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Abstract

Light-induced chemical reactions are essential processes that have a profound impact on
various aspects of human life and technology. A prime example is photosynthesis, where
photons from sunlight drive the conversion of water and carbon dioxide into oxygen and
glucose, supporting vital life processes. Similarly, light-induced molecular dynamics are at
the heart of photovoltaic technologies, which convert photon energy into electrical energy,
providing a key energy source. Additionally, extensive research and practical applications
exist in the field of molecular and biomolecular switches, where, among other applications,
photons are employed to regulate enzyme activities. From a broader perspective, animals
and humans can also be seen as undergoing a form of photosynthesis, as we produce vitamin
D3 in our skin when exposed to sunlight. The photochemical reaction involving the ring
opening in the 1,3-cyclohexadiene molecule serves as a model system for the photosynthetic
process of pre-vitamin D generation.

A thorough understanding of photo-induced molecular dynamics is essential for advanc-
ing our knowledge of these phenomena and enhancing our technological capabilities. Captur-
ing such dynamics in real time has long been a challenge due to the ultrafast (femtosecond)
timescales on which many fundamental chemical processes, including bond breaking, iso-
merization, and ring conversion, occur. Recent advancements in ultrafast spectroscopies
and the development of intense light sources, from table-top optical lasers to X-ray free-
electron lasers (XFELs), have enabled researchers to visualize these ultrafast dynamics in
real time, acquiring a sequence of timed snapshots of evolving molecular structures. Among
the most promising techniques for such ‘molecular movie making’ is the so-called Coulomb
Explosion Imaging (CEI), which reveals molecular structures by rapidly ionizing molecules

to highly charged states and detecting the momenta of the resulting ion fragments. When



implemented in a pump—probe configuration, where a pump light pulse initiates a reaction
and a delayed probe pulse maps it with Coulomb explosion, CEI can provide unique insights
into the evolution of molecular geometries on ultrafast timescales.

A successful application of the CEI technique to studies of polyatomic systems relevant
to chemistry requires a detailed understanding of the fragmentation processes involved in the
formation of Coulomb explosion patterns and of the observables involved in their formation.
The main goals of this thesis are (i) to explore such fragmentation dynamics in a few model
systems, (ii) to gain detailed understanding of the mechanisms involved in the laser-driven
CEI, (iii) to develop efficient routines for handling and representing multidimensional CEI
observables, and (iv) to use the developed procedure and the knowledge gained to image
light-driven ring conversion reactions.

This thesis aims to investigate three different model systems. First, it focuses on the
CEI of ethylene (CoH,) driven by intense femtosecond near-infrared laser pulses. Ethylene, a
typical unsaturated hydrocarbon molecule, represents an attractive model system for CEI of
polyatomic molecules because of its relative simplicity, accessibility for theory, and its planar
geometry in the ground state of the neutral molecule. At the same time, it has enough com-
plexity for studying different multi-particle breakup channels, particularly those involving
one or more of the four hydrogen atoms, whose detection is one of the important capabili-
ties of the CEI technique. The experimental results and detailed simulations presented here
reveal and characterize competing concerted and sequential mechanisms involved in the for-
mation of Coulomb explosion patterns for a triply-charged molecule, disentangle two differ-
ent four-body breakup pathways for quadruple ionization (‘cis-’ and ‘trans-fragmentation’),
and explore possibilities and challenges for CEI relying on full atomization of the molecule
(breakup into six atomic ions).

As a second model system, this thesis addresses CEI of 2(5H)-thiophenone (C,H4OS)
employing intense femtosecond laser and XFEL pulses. Here, we first present static CEI

patterns for this molecule obtained with 2.6 keV X-ray pulses at the European XFEL and



with table-top near-infrared lasers. The results show that a three-dimensional structure of
such a complex, non-planar system can be mapped using CEI, including the 3D arrangement
of its hydrogen atoms. While the data obtained with XFEL pulses ionizing the sulfur K-edge
are more robust and exhibit much higher signal to noise ratio, the same signatures of the 3D
molecular structure can still be revealed in the experiments with near-infrared lasers when
using appropriate data analysis procedures. As a second step, we apply laser-driven CEI
to image ring opening in 2(5H)-thiophenone (thiophenone) triggered by the absorption of
an ultraviolet (UV) photon. The CEI patterns map the femtosecond evolution of this ring
opening reaction, complementing earlier results obtained with time-resolved photoelectron
spectroscopy and ultrafast electron diffraction.

