoir integrated with an injection valve. The reservoir was maintained at approx-
imately 100°C—about 2°C above the sample’s boiling point (98°C)—to ensure sufficient
vapor pressure. The molecules were seeded in a helium carrier gas at a backing pressure
of 3bar and expanded into vacuum through a continuous nozzle. The resulting molecular
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Figure 7.1: Schematic of the UV/XUV pump—probe experiment on 1-butanethiol. (a)
A 267nm (4.65eV) UV pump pulse photoexcites the molecule via a two- or multipho-
ton absorption pathway, initiating dissociation along the C-S coordinate toward neutral
fragments, including atomic sulfur (S) and sulfur-loss channels (SH/M-SH), as well as
cationic sulfur-containing fragments (SH*/M-SH™). A delayed 179¢V XUV FEL probe
pulse ionizes the S2p core level, enabling femtosecond-resolved tracking of the evolving
sulfur electronic structure via electron VMI.(b) Time-dependent density functional theory
(TD-DFT) potential energy curves (PECs) along the C—-S coordinate for selected neutral,
excited, cationic, and dicationic states. These curves illustrate the dissociative pathways and
the increase in S (2p) binding energy as the fragments separate, corresponding to a decrease
in photoelectron kinetic energy. The quantum-chemical calculations were performed using
ORCA 6.1.0 [184]. The Sy ground state of 1-butanethiol was optimized at the B3LYP /def2-
QZVP level with D3(BJ) dispersion corrections. Starting from the lowest-energy conformer,
potential-energy curves were computed as a function of the C—S bond distance for the lowest
25 electronically excited states of the neutral, cationic, and dicationic species using the
TD-DFT (B3LYP/def2-TZVPD). During these scans, all other geometric parameters were
kept fixed except S—C bond length.

jet underwent adiabatic cooling and was collimated by two skimmers before entering the
interaction chamber, which was maintained at a pressure below 5 x 10~ mbar.

The CAMP endstation housed a double-sided VMI spectrometer capable of simultaneously
detecting ions and electrons [88]. Ion TOF and VMI electron images were recorded at
the same time, and the ion VMI detector was gated to selectively record the momenta of
specific molecular fragments in a separate run. Following interaction with the laser pulse,
the resulting ions and electrons are accelerated and guided by an electric field, which maps
their velocities onto a dual MCP detector equipped with a phosphor screen and a CCD
camera for imaging. Ion TOF information was recorded via an analog-to-digital converter
(ADC).
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7.2.1 Data Analysis

This section provides a detailed analysis of the experimental data obtained from a double-
sided VMI setup. In this experiment, electron and ion VMI images and ion TOF spectra
were recorded during a pump-probe delay scan, along with reference measurements using
FEL-only and UV laser-only pulses. The main data processing steps are outlined here.
All electron and ion data were analyzed in JupyterLab notebooks using Python, based on
analysis scripts developed for this work.

Ton TOF-MS Data

In this experiment, time-resolved ion-yield information was obtained by recording mass
spectra at different delay times. At each delay point, multiple single-shot TOF spectra were
collected, binned, and averaged to improve the signal-to-noise ratio. Since the actual arrival
time of the FEL is subject to timing jitter due to arrival-time fluctuations, each delay point
was corrected using BAM data to determine the accurate delay between the FEL and the
pump—probe laser pulse.

Ion yields were extracted from the TOF spectra by integrating the signal over selected
TOF intervals. First, the TOF axis was calibrated to mass-to-charge ratio (m/z) using
reference peaks from ions of known m/z (e.g., He™ and the 1-butanethiol parent ion).
Integration windows corresponding to the fragments of interest were then defined based on
their m/z values, and the signal integrated within each window was taken as the ion yield
as a function of time delay between pump and probe pulses. To correct for shot-to-shot
FEL energy fluctuations, the extracted ion yields were normalized to the number of photons
absorbed in the ionization process. In cases of low FEL peak intensity, single-photon
absorption is generally a good approximation for most XUV experiments.

This analysis provided ion-yield traces as a function of pump—probe delay for each
fragment; the discussion here focuses on the most relevant channels. The temporal overlap
(to) of the pump and probe pulses was obtained by fitting the delay-dependent ion or electron
yield using the fitting procedure described in Section 2.3.1.

Electron VMI Data

Electron spectra were recorded with the electron side of the double-sided VMI spectrometer.
At each pump—probe delay, multiple single-shot images were acquired. The raw images were
first processed shot-by-shot using a Gaussian blur filter and then thresholded to remove
background noise, hot pixels, and detector artifacts. Subsequently, data is binned and
averaged, yielding an electron image for each delay bin. All delay values were also corrected
using BAM values.

The averaged 2D electron images were symmetrized and then Abel-inverted using the
pBasex algorithm [97] to reconstruct the central slice of the 3D photoelectron distribution, as
described in Section 3.4.5. Angular integration of the inverted images yields kinetic-energy
spectra of the emitted electrons. Energy calibration of the electron detector was performed
using the well-known He 1s ionization line (E; = 24.5 eV) [186] and the krypton 3d spin—orbit
doublet (Kr 3ds/, at 93.8 eV and Kr 3ds/, at 95.0 eV) [187], ensuring accurate assignment
of spectral features (Fig. 7.2).
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Figure 7.2: Reference binding energies extracted from the electron VMI data and used for
electron kinetic energy calibration: (a) He 1s and (b) Kr 3d. The corresponding electron
VMI and their Abel-inverted image are shown in Appendix C.3.

7.3 Results

7.3.1 Time-Resolved Ion Spectroscopy
Mass Spectra

The ionization and fragmentation dynamics of 1-butanethiol induced by XUV and UV
pulses were investigated using the pump—probe setup. Fig. 7.3(a) shows the mass spectra
of 1-butanethiol following interaction with the XUV pulse (blue trace) and the UV pulse
alone (red trace). Fig. 7.3(b) compares the UV-early (black) and UV-late (green) mass
spectra. High-resolution mass spectra of 1-butanethiol, shown in Appendix C.2, help to
identify overlapping ion TOF signals.

Reaction Channels in 1-Butanethiol under UV Excitation

Static experiments on 1-butanethiol under UV excitation at 248 nm have revealed several
reaction channels [188]. The main pathways are summarized as follows.

1. Cleavage of the S—H bond:
CH3;CH,CH,CH,SH — CH3CH,CH,CH,S + H
2. Cleavage of the C—S bond:
CH3;CH,CH,CH,SH — CH3CH,CH,CH, + SH
3. Dissociation after hydrogen transfer:
CH3;CH,CH,CH,SH — 2 CyHy + SHy
4. Cleavage of a C—C bond:

CHgCHQCHQCHQSH — CHgCHQ + CHQCHQSH

The UV mass spectrum in Fig. 7.3(a) (red trace) shows a strong parent-ion signal at
m/z = 90. A single UV photon of 4.65eV is well below the ionization potential (IP) of
1-butanethiol (~9.15eV [189]), so the observed parent ion must originate from a two-photon
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Figure 7.3: Mass spectra of 1-butanethiol obtained under different excitation/ionization
conditions. (a) Fragment ions produced by XUV-only (blue) and UV-only (red) laser
pulses. (b) UV-early (black) and UV-late (green) spectra from the pump-probe experiment,
highlighting the temporal evolution of fragmentation channels.

ionization pathway. A prominent group of fragments appears at m/z = 54-58, corresponding
to C4H,* (n = 6-10) fragments produced after breaking off of S* or SH,* (n = 0-3). A
very small peak at m/z = 32-35 indicates that sulfur is formed predominantly in neutral
form, with only minor channels in which sulfur departs as SHy. Clear evidence for C—C bond
cleavage is provided by the most intense peak in the TOF-MS spectrum near m/z = 24-29,
attributable to CoH, ™ fragments (n = 0-5), consistent with UV-induced carbon-carbon
bond scission.