Finally, we perform detailed simulations of the CEI of ring conversion dynamics in the
2 3-dihydrofuran (C4HgO) molecule upon deep-UV excitation and present the first exper-
imental results demonstrating the feasibility of mapping this photoreaction with CEI em-
ploying table-top near-infrared lasers.

Overall, this thesis demonstrates the capability of CEI to image molecular structures and
track ultrafast dynamics across a range of systems, and provides several essential recipes for
understanding and representing multidimensional CEI data. These findings contribute to
the broader understanding of photo-induced molecular reactions and provide a foundation

for future studies of ultrafast photochemical processes.
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implemented in a pump—probe configuration, where a pump light pulse initiates a reaction
and a delayed probe pulse maps it with Coulomb explosion, CEI can provide unique insights
into the evolution of molecular geometries on ultrafast timescales.

A successful application of the CEI technique to studies of polyatomic systems relevant
to chemistry requires a detailed understanding of the fragmentation processes involved in the
formation of Coulomb explosion patterns and of the observables involved in their formation.
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with table-top near-infrared lasers. The results show that a three-dimensional structure of
such a complex, non-planar system can be mapped using CEI, including the 3D arrangement
of its hydrogen atoms. While the data obtained with XFEL pulses ionizing the sulfur K-edge
are more robust and exhibit much higher signal to noise ratio, the same signatures of the 3D
molecular structure can still be revealed in the experiments with near-infrared lasers when
using appropriate data analysis procedures. As a second step, we apply laser-driven CEI
to image ring opening in 2(5H)-thiophenone (thiophenone) triggered by the absorption of
an ultraviolet (UV) photon. The CEI patterns map the femtosecond evolution of this ring
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Finally, we perform detailed simulations of the CEI of ring conversion dynamics in the
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Chapter 1

Introduction

For a long time in history, humans sought to capture the intricate details of various objects
and to trace the motion of fast-moving subjects. This effort can be traced back to the Vic-
torian era of the 1840s and the emergence of chrono-photography, a photographic technique
developed to look at objects in motion soon after the introduction of photography in 183912,
Later on, in 1895, the advent of X-ray technology enabled capturing much more ‘detailed’
images. Rontgen®, who discovered X-ray radiation, immediately realized that X-rays could
have medical applications, as illustrated in the famous picture shown in Fig. 1.1. John Hall-
Edwards used this approach in a surgical operation as early as 1896, when he radiographed
a hand with a needle stuck in it*.

It was soon realized that a superior light source can enhance visibility, offer novel per-
spectives, and significantly advance the level of details that can be obtained using elec-
tromagnetic radiation as an imaging tool. Therefore, the development of more and more
elaborated light sources in a very broad range of wavelengths was (and still remains) one of
the important scientific and technological drivers during the 20th and 21st centuries. The
important milestones relevant for this work include the discovery of synchrotron radiation
in 1940s, which led to the construction of dedicated accelerator-based X-ray sources and

brought up unique imaging capabilities, the advent of lasers in the 1960s, which revolution-



Figure 1.1: 1896 plaque published in ‘Nouvelle Iconographie de la Salpetriére’,

a medical journal.
The left pictures shows a hand deformity, on the right the same hand is seen using radiography.
The authors named the technique Riontgen photography.®

ized both scientific and technological applications of light, and the development of X-ray
free-electron lasers over the last two decades.

One of the important aspects enabled by the advances of lasers is the ability to track the
evolution of fast-moving systems. With the advent of femtosecond-duration laser pulses, it
became possible to study many light-induced molecular processes in the time domain. These
studies developed into the whole new field of femtochemistry®, focusing on time-resolved
studies of light-driven molecular dynamics. When molecules absorb light, they undergo
rapid electronic and structural changes on femtosecond timescales, which are central to
processes such as photosynthesis, vision, and solar energy conversion. Understanding these
ultrafast dynamics is essential for revealing reaction mechanisms and guiding the design of
light-controlled systems in chemistry, biology, and materials science.