Overall, the UV pulse induces fragmentation through both C-S and C-C bond cleavage.
Low peak signals include a weak H' peak and a very faint Hy™ peak, the latter consistent
with the high IP of neutral Hy (15.37eV [190]) or alternatively attributable to fragmentation
of the molecule itself. This implies that multiphoton absorption processes at 4.65eV are
required to produce these hydrogen-containing ions under the applied UV conditions.

Fig. 7.1(b) shows calculated PECs for 1-butanethiol, indicating that two to four UV
photons are required to excite and dissociate the molecule, consistent with the rich frag-
mentation observed in the UV-only mass spectrum. At least two UV photons are required
to ionize the molecule and produce the parent cation. Within the singly ionized manifold,
several dissociative states lie at significantly higher energies; absorption of four UV photons
would be required to access these dissociative cationic states.

A distinct dicationic (M*") peak cannot be unambiguously identified, most likely due
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to overlap with the SCH" fragment, which appears at the same m/z. The IP of M?* is
approximately 25eV, as suggested by the above theoretical calculations. It is also possible
that the dication is too short-lived to be detected. Overall, the PECs suggests that more than
three UV photons are required to access strongly ionized dissociative states of the molecule.
The UV-intensity-dependent mass spectrum is shown in the Appendix (see Section C.1).

XUYV: Core Ionization of Sulfur

When a 1-butanethiol molecule is exposed to XUV photons with an energy of 179eV, the
dominant process is ionization of the S (2p) core level, which has an IP of approximately
169 eV. Ionization occurs on a sub-femtosecond time scale, leaving a core hole localized on
the sulfur atom. Within just a few sub-10 fs vacancy decays primarily via the AM process
[191], in which a valence or inner electron (from the HOMO, HOMO-1, or Sulfur 3s,3p
shells) fills the 2p hole, and an additional AM electron will be emitted from the outer shell.
As nuclear motion begins to couple to the evolving charge distribution, the S—H and C-H
bonds weaken. Within approximately 30fs to 100 fs after XUV absorption, Coulomb-driven
fragmentation sets in, leading to hydrogen loss, cleavage of the C—S bond, and the formation
of small carbon-chain fragments. These processes are summarized schematically in Fig. 7.4,
which illustrates the sequential evolution of 1-butanethiol following XUV-induced core
ionization.
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Figure 7.4: Schematic illustration of the processes following XUV ionization of 1-butanethiol.
XUV absorption creates a sulfur 2p core hole and emits a photoelectron, followed by AM
decay that redistributes charge within the molecule. Subsequent intramolecular charge
transfer and increasing Coulomb repulsion lead to fragmentation and Coulomb explosion.

The mass spectra reveal the effects of S (2p) ionization at 179eV and the subsequent
AM decay. The cascade AM process localizes charge at the sulfur site, producing highly
charged sulfur ions (up to S**) and driving Coulomb-induced fragmentation. The peak
at m/z=>56 corresponds to the loss of SHy ([M—SH,|"), indicating sulfur-centered bond
cleavage. Peaks at m/z=33-35 arise from sulfur-containing fragments formed after rapid
one- or two-hydrogen-transfer processes within the molecular ion.
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In addition to sulfur ions, numerous carbon-containing fragment ions are observed,
including small hydrocarbons such as CHs™ and CoH™, as well as larger fragments like
C3Hg". The most intense low-mass fragment, m/z=27 (C,H3"), originates from carbon—
carbon bond cleavage and subsequent dehydrogenation. Overall, the mass spectra indicate
that sulfur-core ionization initiates ultrafast charge redistribution, hydrogen migration,
and extensive fragmentation, yielding both highly charged sulfur ions and characteristic
hydrocarbon fragments.

Delay-Dependent Ion Fragment

The delay value between the UV and XUV pulses is defined relative to time zero (t(), which
corresponds to their temporal overlap (Fig. 7.5). Negative delays (¢ < 0) correspond to UV
pump — XUV probe ordering, where the UV pulse initiates excitation or dissociation before
the XUV pulse probes the sulfur 2p level. Positive delays (¢t > 0) correspond to XUV pump
— UV probe ordering, where the XUV pulse first ionizes the sulfur 2p core level, followed by
UV interaction with the resulting transient states.
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Figure 7.5: Three-panel schematic illustrating the UV /XUV delay-dependent pulse sequence:
(A) UV pump — XUV probe (t < 0): the UV pulse excites or dissociates the molecule before
XUV ionization; (B) Time zero (¢y): temporal overlap of UV and XUV pulses; (C) XUV
pump — UV probe (¢ > 0): the XUV pulse ionizes the S (2p) core level before the UV
pulse interacts. This schematic captures the three delay regimes of the dissociation and
charge-transfer dynamics of 1-butanethiol.

UV pump — XUV probe (¢t <0, Fig. 7.5A): The UV pulse excites 1-butanethiol
from its ground state to electronically excited states and, if its photon energy and intensity
are sufficiently high, can also ionize and induce dissociation of the parent molecule. A
delayed XUV pulse then ionizes the sulfur 2p level, and Auger decay proceeds from an
excited or fragmented ion state.

Time zero (ty, Fig. 7.5B): The UV and XUV pulses overlap, defining the reference
point for all pump-probe delays.

XUV pump — UV probe (¢t > 0, Fig. 7.5C): The XUV pulse ionizes the S (2p)
core first, creating a highly unstable core-ionized state that decays via AM processes. The
subsequent UV pulse interacts with the many transient and excited states resulting from or
following AM decay, thereby enhancing fragmentation yields.
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Charge Transfer

The UV pump—XUYV probe experiment (Fig. 7.6) illustrates how charge redistributes between
the alkyl and sulfur fragments during C-S bond dissociation in 1-butanethiol. The UV
pump pulse (red) launches dynamics along the repulsive C—S coordinate, producing neutral
fragments whose separation increases with delay. A time-delayed XUV pulse (purple) ionizes
the S (2p) core level, and the AM cascade rapidly produces two-three valence holes centered
near sulfur within a few femtoseconds, producing S** and S** ions.

As illustrated schematically in Fig. 7.6(a), the charge-transfer efficiency depends strongly
on the internuclear distance. At short delays, when the fragments remain close, electron
density can flow from the alkyl group to the sulfur site, resulting in a shared final-state
charge distribution. At intermediate separations, this transfer becomes partial and distance-
dependent. At long delays, once the fragments are effectively isolated, charge transfer is
quenched, and sulfur ionizes locally while the alkyl fragment remains neutral.
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Figure 7.6: Schematic of the charge transfer between the alkyl and sulfur fragment as a
function of pump-probe delay. The 267 nm UV pump pulse (red) dissociates the molecule
along the C—S bond, and the time-delayed XUV pulse (purple) ionizes the sulfur 2p core level.
Panels (A—C) represent short, intermediate, and long pump—probe delays corresponding
to increasing C—S separations, where the charge localization evolves from shared to fully
isolated.

This interpretation is supported by the measured ST and St ion yields shown in
Fig. 7.7. The ion yield of S*T exhibits a temporal onset delayed by approximately 300 fs,
whereas the St signal appears after roughly 500 fs. These systematic shifts indicate that
sulfur reaches higher charge states only after the fragments have separated sufficiently for
the charge-transfer channel to close, consistent with dissociation along a repulsive C-S
coordinate.

Hydrogen Migration and Roaming—H,; Dynamics in 1-Butanethiol

There are several delay-dependent fragmentation channels that provide clear evidence of
hydrogen migration in 1- butanethiol most notably the ion yields of HY (n = 1-3) and SH
(n = 0-3), which are discussed in detail in this section. As shown schematically in Fig. 7.8,
the XUV pulse initiates S (2p) ionization of C4HgSH, followed by AM decay leading to a
dication, launching nuclear motion that leads to the formation of a roaming H, neutral
precursor on a timescale of tens to a few hundred femtoseconds [192-194]. This transient
species branches mainly along three pathways: (a) hydrogen abstraction/association to
yield Hy" [195],(b) electron transfer with the 1-butanethiol cation to form Hy™*, and (c) Hy
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Figure 7.7: (a) S*T ion yield and (b) S*" ion yield as a function of pump-probe delay for
I-butanethiol. The S** yield is shifted by approximately 300 fs, while the S** yield is shifted
by approximately 500 fs, reflecting the dissociative dynamics of 1-butanethiol along the
repulsive C—S coordinate. These temporal offsets indicate that higher charge states emerge
only after the charge-transfer channel closes, consistent with a transition from delocalized
to localized ionization as the internuclear separation increases.

transfer to the sulfur site producing SHs™ [196]. The roaming-mediated Hs* channel gives
rise to a pronounced transient peak near t,, whereas depletion of Hy™ and SH3™ is observed
when the UV probe arrives at later delays, as discussed in the following paragraphs.
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Figure 7.8: Schematic illustration of H, roaming and product formation channels in C,HoSH.
(a) The XUV pulse initiates S (2p) ionization, generating the dicationic state C,HoSH*',
followed by dissociation to produce a neutral roaming H, fragment. (b) Proton transfer
forms Hs™ + C,H;S, (c) electron transfer yields Hy" + C,HgS™, and (d) H, migration leads
to SH;". (ef) The UV probe pulse can further perturb or ionize the roaming H,, thereby
modifying the yields of Hy", Hy", and SH;" through UV-induced fragmentation.
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Formation of Hgt Following AM decay, the parent molecule forms a dication that
undergoes ultrafast charge redistribution, weakening the a-C—H bonds and narrowing the
H-C-H angle so that two a-hydrogens (i.e., the hydrogens attached to the a-carbon, the
carbon atom directly adjacent to the sulfur-bearing carbon) combine into neutral Hy. This
neutral Hy roams within the dication’s electrostatic field and subsequently abstracts the S—H
proton, yielding free Hy™ (m/2=3)—a mechanism analogous to that previously established
for ethanethiol by Ekanayake et al. [197]. Such pathways provide fundamental insight into
H; " formation; one of the universe’s most abundant ions and its huge role in the interstellar
medium[198].

Ab initio quantum chemical calculations show that doubly ionized sulfur withdraws electron
density less effectively than doubly ionized oxygen, resulting in a smaller positive charge
increase on a-hydrogens, reduced a-C—H elongation, narrower H-C—H angles, and a longer
a-H---H distance. Together, these effects suppress neutral Hy formation and thus Hs™ yield
in thiols relative to alcohols [197].

Consistently, ethanethiol exhibits an eclipsed SH geometry relative to the forming Hy at
the dication minimum and a slower Hz" formation time (365 + 10 fs) compared to ethanol
(220 £ 6 fs). These trends are expected to persist in 1-butanethiol, given the same a-site
origin of Hy and the S-H deprotonation endpoint [197].

Ion Yield of Hgt Formation Following XUV-induced S2p ionization, AM decay led to
a dicationic state of 1-butanethiol. This highly excited state rapidly evolves to generate a
transient, roaming neutral Hy precursor. When the UV probe pulse arrives near the temporal
overlap (tg), it efficiently couples to these short-lived geometries, promoting proton-transfer
and association reactions that yield Hs™.

The delay-dependent Hs™ Ton yield, shown in Fig. 7.9(a), exhibits an asymmetric rise
and decay that is well described by a Gaussian—exponential convolution model. This fitting
yields a lifetime for the Hs"-forming configuration, determined to be 100 4= 100 fs.
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Figure 7.9: Ton yield as a function of pump-probe delay for (a) H3* and (b) SH3". In
panel (a), the experimental data (black) are fitted using a Gaussian—exponential convolution,
shown as the sum of an error-function component (blue dotted), a decay component (purple),
and the total fit (red). Panel (b) shows the SH3™ yield (black with error bars) fitted with a
negative error function (red), capturing the UV-induced depletion of the SH3* precursor.

Ion yield of SHs™ Formation of SHs" requires both a sulfur-centered positive charge
and access to a mobile Hy. The UV pulse can reduce the SHy™ yield by either:
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e consuming the roaming Hy precursor (diverting it into Ho™ or H3™ channels), or

e The UV pulse can further ionize the SH3" (or its intermediate precursor) and/or
induce dissociation. Either pathway decreases the yield of SH;™ with pump-probe
delay.

Fig. 7.9(b) shows the delay-dependent SH3" yield. The UV-induced decrease near
to suggests that the probe pulse either ionizes the neutral Hy precursor or induces the
dissociation. This behavior is modeled using a negative error function that captures the
UV-driven depletion of the SH3™ signal.

Ion yield of HY Fragments The H" fragments arise from two main contributions:
e Direct S—H or C—H bond cleavage of the XUV-prepared cation/dication, and
e UV ionization of neutral H atoms generated by XUV-induced dissociation.

The delay-dependent H" yield, shown in Fig. 7.10(a), exhibits a clear enhancement near
to, demonstrating that the UV pulse couples efficiently to short-lived reactive geometries
created immediately after XUV ionization. As the system evolves beyond these geometries,
the HT yield decays with a characteristic timescale of ~ 200 fs, consistent with the loss of
the Hy roaming precursor that feeds these channels.

Ion Yield of SH,T Formation of SHy™ originates from intramolecular hydrogen transfer
within the XUV-ionized 1-butanethiol cation. The initial S (2p) ionization, followed by
AM decay, produces a highly excited, multiply charged state that drives proton migration
toward the sulfur atom, transiently forming SHy™-like configurations.
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Figure 7.10: Ion yield as a function of pump-probe delay for (a) H* and (b) SHy". (a) The
experimental HT signal (black) is fitted using a Gaussian—exponential convolution model,
shown as the sum of an error-function component (blue dotted), a decay component (purple),
and the total fit (red). (b) The SHy™ yield (black with error bars) is fitted with the same
Gaussian—exponential convolution function, capturing the ultrafast formation and decay of
the transient SHy™ configuration.

The corresponding ion yield, shown in Fig. 7.10(b), reflects both this XUV-driven
hydrogen migration and the interaction with the UV pulse. When the UV probe interacts
with the short-lived SHy™, it either further ionizes them or disrupts the weakly bound
configuration. At longer delays, the ion yield of SHy™ decreases on a sub-picosecond
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timescale (~ 100 fs), consistent with the very short-lived nature of the migrating-hydrogen
configuration.

Ion Yield of H,™ Fig. 7.11 shows the delay-dependent ion yield of Hy ", which is primarily
generated by the XUV pulse through ionization of neutral roaming H, precursors formed
during early fragmentation of 1-butanethiol. When UV pulse arrives after the ty, it can
further excite the already formed Hy™ to repulsive electronic states, leading to dissociation
into H" + H. This UV-induced depletion of Hy" ions yields a negative error function in the
measured Hyo™ vield at positive delays.
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Figure 7.11: Ion yield as a function of pump-probe delay for Hy™. The experimental Hy™
signal (black) is fitted using an error function (red).
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7.3.2 Electron VMI: Probing Site-Specific Dynamics with TR-
XPS and TR-AMS

Time-resolved TOF-MS spectroscopy provides an overall picture of fragmentation dynamics
but does not reveal electronic state evolution [199]. Such information is essential for
understanding excited-state processes, where the Born-Oppenheimer approximation (BOA)
breaks down, and strong electron—nuclear coupling can drive rapid population transfer
between electronic states, particularly near conical intersections (CIs), where potential
energy surfaces become degenerate [4, 200].

In the UV-pump / XUV-probe scheme used here, a UV pump pulse initiates excited-state
dynamics in 1-butanethiol, followed by an FEL probe pulse that ionizes the S (2p) core level.
The resulting photoelectrons and AM electrons are recorded as a function of pump—probe
delay. The delay-dependent kinetic energy (KE) distributions provide a sensitive probe of
ultrafast changes in charge localization and local bonding as the molecule evolves on the
excited-state potential energy landscape.

In the following section, a detailed analysis of the delay-dependent VMI electron spectra
focuses on two key aspects: (i) the appearance of short-lived electron features immediately
following UV excitation, and (ii) the temporal evolution of the photoelectron and AM
electron kinetic energies.