Over the past few decades, numerous techniques have been developed to investigate
ultrafast light-induced molecular dynamics employing different types of pump—probe spec-
troscopy. Technologically, these methods can be categorized based on their detection modal-
ity: capturing photons, electrons (either as direct probes or resulting from photoionization),
or molecular fragments such as ions and neutrals. Scientifically, some of the techniques
focus on the evolving electronic configuration of molecules, while others are more suitable

for studying the motion of the nuclei, i.e., the evolution of molecular geometry. Nowadays,



one of the widely used approaches for studying ultrafast changes of electronic structures in-
cludes femtosecond (or even attosecond) transient absorption spectroscopy, in which a pump
pulse initiates the reaction and the absorption spectrum of a probe pulse is measured as a
function of pump-probe delay’. Another powerful approach is valence-shell time-resolved
photoelectron spectroscopy (TRPES), where the probe pulse ionizes the evolving system,
and the time-dependent electronic configuration is deduced from the measured kinetic en-
ergies of the photoelectrons. These approaches can be connected to evolving molecular
geometry using theory, enabling time-resolved mapping of chemical reaction pathways®?.
Methods typically used for direct imaging of the changing molecular geometry (i.e., tracing
the motion of the atomic nuclei) include several diffraction-based techniques. One of them
is X-ray diffraction, where scattered X-ray photons encode structural information of the
molecular target. Already very successful for static structural imaging at synchrotron ra-
diation sources, with the development of XFELs, this technique has significantly advanced
the imaging of transient molecular structures'”. Ultrafast electron diffraction (UED) is
also widely used for capturing real-time structural changes in molecules. In a typical UED
experiment, a pulsed beam of high-energy electrons scatters off the sample, and the result-
ing diffraction pattern encodes the atomic positions at the moment of probing, allowing
the reconstruction of transient molecular structures. Owing to the strong interaction be-
tween electrons and matter, UED'"!2 provides higher scattering cross sections than X-ray
methods, making it especially useful for studying dilute gas-phase targets. Varieties of this
concept employing the molecule’s own electrons to image its structure include laser-induced
electron diffraction'®, where the ionized electrons are driven back to the parent ion by the
oscillating laser field, inner-shell photoelectron diffraction'*, where the photoelectrons emit-
ted from a localized core level of a particular atom form a diffraction pattern by scattering
on its neighbors.

Most of these techniques utilize an excitation (pump) pulse that prepares the molecular

sample in an electronically excited state, initiating wavepacket dynamics. After a controlled



delay, a subsequent probe pulse interacts with the evolving molecular wavepacket, projecting
it onto another state. This projection yields measurable observables and contains encoded
information about the ultrafast molecular evolution.

While widely successful for imaging a variety of important light-induced reactions, the
techniques listed above still face a number of limitations. To name a few, transient ab-
sorption and TRPES techniques are not directly sensitive to the positions of the nuclei and
require significant theoretical calculations to connect to the molecular structure. Diffraction-
based methods, which can directly reveal the geometry of a molecule, have much higher
scattering cross sections for heavier fragments, as the cross section scales with the atomic
number Z. As a result, these methods have difficulty directly mapping the positions of hy-
drogen atoms. Due to the rather low absolute scattering cross sections, X-ray diffraction
struggles with low-density gas-phase samples of small molecules. For UED, the achievable
temporal resolution is still limited to 100 fs because of the duration of the electron pulses
available. Moreover, most of these techniques deal with an ensemble of molecules, which
results in averaging the observables over different spatial orientations, struggles with disen-
tangling mixed photoinduced processes, and experiences difficulties in mapping weak, minor
reaction channels.