X-ray photoelectron and Auger-Meitner process

A schematic representation of X-ray photoelectron spectroscopy (XPS) and Auger-Meitner
spectroscopy (AMS) processes is shown in Fig. 7.12. In the electronic ground state (bottom
panel), absorption of an incident X-ray photon ionizes a core-level electron, creating a core
hole. This system relaxes through the electronic transition in which an electron from a
higher-lying orbital fills the vacancy. The excess energy released in this relaxation process is
transferred to a second electron, known as a AM electron. The characteristic time scale
of such a process is of the order of a few femtoseconds. Although radiative decay channels
such as fluorescence can, in principle, compete with the AM mechanism, their contribution
to the S (2p) studied here is negligible [201].

In the time-resolved method (top panel), the molecular system is first excited by a UV
pump. This excitation changes the valence electronic configuration, and the subsequent
X-ray ionization, XPS, and AMS decay pathways may differ significantly from those observed
in the ground state.

In TR-XPS, a UV pulse excites the system, and a delayed XUV pulse ionizes the chosen
core level. The resulting photoelectron kinetic energy directly reflects the instantaneous
binding energy of the probed orbital. Because core levels, such as S (2p), are highly localized,
their binding energies are highly sensitive to the local environment. This enables TR-XPS
to monitor bond cleavage or rearrangement at the sulfur site in real time, a capability that
cannot be achieved with ion detection alone.

The KE of the emitted photoelectron is given by

Ekin = throbe — BE, (71)

where hvpope is the probe photon energy and BE is the binding energy (BE).

Following S (2p) photoionization in 1-butanethiol, the resulting core hole decays via the
AM process: a valence electron from the molecular orbital fills the S (2p) vacancy, and the
released energy ejects a second valence electron or AM electron.

The kinetic energy of the AM electron is primarily determined by the energy difference
between the core-ionized state and the final dicationic state reached upon decay. This can
be expressed approximately as
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Figure 7.12: Schematic illustration of XPS and AMS processes in the ground state (top) and
UV-excited state (bottom). An X-ray photon ejects a core electron, creating a core-ionized
state that relaxes when a higher-lying electron fills the vacancy and an AM electron is
emitted. Differences in the valence structure of ground- and UV-excited molecules are
reflected in the resulting AM electron kinetic energies.
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The above equation indicates that the kinetic energy of AM electrons depends on the
molecular electronic structure rather than on photon energy once the photon energy exceeds
the resonance threshold. Unlike in TR-XPS, the AM electron kinetic energy is independent
of the probe photon energy, making TR-AMS inherently non-resonant and robust against
probe-pulse bandwidth and photon-energy jitter at FELs. The energy resolution is instead
governed by intrinsic factors, such as the core-hole lifetime broadening, and by experimental
factors, such as the spectrometer resolution.

The TR-AMS technique has been successfully applied to track ultrafast dynamics in
photochemically relevant systems. McFarland et al. investigated thymine at the oxygen
K-edge and showed that UV excitation produces a distinct feature, attributed to changes
in the electronic structure during the non-adiabatic relaxation [202]. In sulfur-containing
nucleobases, Lever et al. applied TR-AMS to 2-thiouracil, observing characteristic shifts
in the S (2p) AM spectrum linked to C-S bond elongation. These results demonstrate the
ability of TR-AMS to simultaneously capture nuclear motion and electronic-state dynamics
with element specificity [179].
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UV Early and Late Electron Spectra

Fig. 7.13 shows the photoelectron spectra of 1-butanethiol recorded with a FEL photon energy
of 179 eV with a bandwidth of approximately 4 eV. The spectra include contributions from
both direct photoionization and AM decay processes and are displayed for two characteristic
delay conditions: UV-early (black) and UV-late (red).

In the UV-late configuration, the XUV pulse arrives first and ionizes the molecule before
the UV excitation pulse. Thus, the observed electrons originate from the ground-state
(unexcited) molecule, representing the static photoemission reference, as shown in the bottom
panel of Fig. 7.12. In the UV-early condition, the UV pulse arrives before the XUV probe,
probing transient ionization from the UV-excited electronic state. Comparison of these two
spectra, therefore, highlights how the molecule’s electronic and nuclear dynamics evolve
upon photoexcitation.

(a)

800+ — UVearly05ps<t>1.2ps
—— UV late t <-0.2 ps

600 1

(arb. units)

400~

200+

Intensity

0.0 2.5 5.0 7.5 100 125 150 17.5  20.0

—
o
St

600 1

b. units)
AW
o O
S o

arp.

— 300+

Intensity
= N
o O
S O

0 L] L] L] T L} T
110 120 130 140 150 160 170 180
Kinetic energy (eV)

Figure 7.13: Early (red) and late (black) photoelectron spectra of 1-butanethiol recorded
at 179 eV photon energy. The top panel shows the XPS region (0-20 eV kinetic energy)
with S (2p) photoemission peaks, and the bottom panel shows the AMS region (125-145
eV) corresponding to sulfur LMM decay. The helium 1s line at 155 eV serves as a reference
for electron spectra.

The upper panel of Fig. 7.13(a) shows the XPS region (0-20 eV kinetic energy), which is
dominated by S (2p) photoemission. The S (2p) peaks appear near 11.5 eV kinetic energy,
corresponding to binding energies of 168.81 eV (2ps/2) and 170.08 eV (2p,/2), consistent
with previously reported gas-phase sulfur-edge measurements on thiol-containing molecules
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[196, 203]. To the best of my knowledge, specific S (2p) binding energies for gas-phase
1-butanethiol have not been reported. A theoretical calculation was performed using the
GAMESS software to estimate the S (2p) binding energy and its molecular fragments,
showing good agreement with the experimental values (see Appendix, Section C.4 for
details). Comparison of the late-delay (red) and early-delay (black) spectra shows a slight
decrease in the S (2p) photoemission intensity accompanied by a corresponding increase in
the sulfur-fragment signal under UV-early conditions. This behavior indicates a perturbation
of the local electronic environment at the sulfur site following UV excitation.

The lower panel of Fig. 7.13(b) shows the AMS region (125-150 eV kinetic energy),
where multiple features arise from sulfur LMM AM decay. In LMM decay, a vacancy created
in the L shell is filled by an M-shell electron, and the released energy ejects a second M-shell
electron. A sharp line at 155 eV corresponds to helium 1s ionization (binding energy =
24.6 €V) from the carrier gas and serves as an internal energy reference. At higher kinetic
energies (165-171 eV), a broad and intense feature is observed, originating from valence
ionization of 1-butanethiol induced directly by the FEL pulse. This band corresponds to
photoemission from the outer-valence orbitals of the molecule.

Fig. 7.14 illustrates the sulfur energy-level diagram, showing the Ly and M 23 subshells
and the corresponding LMM AM decay pathways responsible for the observed features.
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Figure 7.14: (a) Photoionization of the sulfur 2p (Ly) subshell by a 179 eV photon, creating
a core vacancy and emitting a photoelectron. (b) Relaxation of the Ly vacancy via LMM
AM decay, illustrating the Ly and M; 93 subshells and the corresponding decay channels.
The three dominant transitions, LoM;M;, LoM; Mg, and LyMosMoss, correspond to kinetic
energies near 125, 138, and 148 eV, respectively.
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Time-Resolved X-ray Photoelectron Spectroscopy (TR-XPS)

The TR-XPS data are shown in Fig. 7.15 as a two-dimensional differential heat map, plotted
versus pump-probe delay on the z-axis and photoelectron kinetic energy on the y-axis. The
differential signal is defined as

AS(E’ t) = S(E’t) - Slate(E)7 (73)

where S(FE,t) is the measured intensity at pump-probe delay (t) and Sii.(E) is the
UV-late reference spectrum.

At to, the TR-XPS map shows a clear depletion of the S (2p) line at 11.5 eV (negative
signal), accompanied by a positive feature in the 5-10 eV region associated with dissociation
photoproducts.