To overcome some of these limitations, the present thesis explores the capabilities of
Coulomb explosion imaging (CEI), a technique that enables very intuitive mapping of
molecular geometries by detecting several photo-ions generated by multiple ionization of
a molecule and subsequent fragmentation of the created highly-charged molecular ion. Ini-
tially developed for the collisions of fast molecular ion beams with thin foils'®, this approach
can provide few-femtosecond time resolution when used as a probe in pump-probe exper-
iments with ultrashort laser pulses. In this work, CEI driven by femtosecond laser and
XFEL pulses was applied to several model systems, with the central goal to establish basic
experimental routines, understand and partially overcome the limitations of this technique,

and employ it to study some exemplary photochemical reactions unfolding on a femtosec-



ond time scale. All experiments described in this thesis utilize coincidence momentum
imaging of several (three to five) ionic fragments, employing COLd Target Recoil Ion Mo-
mentum Spectroscopy (COLTRIMS)!®17 as a technical tool to achieve these goals. Such
highly-dimensional measurements required the development and application of advanced
data analysis procedures and detailed Coulomb explosion simulations, which constitute a
substantial part of this work.

The work on this dissertation provided me with an invaluable opportunity to engage
in a broad spectrum of research projects and experimental work conducted at both the
James R. Macdonald Laboratory (JRML) and international facilities such as the European
XFEL. The studies presented here represent a focused selection of projects to which I made
substantial contributions.

The thesis document is organized as follows. Chapter 2 introduces the background
needed to understand ultrafast photochemistry problems that are addressed in this work,
introduces the basics of the CEI approach in comparison with other time-resolved techniques,
and provides a detailed description of Coulomb explosion simulations (CES) used to guide
experiments and to facilitate data interpretation. Chapter 3 discusses the basic principles
and specific characteristics of the laser sources used, including some fundamentals of free-
electron lasers, describes the COLTRIMS setups used at the JRML and at the European
XFEL, and explains main data acquisition and analysis procedures employed in Coulomb
explosion imaging experiments.

Chapter 4 presents the results of Coulomb explosion imaging experiments on ethylene
performed with near-infrared laser pulses at the JRML. This work focuses on complete
characterization of three- and four-body breakup channels and on the analysis of the events
resulting from the complete atomization of the molecule (i.e., six-body) breakup, which is
studied by detecting three, four, or five of the six resulting atomic ions in coincidence. The
Chapter highlights a detailed comparison between CES and experimental results employing

Newton diagrams, kinetic energy, and angular distributions of the fragments, as well as



recently developed Native frame analyses'®'9. Chapter 5 focuses on the Coulomb explosion
imaging of thiophenone. The first section presents the results from a submitted manuscript
on static Coulomb explosion imaging of thiophenone performed using the European XFEL,
highlighting the ability of XFEL-driven CEI to capture the 3D molecular structure including
in-plane and out-of-plane proton positions. The second part of this chapter investigates UV-
induced ring-opening dynamics in thiophenone using time-resolved CEI with a tabletop laser
system in JRML. Chapter 6 focuses on the CES of the UV-induced ring conversion dynamics
of 2,3-dihydrofuran (2,3-DHF) and presents preliminary experimental results highlighting
the feasibility of this study. Finally, Chapter 7 provides a summary of the work presented

in this thesis and a brief outlook for the near future developments.



Chapter 2

Initiating and probing molecular

dynamics with light

The goal of this chapter is to provide some fundamentals that are needed to present and
interpret the main results of this work. Starting with several basic concepts of molecular
physics, we will then discuss regimes of light-molecule interactions relevant for this thesis
and make a brief introduction to the photochemistry of ring molecules. It will be followed
by an introduction in Coulomb explosion imaging as the main experimental approach used
in this work, and presentation of Coulomb explosion simulations, which are used throughout

this thesis. Physical variables used in this chapter are given in atomic units.

2.1 Basics of light-molecule interactions

2.1.1 Electronic structure of molecules

For a molecule composed of the number of N, nuclei having atomic numbers z1, ..., 2n,,..,

the Hamiltonian operator will be:

Hmol - Tel + Tnuc + ‘/el—el + Vnuc—nuc + ‘/el—nuc (21)
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With given electron mass m,; and the n® nucleus mass M, the corresponding terms of

Npue P2
and nuclei Tpue = Y"1 5 Vs

Net

kinetic energy of electron Ty = 77 5.2~

pair interaction between electrons V;l,el, the nuclei V,,,._nue, and the attractive interaction

between electrons and nuclei V. from eq. (2.1) are:

Ne P2 Nnuc P2

ZmZn€?
+ (2.2

Zm—r | Z N AR Vi w22
where e is the electron charge, r; is the position of the i*” electron, R,, denotes the position
of the m'™ nucleus, P; is the momentum of the j** electron and P, is the momentum of the

n*" nucleus. For a defined molecular system, the stationary properties can be used to solve

the time-dependent non-relativistic Schrodinger equation:
Hypo®(r; R) = E®(r; R) (2.3)

The Hamiltonian can be separated into nuclear Hamiltonian H,,. and electronic Hamilto-
nian H,. by separating the terms which depend only on the electronic and nuclear coordi-

nates except for the attractive interaction between electrons and nuclei.

P? 1 ZmZn€?
m#n

Ncl

Hele - 2m p a Z |"'7, — T]’ Z ]r _ (25)

In reality, the nuclei are not fixed and the nuclear motion does influence the electron

dynamics. However, the ratio of nucleus mass to electron mass is approximately 1836 to 1,
so the nuclear motion is much slower than the electronic motion. Assuming that electrons

instantaneously respond to nuclear dynamics, the electronic state ¢(r; R) can be solved with



fixed nuclear positions:

Hued(r; R) = E{°(R)ox(r; R) (2.6)

In other words, under the Born-Oppenheimer separation, the interaction between nuclei
and electrons, away from conical intersections, depends only on the nuclear dynamics
adiabatically, which enables the separation of electronic and nuclear wavefunctions. There-

fore, the molecular state can be expressed as a linear combination of basis functions:
O(riR) =) O(R)¢y(r; R) (2.7)
k

The expansion coefficients O (R) from eq. (2.7) depend on nuclear motions. So to solve

this, we can insert eq. (2.7) back into eq. (2.3):
HmOZQ(T; R) — (Hele + Tnuc _'_ Vnucfnuc)q)(r; R)
= ST(B(R) + Tose + Vinsenue) O (R)1(r: R) (2.8)
f

=€) Ou(R)pi(r; R)

k

To solve for the expansion coefficient, ©,(R), we can multiply eq. (2.8) with ¢7(r; R)

and use the orthonormality condition (1;|1y) = dj4:

/drgb;'f(r; R)H,;,®(r; R) = [E;le(R) + Viue—nuc)©;(R)

+Z/dr¢;(r;R)Tnuc¢k(r§R)@k(R) (2.9)

= EZ@J‘(R)

From eq. (2.9), the nuclear kinetic energy operator can be substituted from eq. (2.2)



while P, = —iVpg, :

Toucn(r RIOW(R) = — 3 (V5 0u(r; RIOW(R) + u(r; R) T, Ox(R)

d (2.10)
+2V R, ox(r; R)V R, O1(R)]

The last term is the nuclear kinetic energy only working on ©(R) , so we can convert

other terms into nonadiabatic operators:

1

Njk = /dr¢j(r;R)Tnucgbk(r; R) — Z V[/ droj(r; R)V g, ¢or(r; R)| Vg, (2.11)

n

This operator is attributed to the nonadiabatic coupling between different electronic states

(when j # k) corresponding to nuclear motions. Combine eq. (2.9), eq. (2.10) and eq. (2.11):

(Toe + E5"(R) + Visenue + 1j;)0; (R) = €0; = > s O (2.12)
i#k
This can also be interpreted as stationary Schrodinger equation with transition between
different electronic state due to the electronic nonadiabatic coupling 7);;. Under the Born-
Oppenheimer approximation, the nonadiabatic coupling can be neglected. So eq. 2.12 can
20,21,

be rewritten as

3 e+ U RIOLR) = BOLR) 213

n

where the nuclear potential energy surface is:

ZmZn€?