To quantify the delay dependence, the kinetic-energy window indicated by the dashed line
in Fig. 7.15 was integrated at each delay, yielding the delay-dependent S (2p) photoelectron
intensity. The resulting one-dimensional traces shown in Fig. 7.16 were then analyzed
using time-resolved fits to extract the decay of the parent S (2p) signal and the rise of
photoproduct features.

Emax

1) = / S(E,t)dF, (7.4)
Emin

where S(E,t) denotes the electron spectrum as a function of the kinetic energy E and the

pump-probe delay (t). The bounds Fy,, and Ey., define the lower and upper limits of

the kinetic-energy window associated with the spectral feature of interest (e.g., a selected

photoelectron or AM line).
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Figure 7.15: Differential TR-XPS spectra of 1-butanethiol are shown as a two-dimensional
differential heat map. Positive (red) signals indicate increased photoelectron intensity after
UV excitation, while negative (blue) signals represent depletion relative to the ground state.

Fig. 7.16(a,b) shows the integrated S (2p) signal and the sulfur photoproduct signal as a
function of pump-probe delay, together with the corresponding fits. The depletion region,
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shown as the black curve in Fig. 7.16(a), was modeled as an excited-state contribution
combined with a negative error function to account for the loss of the ground-state 1-
butanethiol signal, broadened by the finite temporal resolution. The extracted excited-state
lifetime is approximately 29 fs with a huge error due to very noisy pump—probe electron
data.
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Figure 7.16: Intensity integrated over the photoelectron kinetic energy 10-12 eV (Left) and
5-8 eV (Right) in black color and associated fit in red solid line.

For the sulfur photoproduct region, shown in Fig. 7.16(a), the lowest-energy photo-
electron signal-—dominated by contributions from sulfur-containing fragments—exhibits a
characteristic rise time of roughly 54 fs. Lifetimes for individual fragment channels cannot
be uniquely assigned within the available temporal resolution.

Time-Resolved Auger—Meitner Spectroscopy

Fig. 7.17 shows the differential 2D TR-AMS map, which contains three distinct kinetic-
energy regions. The helium line at 155 eV provides a strong, time-dependent reference signal
for calibrating the VMI electron spectra and determining ¢y. A second feature, arising from
FEL-induced valence ionization near 170 eV, follows the dynamics of the bound excited state
of 1-butanethiol. The third feature, the AM region (125-145 eV), contains the molecular
decay dynamics of interest. Near ¢;, an enhancement appears in the 140-148 eV range
together with depletion between 137-140 eV, indicating a transient blue shift of the AM
features in the excited state relative to the ground state.

To analyze the time-resolved behavior in the AM region, the electron yield was integrated
over the kinetic-energy windows indicated by the dashed lines in Fig. 7.17, producing
the 1D electron-yield traces shown below. Fig. 7.18(a) shows the integrated helium signal
as a function of pump-probe delay, which is used to determine ¢, and to extract the
cross-correlation time. Fig. 7.18(b) displays the high—kinetic—energy electrons generated by
FEL-driven valence ionization of 1-butanethiol. A short-delay enhancement is observed in
the 160-170 eV window, associated with population of a bound electronically excited state.

The integrated helium and valence-ionization signals were fitted with a Gaussian-
convolved exponential decay to extract temporal parameters. The fit yields a cross-correlation
(instrument response) time of approximately 200 fs, consistent with the UV-FEL timing
jitter, and an excited-state decay constant of about 50 fs, characterizing relaxation of the
bound excited state prior to dissociation.

Fig. 7.19(a) and (b) show the energy-integrated AM-region signals. Near ¢y, a clear
enhancement appears in the 142-150 eV range, accompanied by a partial depletion at
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Figure 7.17: Differential 2D TR-AMS spectra of 1-butanethiol. Several regions are high-
lighted with orange dotted lines. Regions (I) and (II) originate from AM decay, while
two additional regions arise from helium ionization and valence ionization of the molecule
induced by the XUV pulse.
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Figure 7.18: Integrated intensity as a function of pump-probe delay for (a) the helium
region (electron kinetic energy (eKE) = 155-160 eV) and (b) valence ionization in the XUV
region (eKE = 165-170 eV).

slightly lower energies. These overlapping features indicate a transient blue shift in the AM
spectrum upon excitation.

In contrast, the lower kinetic-energy window (130-136 eV) exhibits a delayed rise that
begins around 300 fs. This delayed growth may reflect population transfer through a conical
intersection, leading to the appearance of AM features at lower kinetic energy, or it may
originate from fragments formed after molecular dissociation. Overall, the observed AM
kinetic-energy shifts to higher energies near t; confirm the presence of excited-state dynamics
prior to fragmentation.
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Figure 7.19: Intensity integrated over the AM kinetic energy 142-150 eV (Left) and 130-136
eV (Right) in black color and associated fit in red solid line.

7.4 Summary

The UV-induced dissociation dynamics of 1-butanethiol were investigated using femtosecond
time-resolved inner-shell photoionization at the sulfur (S 2p) edge. XUV pulses at 179 eV
from FLASH1, combined with VMI of ions and electrons, enabled detailed probing of the
photoinduced processes triggered by UV pulses. Under these experimental conditions, the
UV excitation primarily led to direct ionization of the molecule, which subsequently initiated
dissociative ionization pathways.

Time-resolved TOF-MS ion yield analysis as a function of pump—probe delay reveals
charge transfer from the sulfur site to the alkyl chain following UV-induced fragmentation,
occurring on a timescale of approximately 300 and 500 fs, for S*™ and S*T, respectively.
The mass spectra also indicate the formation of several notable fragments, including Hs™,
SH,", and SH3%. These fragmentation channels are consistent with hydrogen migration
processes along the carbon chain, involving intramolecular hydrogen transfer between distinct
molecular regions — observed previously in similar molecules ionized by IR pulses.

Time-resolved photoelectron- and AM- spectroscopy provides complementary, site-specific
insights into the evolution of the electronic structure. Both techniques indicate that the
excited-state lifetime is on the order of hundred femtoseconds, with dissociation and C-S
bond cleavage occurring within approximately 200 fs. Transient shifts in the photoelectron
and AM spectra reflect changes in the local chemical environment, such as C-S bond
breaking, charge redistribution, and the formation of other dissociation products. Although
electron spectra regions show overlapping contributions that limit the complete separation
of individual decay pathways, the overall findings consistently support a model of ultrafast
excited-state relaxation followed by molecular fragmentation.

Ion VMI images were acquired at only two delay conditions, corresponding to early
and late arrival of the UV pulse relative to the FEL pulse. Ion images were not gated for
higher sulfur charge states, and no additional measurements were performed to complement
these data. Ion VMI images of sulfur and the sulfur-loss channel are nevertheless presented
and support the current analysis (see Appendix, Section C.2). Furthermore, using a CCD
camera instead of a Timepix detector prevented simultaneous acquisition of ion and electron
images, limiting the dataset to discrete delay conditions rather than to a fully resolved
pump-probe measurement of ion momenta.

Several limitations affected the experimental data. The measurements exhibited low
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statistical quality, and the electron VMI spectrometer’s specific setup provided limited
energy resolution. The FLASH1 beamline was operated in SASE mode, which resulted in
rather large bandwidth and reduced spectral stability.



Chapter 8

Summary and Outlook

This thesis comprises two sets of experiments that combine instrumentation development
with time-resolved investigations of atomic and molecular dynamics at the FLASH facility.
One of the major goals of this thesis was to improve the temporal resolution in pump-
probe measurements, particularly at the FL26 REMI endstation, and to use this improved
resolution to study systems ranging from atoms to small molecules. The second set of
experiments extends to time-resolved ion and electron spectroscopy for larger molecular
systems using a double-sided VMI at the CAMP endstation. Together, these studies
establish new capabilities, highlight current limitations of ultrafast experiments at FLASH,
and outline a trajectory for future development.

A major achievement of this thesis is the first experimental implementation of the
LAM at the FL26 beamline (FLASH2). A detailed technical description and performance
evaluation of the LAM are presented in Chapter 4. In a benchmark two-color XUV-NIR
pump-probe experiment, the LAM setup enabled long-term drift correction and shot-to-shot
timing characterization, resulting in an effective temporal resolution of 46 + 5 fs (FWHM).
This shows a substantial improvement over the previously typical resolution of 100-300 fs.
Beyond the gain in temporal resolution, active feedback stabilization provided by the LAM
system reduces uncertainties in the temporal overlap between the FEL and NIR pulses
and minimizes the need for extensive post-processing. This significantly improves the data
yield during the beamtime, which is essential for long acquisition campaigns at the REMI
endstation.

Exploiting the enhanced temporal resolution at the REMI endstation, xenon (Xe)
photionization and subsequent AM decay were investigated using XUV pulses at 90 eV
and 160 eV, corresponding to excitation near the giant 4d resonance and Cooper minimum,
respectively. At 90 eV, ionization is dominated by 4d single ionization followed by AM decay;
the intensity dependence of the Xe** ion yield shows evidence of a two-photon process. At
160 eV, both the 4p and 4d energy levels overlap and exhibit single- and double-ionization.
The intensity dependence of the Xe®* and Xe®* ion yields indicates two-photon-induced
ionization channels under strong XUV excitation.

The NIR pulse probes transient intermediate excited states prior to their decay, promoting
them to energetically higher states and providing insight into the relaxation steps that lead
to different final charge states. The measured Xe®* lifetime of 49 & 3 fs is approximately
a factor of two shorter than previously reported values [123], demonstrating the impact
of improved temporal resolution. The detailed results of these xenon measurements are
presented in Chapter 5.

These results demonstrate that intense XUV radiation enables site-specific creation of
core-hole states and, when combined with synchronized NIR probing, provides time-domain
access to ultrafast decay dynamics in atomic systems. Future time-resolved electron-ion
coincidence measurements will be important for disentangling overlapping AM decay channels
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state-selectively and for achieving a more detailed understanding of the underlying relaxation
mechanisms. Further improvements in temporal resolution will be essential for resolving the
faster AM transitions.

Building on the xenon experiments, the methodology is extended to small molecular
systems through time-resolved CEI of CO, and CS,, as detailed in Chapter 6. In both
molecules, two-body and three-body fragmentation channels are resolved, and analysis of
the delay-dependent ion yields reveals intermediate-state lifetimes of approximately 60 fs
for COy™* and CS,1*. These measurements enable a clear distinction between concerted
and sequential dissociation mechanisms. In CS,, the observation of multiple two-body
coincidence channels indicates the presence of distinct dissociation pathways associated with
different intermediate electronic states. Collectively, these results demonstrate how ultrafast
electronic excitation governs subsequent nuclear motion and highlight the importance of
precise temporal control for disentangling competing reaction pathways.

Time-resolved CEI experiments demand long-term stability of both the FEL and the
pump-probe laser parameters that is greater than that required for comparable atomic
measurements. Under these conditions, the effective long-term temporal resolution was
approximately 80 fs. Although this resolution is sufficient to identify the dominant fragmen-
tation channels and intermediate lifetimes, it limits sensitivity to faster dynamical processes
and highlights the need for further improvements in synchronization stability.

More recently, electron—ion coincidence experiments were performed on sulfur-containing
molecules such as OCS using the same experimental setup at the REMI endstation. Site-
selective ionization of the sulfur 2p shell provides a well-defined initial excitation for tracking
ultrafast charge redistribution and dissociation [204]. Energy-dependent scans across off-
resonant, resonant, and above-resonance excitation [205], combined with time-resolved
coincidence detection, would directly correlate electronic emission with fragmentation
pathways [206]. Such experiments would address limitations encountered in the non-
coincident 1-butanethiol study and provide a benchmark for site-specific ultrafast dynamics
in molecular systems.

So far, REMI experiments focus on measurements of atomic and small-molecular systems;
the second experimental set explores complementary spectroscopic techniques in a larger
polyatomic molecule. UV-induced fragmentation dynamics of 1-butanethiol are investigated
at the CAMP endstation using a double-sided VMI see Chapter 7. In this approach, ion
and electron images are recorded to obtain both fragment distributions and photoelectron
spectra. The measurements reveal rapid fragmentation of the hydrogen-transfer channels
and charge transfer involving the sulfur site. Time-resolved photoelectron and AM spectra
indicate excited-state lifetimes on the order of several hundred femtoseconds, with C—S bond
cleavage occurring on a 200 fs timescale.

These results provide a consistent picture of excited-state relaxation followed by dissoci-
ation. However, the experiments are not performed in full electron—ion coincidence mode,
and overlapping spectral contributions limit the ability to unambiguously assign specific
electronic transitions to individual fragmentation channels. This limitation highlights a
key challenge in extending ultrafast spectroscopy to complex molecules: resolving corre-
lated electronic and nuclear dynamics requires detection schemes capable of event-by-event
coincidence analysis.

The experimental findings of this thesis, therefore, motivate several directions for future
development, beginning with continued improvements in pump-probe laser infrastructure
[207]. Achieving temporal resolution in the sub-30 fs regime over long acquisition periods
is essential for resolving faster atomic and molecular transient states while operating at
high repetition rates. The ongoing transition toward high-repetition-rate Yb-based 1030
nm laser systems within the FLASH2020+ upgrade partially addresses this requirement
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by providing higher average power and improved stability [120]. Although Yb:YAG pulses
are intrinsically relatively long, spectral broadening in a multi-pass cell (MPC) followed
by post-compression enables the generation of sub-20 fs pulses with high efficiency [208-
210]. Delivering uncompressed pulses to the experimental stations for local compression
and diagnostics provides a flexible architecture that supports diverse experimental needs.
High-repetition-rate operation will be particularly beneficial for statistically demanding
coincidence experiments or experiments with a very low signal-to-noise ratio.

In parallel with laser upgrades, the anticipated implementation of seeded FEL operation
will significantly enhance the coherence and stability of the XUV source [211, 212]. In
contrast to the SASE process, the seeded operation produces pulses with narrow spectral
bandwidth, improved temporal coherence, and enhanced shot-to-shot reproducibility [213].
These properties are directly relevant to time-resolved photoelectron spectroscopy, where
improved energy resolution and timing precision are essential for resolving subtle electronic
features. For molecular systems such as 1-butanethiol, seeded tunable FEL pulses would
enable more selective excitation and more precise tracking of excited-state evolution.

Detector technology represents another critical area for advancement. The CCD-based
VMI detectors used in the present experiments integrate signals over exposure times and
lack event-resolved timing information, limiting their compatibility with high-repetition-rate
sources and coincidence measurements. Time-stamping detectors such as Pixel imaging
mass spectrometry (PImMS) [214] and Timepix [215, 216] provide event-by-event spatial
and temporal resolution and can operate at repetition rates of up to 1 MHz. Although
the Timepix camera can be readily integrated into the CAMP setup, it was not utilized
during these experiments. Its operation at the CAMP endstation would enable electron—ion
covariance analysis, thereby allowing direct correlation between emitted electrons and the
corresponding ionic fragments [216].

The complementary strengths of REMI and double-sided VMI suggest that future experi-
mental architectures will increasingly adopt hybrid strategies optimized for specific scientific
objectives. REMI offers complete kinematic information for coincidence measurements but
operates at relatively low count rates and requires ultra-high vacuum conditions. VMI
provides higher throughput and simpler operation, and when combined with advanced time-
stamping detectors, may approach coincidence capability while maintaining high efficiency
[217]. Bridging these approaches will expand the range of accessible experiments.

These instrumentation developments occur in the broader context of rapid progress in
FEL technology. The emergence of phase-stable few-femtosecond to attosecond X-ray sources
[213] enables direct observation of electronic motion on its natural timescale. Increasing
repetition rates to the tens or hundreds of kHz supports statistically demanding coincidence
and imaging experiments, although practical constraints on ion time-of-flight spectrometers
impose trade-offs between repetition rate and time-of-flight window. An operation in the
100-200 kHz repetition-rate range may be an effective compromise, as many coincidence
measurements require a time-of-flight window of approximately 10-5 us.