1 e cle
Unie(R) = 5 > R, - R,| + E{°(R) (2.14)
mtn m n

The potential energy surfaces along the adiabatic coordinates define the vibrational states.
Molecular wavepackets can transit between these degenerate potential energy surfaces with-

out absorption or radiation, and these regions are called conical intersections. In the vicinity
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of those regions, the Born-Oppenheimer approximation breaks down, allowing nonadiabatic
coupling to take place. Therefore, the Born-Oppenheimer approximation cannot be ap-
plied when there is strong coupling between different electronic states, where the nuclei
can rapidly change in response to the wavepacket moving from one region of the potential

hypersurfaces to another 2?23,

2.1.2 Photoabsorption and Franck-Condon principle

If a molecule absorbs a photon with sufficient energy, it can be promoted to a higher elec-
tronic state, transferring part of the nuclear wavepacket to an excited-state potential energy
surface (PES). Because electronic transitions occur much faster than nuclear motion, the
excitation is effectively instantaneous (i.e., it is a vertical transition from one point of the
initial PES to the same nuclear configuration on the excited-state surface). As a result, the
transition takes place without any immediate change in nuclear configuration.

Absorption or emission of a photon and the intensities of vibronic transitions can be
described by the Franck-Condon principle. The transition probability amplitude from the

ground state 1 to the excited state ¢ can be represented as?*:

P = (|l = / O b (2.15)

The molecular dipole operator p is determined by the charge e and the locations r; of

the electrons along with the nuclei charges eZ; and the locations R;:
p,:ue—i—,uN:—lei—i-eZZjRj (2.16)
i J

Under the Born-Oppenheimer approximation, which is the fundamental assumption of
the Franck-Condon principle, the wavefunction ¢ can be separated into electronic, vibra-

tional, and spin parts, where the vibrational wavefunction also depends on the spatial co-

11



ordinates of the nuclei:

¢ - ¢e¢v’¢s (217)

So eq. (2.15) can be represented as:

P = Wb blluab) = [ 6000 s+ )bt
- / VU pebubdr + / VIS iy etbuthdr (2.18)
— [wirvn, [vengdn, [rvan s [rvan [iuyon, [,

The integral over the electron coordinates f w;*wedn is zero due to the electronic states
being orthogonal to each other, so the whole second term becomes zero. The first integral
in the first term [ V. 1,dr, is the vibrational overlap integral in their respective electronic

state.

S(v,v') = /wv'*wvdm (2.19)

The relative intensities of the vibrational transition are proportional to the square of
these electric dipole moments |S(v,v')[2. This is also called the Franck-Condon factor.
The remaining two integrals compose the probability amplitude that determines the electric

spatial and spin selection rules.

Photoionization

If a molecule absorbs a photon with energy larger than the binding energy of one of its
electrons, the system may transition to an electronic state above the ionization threshold,
allowing the electron to escape, leaving behind a positively charged ion. In this case, the

molecule is said to undergo photoionization 22,

Photoionization is a fundamental light-
matter interaction process, which unfolds on an ultrafast (nearly instantaneous) time cale

and plays a central role in many experimental schemes for probing electronic structure and

12



dynamics. In molecules, photoionization can lead to complex fragmentation pathways, where
the removal of an electron alters the potential energy landscape and initiates nuclear motion.
The details of the photoionization process depend on both the electronic structure of the
molecule and the absorbed photon energy, and differ largely for valence-shell and inner-shell
ionization. The properties of the ejected electron(s) or created ion fragments, such as its
momentum distribution, kinetic energy, angular distribution, and integrated yields, can be
measured in the laboratory or molecular frame, providing time-resolved insight into the

evolving electronic and nuclear structure of the system.

2.1.3 Single-photon and multi-photon X-ray ionization

Photoionization induced by X-rays represents an important subset of ionization processes
that includes interaction with both valence-shell and core-shell electrons. Here, a single
high-energy photon can eject either a core or a valence electron from an atom or a molecule,
depending on the relation between the photon energy and the specific binding energies of
electrons in different shells. However, at X-ray energies, whenever core-shell ionization is
energetically available, its ionization cross section is typically much larger than the cross
section for valence ionization, so that the core-shell interactions dominate. Correspondingly,
the X-ray photon energy can be tuned to maximize the photoionization from a specific
core-shell of a particular atom in a molecule. Since the core electrons are localized, this
X-ray property enables the targeting of a specific element and thus a specific region in
a larger system. Because of this, X-ray ionization plays a fundamental role in ultrafast
spectroscopy and imaging techniques, especially at high photon energies accessed through
synchrotrons and X-ray free-electron lasers (XFELs). In the single-photon ionization regime,
X-ray photoionization is linear with respect to the number of photons (or, in other words,
with the X-ray pulse energy), typically resulting in a well-defined interaction that can be
treated perturbatively. This process dominates under moderate X-ray flux and is widely used