In summary, this thesis work represents a significant step forward in high—temporal-resolution
ultrafast spectroscopy experiments at FLASH, achieved through enhanced synchronization
and the development of molecular imaging methods. The results demonstrate both the
current capabilities and the remaining challenges in achieving simultaneous high temporal
resolution, high statistics, and coincidence or covariance detection. Continued progress in
laser stability, seeded FEL operation, detector technology, and experimental architecture
will enable increasingly detailed investigations of coupled electronic and nuclear dynamics.
As these developments converge, ultrafast spectroscopy at XUV and X-ray FELs will extend
to more complex systems and approach the fundamental limits of electronic motion.
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Appendix A

Laser Pulse Characterization

To calculate the peak power of the NIR laser or FEL, the laser pulse was approximated as a
Gaussian in both time and space, described by the following equation.

I(z,y,t) = lyexp (—%) exp (—%) (A.1)

spatial temporal

Where I(z,y,t) denotes the intensity at time ¢, at position x,y in a plane perpendicular
to the direction of propagation, otemporas is the temporal width, ogpetia is the radial width
of the pulse, and I is the peak intensity of the pulse.

Pulse energy can be found by integrating this intensity over the entire (z, y) space and

over time (t).
Epulse = / / / I(JZ, Y, t) dx dy dt (AQ)

Substituting the expression for I(z,y,t) into the integral:

0 0 oo 2 2 tZ
Epulse = / / / [0 exp —;C 2+ i exp —22— dx dy dt (AB)
—00 J —00 J —00 Uspatial atemporal

The solution leads to the integral, which yields the total energy E:

E

pulse — ]O : (27T)3/2 : O-gpam‘al * Otemporal (A4)

The relationship between the full width at half maximum (FWHM) and the standard
deviation o was used for both the spatial and temporal dimensions of the Gaussian pulse.
This relationship is given by

FWHM = 24/2In(2) o (A.5)
Substituting these values into the above equation and rearranging.

ZTL(2) 3/2 E ulse
Ih=8- : L A6
0 < ™ ) FW H Myemporar - FW HM? (A.6)

spatial

The NIR laser pulse energy was measured using a calibrated power meter positioned
upstream of the in-coupling windows of the REMI. A photodiode was calibrated to enable
shot-to-shot measurements of the laser pulse energy. The focal spot size of the NIR pulse
was estimated using a virtual focus camera that accurately reproduces the beam profile at
the interaction point. This was achieved by recording beam-profile images at the focus at a
repetition rate of 10 Hz and by converting the pixel coordinates to real space after per-pixel
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camera calibration. The resulting beam-profile data were fitted with a Gaussian function,
which gives the pulse focal dimensions.

During the 2021 beamtime, the temporal profile of the laser pulse was characterized
upstream of the REMI in-coupling windows using single-shot Frequency-Resolved Optical
Gating (FROG) with a commercial Femto Easy device. The measured pulse duration was
approximately sub-20 fs. Pulse properties are shown in Fig. A.1.
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Figure A.1: Single-shot FROG measurement of the NIR laser pulse during the 2021 beamtime.

However, during the 2023 beamtime (11015327), a commercial single-shot autocorrelator
from Avesta was employed to characterize the laser pulse, yielding a pulse duration on the
order of sub-20 fs, comparable to that measured in 2021. This measurement is shown in Fig.
A.2. The NIR laser experimental parameters for the 2021 and 2023 beam times, along with
the corresponding calculations, are summarized in Table A.1.

Beamtime FWHM Temporal FWHM o0,,0, Epuse Iy

(fs) (nm) )  (W/em?)
2021 < 20 20 and 50 20 8.29 x 103
2023 < 20 20 and 60 68 1.88 x 10

Table A.1: Pump-probe laser beam parameters.

The energy of each FEL pulse and the beam’s position are determined for every shot
using a GMD [66]. Additionally, the focal spot size—with a diameter d ~ 20-30 pm—and
the pulse duration, 7pgp, &~ 20fs, are obtained from THz streaking measurements [116].
The FEL experimental parameters and the corresponding peak intensity, calculated using
Eq. (A.6), are listed in Table A.2.
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Figure A.2: Single-shot autocorrelation measurement of the NIR laser pulse during the 2023
beamtime.

Beam Time ID FWHM Temporal FWHM Spatial Epuse Iy

(Is) (1m) (nJ) (W/em?)
2021 (F-11010412) <20 20-30 1.5 0.6-1.5x 1013
2023 (F-11015327) <20 20-30 3 1.3-3 x 10%3

Table A.2: Summary of FEL beam parameters.

A.1 Estimation of NIR Intensity

At the REMI endstation, measuring the exact pulse energy and pulse duration at the target
is challenging. Although several pulse characterization diagnostics are available, they are all
located upstream of the coupling windows of the REMI, introducing additional uncertainties
due to transmission losses. Therefore, a direct determination of the peak intensity of the
NIR laser at the interaction region is not feasible.

The laser intensity can be determined using the charge-state ratio of argon ions
(Ar*™/Ar™), obtained from the measured mass spectrum shown in Fig. A.3 and another
from ADK-theory to fit the momentum distribution of Ar* [218].

The yields of Art and Ar?"T were extracted by integrating their respective peaks in the
TOF-MS at different NIR intensity.

Table A.3 summarizes the laser intensity calculated from the measured pulse energy, pulse
duration, and focal spot size, estimated using a virtual focus upstream of the in-coupling
window of the REMI spectrometer. The argon mass spectrum was used to determine the
relative ion yields. The Keldysh parameter () values listed in Table A.3 indicate that
ionization occurs predominantly in the tunneling regime (v < 1), supporting the use of
tunneling-based models, such as the ADK model, for intensity estimation.
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Figure A.3: Argon time-of-flight mass spectra recorded at three pulse energies. Charge
states up to Ar3* are observed only at the highest pulse energy of 168 pJ using a NIR laser.

Table A.3: Laser peak intensity from measured pulse parameter before in-coupling to REMI
spectrometer

Pulse Energy Peak Intensity Ratio Keldysh
(ud) (W/cm?) (Ar*T/Art) Parameter

168 4.64 x 10* 0.1023 0.53
116 3.21 x 104 0.0601 0.64
80 2.21 x 104 0.0370 0.77
68 1.88 x 101 — 0.83
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Figure A.4: The theoretical values are in good agreement with the experimental results.
The blue and green lines correspond to laser intensities of 3.21 x 10* W /cm? and 2.21 x
10" W /em?, respectively, while the red and cyan lines are taken from the experiment by
Georg Schmid at REMI endstation at FLASH2 [219]. The blue dotted line represents the
theoretical ratio from Weber et al. [218].
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Appendix B

Pump-probe Laser Drift Measurement

B.1 Two-Color Balanced Cross-Correlator

The FLASH2 pump—probe laser oscillator is synchronized to the MLO reference clock using
feedback from a two-color BCC, following the scheme described in Ref. [100]. The schematic
of the BCC setup is shown in Fig. B.1.

Pump-Probe laser

RSy

Qb End mirror
Y, ——
N _—

I H_'
|
: IReverse Path Forward Path I
Optical reference I o — i
! = Lens BBO / I Iris, filter
| L) k I - i K\ X]ln\
PDYf 2 V W wsre = w1 + w; g[ I

Figure B.1: Schematic of the two-colour BCC. Pulses from the MLO reference and
pump—probe laser oscillator are combined with a dichroic mirror (DM) and focused into a
BBO crystal to generate a SFG signal. After passing through a retro-reflector, the pulses
generate a second SFG signal in the crystal. The two signals are detected and used to
determine the relative timing between the pulses.

Pulse trains from the MLO reference signal at 1550 nm and the pump—probe laser
oscillator at 800 nm are spatially and temporally overlapped using a dichroic mirror. The
collinearly propagating pulses are focused into a type-I phase-matched BBO crystal, where
a signal is generated via SFG. The intensity of the generated SFG light depends sensitively
on the temporal overlap of the two pulses as well as on their individual intensities. The
sum-frequency light is separated from the fundamental beams using a second dichroic mirror
and detected with balanced photodetectors (PD1 and PD2).
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To remove the ambiguity arising from the symmetric delay dependence of the SFG signal,
a second cross-correlation measurement is performed. The pulses are then refocused into
the crystal to generate a second SFG signal, producing a differential timing signal. The
resulting S-curve calibration of the BCC signal is shown in Fig. B.2.

«10% att. motor RB = 45.0 | cal. = 0.002819 fs/count

{
|

AF Sha T
+= / * { PD1
= ¥ & i PD2 T
E ¥ 7 2 PD bal.

3t %ﬂ! T : . fitted data |
} # ) S fit

ADC signal (counts)

-5 1 L » 1 1
-1 -0.5 0 0.5 1

time (ps)

Figure B.2: Calibration of the BCC S-curve. The differential signal obtained from the
balanced photodetectors (PD1-PD2), originating from the two cross-correlation stages, is
plotted as a function of the relative delay between the optical reference and pump—probe
laser pulses. Around the zero-crossing, the response is approximately linear and defines the
operating point for timing stabilization.

Near the zero-crossing of this curve, the response is approximately linear, and the detector
output becomes directly proportional to the timing offset. This linear region defines the
operating point for the feedback loop. By locking the system to this point, the BCC provides
a stable error signal for active synchronization, enabling few-femtosecond timing precision
between the pump—probe laser and the optical reference.

B.2 Interferometer Measurement Data at the REMI
Endstation

A commercial interferometer (SIOS Messtechnik GmbH) was used to measure the optical
path length between the MOD2.6 and REMI. The path-length change is converted to
femtoseconds to show the corresponding optical path delay. The measured distance signal is
shown in Fig. B.4.

Environmental parameters such as air pressure, temperature, and humidity are monitored
simultaneously during the measurement. These parameters are used to estimate their
influence on the optical path length over approximately 4 m between the MOD2.6 output
and the REMI in-coupling window. Variations in these environmental conditions affect the
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Figure B.3: Long-term timing drift measured over three days of continuous operation during
the 2021 beamtime campaign. After activating the LAM feedback system, the drift is
reduced from approximately 300 fs to about 1 fs.
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Figure B.4: Distance measured by the SIOS interferometer. The distance is converted into
femtoseconds to represent the corresponding optical path delay.
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refractive index of air and therefore introduce additional drift in the measured optical path
length.

The recorded environmental parameters are shown in Fig. B.5. Based on these measure-
ments, the expected drift contributions to the optical path delay can be calculated.
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Figure B.5: Environmental parameters recorded during the interferometer measurement,
including table and air temperature, air pressure, humidity, and corrected laser wavelength.

Fig. B.6 shows the measured interferometer signal together with the estimated contribu-
tions from environmental effects. The calculated drift contributions primarily arise from
variations in air pressure and from changes in the effective laser wavelength induced by
environmental conditions. After subtracting the estimated environmental influence, the
residual represents the uncompensated optical path-length fluctuations of the system.
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Figure B.6: Measured interferometer signal together with the estimated environmental
contributions to the optical path delay and the remaining residual after correction.
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Appendix C

Supplementary Material: UV-Induced
Dynamics of 1-Butanethiol

C.1 Mass Spectrum

Fig. C.1 shows the measured mass spectra of 1-butanethiol at different UV intensities. At
higher intensities, enhanced fragmentation leads to a broader distribution of ionic species.
This behavior reflects the increasing contribution of multiphoton ionization, leading to
higher total ionization of the molecule and fragmentation into smaller fragments.

12
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He 54+Sa+ 52+ — .
CH M'SHZ N M+
# Laser Intensity
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©
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£

Mass-to-charge ratio (m/z)

Figure C.1: Mass spectra of 1-butanethiol recorded at different UV laser intensities, showing
the evolution of fragmentation patterns with increasing intensity.

Fig.C.2 shows the high-resolution mass spectrum of 1-butanethiol acquired under UV
and FEL combined (integrated over all pump-probe delays). The spectrum was recorded
in so-called spatial imaging mode rather than in the spectrometer’s VMI mode, thereby
improving mass resolution. This higher resolution helps us to better identify the closed ionic
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fragments in the mass spectrum. Key fragment peaks are identified and assigned based on
their mass-to-charge ratios.
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Figure C.2: High-resolution mass spectrum of 1-butanethiol with UV and XUV pulse
recorded in spatial imaging mode.

C.2 Ion VMI

The ion VMI data were recorded by selecting specific TOF regions corresponding to different
fragment ions. This TOF gating enables the isolation of particular ionic species and the
reconstruction of their momentum distributions.

Fig. C.3(a) shows the VMI images of sulfur-containing fragments with hydrogen, SH
(n = 0,1,2,3), along with the corresponding radial intensity distributions obtained by
integrating the images over angle. The results show that when the UV pulse arrives later,
the sulfur-fragment yield increases, as evidenced by the enhanced signal in the corresponding
radial distributions. In contrast, Fig. C.3(c) and (d), which correspond to [M—SH,]"
fragments (formed by the loss of SH,, from the parent molecule), show a depletion in signal
when the UV pulse is delayed.
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Figure C.3: VMI ion images of 1-butanethiol. Panels (a,b) show SHY (n = 0-3) with corre-

sponding radial distributions, while (¢,d) show [M—SH,|*. Both images have contributions
from the background.
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C.3 Electron VMI: Helium and Krypton

Helium is used as a carrier gas and to calibrate the electron spectrometer, whereas krypton
is used solely for calibration because it produces multiple peaks upon ionization at a photon
energy of 179 eV, with contributions from multiphoton processes at high FEL intensities.
The corresponding raw and Abel-inverted VMI images for helium and krypton are shown in
Fig. C.4 and Fig. C.5, respectively. The Abel-inversion procedure described in Section 3.4.6.
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Figure C.4: Raw and Abel-inverted electron VMI images of helium, used for spectrometer
calibration.
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Figure C.5: Raw and Abel-inverted electron VMI images of krypton, also used for spectrome-
ter calibration. The Abel-inverted image shows multiple rings, originating from multiphoton
ionization by the FEL pulse.
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C.4 Simulation of XPS Spectra

Binding energies of photoelectrons were calculated using GAMESS [220, 221] with DFT
(B3LYP/cc-pCVQZ). Binding energies were obtained via the A self-consistent field (SCF)
method as the energy difference between neutral fragments and fragments containing a

sulfur 2p core hole.

Geometries were optimized at the Hartree-Fock/6-31G* level prior to the calculations.
The SCF convergence of core-hole states was improved by using modified SCF settings. The
calculated binding energies were compared with reported values for similar sulfur-containing
molecules, where the S (2p) core-level binding energy is approximately 168 eV [196].

Molecule SCF [a.u] SCF (S 2p~!) [a.u] ASCF [a.n.] ASCF [eV] sllffin(f\%
R-SH (literature) ~168

Butanethiol -556.5783 -550.3613 -6.2170 -169.16 0
C,H,SH -477.3046 ~471.0859 -6.2187 -169.21 0.05
CH,SH -437.9654 431.7222 16.2432 -176.88 0.71
SH -398.7221 -392.4301 16.2920 171.21 2.04
S -398.0233 -391.6532 -6.3701 -173.33 4.16
Butanethiol* -556.2484 -549.7148 -6.5336 17778 -8.62
C,H,SH* -477.0641 -470.5297 -6.5344 -177.80 -8.64
CH,SH* -437.5662 -430.9779 -6.5813 -179.08 -9.92
SH* -308.2762 -391.5252 -6.7510 -183.69 -14.53
S+ -397.6192 -390.7691 -6.8501 -186.39 -17.23

Table C.1: SCF energies, core-ionized energies, and chemical shifts for sulfur-containing

species relative to butanethiol.
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