for site-specific probing of electronic structure via techniques such as X-ray photoelectron
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spectroscopy (XPS) and time-resolved photoelectron spectroscopy (TRPES). Core-shell X-
ray ionization leaves a system in an energetically unstable state because it creates an inner-
shell vacancy and thus is typically accompanied by a relaxation process filling the created
hole. This can occur via fluorescence or ejection of one or more electrons via Auger-Meitner
decay?’, with the latter being a dominant process for lighter elements. Therefore, in the
X-ray regime, the absorption of a single photon typically leads to the ejection of two or (for
heavy elements and deeper levels) more electrons and thus leaves the molecule in a doubly
or multiply charged state.

At XFELs, multiphoton X-ray ionization can occur. Here, two or more photons are
absorbed either simultaneously or sequentially within the XFEL pulse duration, because
of the extremely high photon flux provided by XFELs. This nonlinear interaction leads to
highly charged ions, sequential Auger-Meitner decay sequences, and various charge redistri-
bution processes. These dynamics facilitate the Coulomb explosion of a molecule, making it
especially relevant for studies involving intense X-ray pulses and radiation damage?*2°. Mul-
tiphoton processes are often accompanied by complex electron dynamics and are crucial for
techniques such as X-ray-induced Coulomb explosion imaging (X-CEI) and ultrafast struc-
tural probes that rely on multiple ionization channels. The balance between single-photon
and multiphoton processes depends strongly on the photon flux (in other words, on the
X-ray pulse energy and focus size), pulse duration, and individual ionization cross-sections,

which must be carefully considered in the interpretation of X-ray pump—probe experiments.

2.1.4 Laser-induced strong-field ionization

If the photon energy is below the ionization potential of a molecule and thus single-photon
induced ionization is energetically forbidden, ionization can still happen if the energy of

two or several photons can be combined. This can occur if the light source involved is

intense enough. Such processes are referred to as two-photon or multiphoton?®3%26 jon-

ization®32. At even higher light intensities, the electric field strength of the light pulse
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becomes comparable to the Coulomb binding field of valence electrons. Under such condi-
tions, multiphoton ionization, tunneling ionization, or over-the-barrier ionization can occur
depending on the Keldysh parameter 733, which distinguishes between perturbative and
non-perturbative regimes. For v >1, ionization can be easier understood in terms of a mul-
tiphoton process, whereas for v <1, it is more convenient to treat the electric field of the
light as an electromagnetic wave and consider ionization as tunneling or an over-the-barrier
process. In the optical domain, the Keldysh parameter approaches 1 for intense laser fields

exceeding 10" W/cm?. In this regime, one often speaks about ‘strong-field’ ionization (SFT).

v =wy/2[,/eE (2.20)

Eq. 2.20 shows the equation for the Keldysh parameter, where w is the laser frequency,
I, is the ionization potential, and E is the electric field strength of the laser. In the exper-
iments discussed in this thesis, ultrafast near-infrared laser pulses at intensities well above
10 W /cm? were used to induce strong-field ionization of gas-phase organic molecules. At
such high intensities, molecules can undergo multiple ionization events within a single pulse,

often resulting in Coulomb explosion 34

. The ionization process initiates the dynamics by
creating one or more charges on the molecule, thereby altering the potential energy sur-
face and triggering ultrafast nuclear motion. This charge redistribution can lead to direct
bond cleavage (fragmentation) or activate complex dissociation pathways involving inter-
mediate species. Strong-field ionization is thus a key mechanism for initiating time-resolved
pump—probe experiments aimed at exploring molecular dynamics on femtosecond timescales.

In contrast to intense near-infrared pulses used to induce Coulomb explosion, the in-
tensities of femtosecond UV pulses used in this work to initiate the dynamics in 2(5H)-
thiophenone (thiophenone) or 2,3-dihydrofuran (2,3-DHF') molecules are typically kept rather
low to ensure that the pump step in this experiment is restricted to a single-photon exci-

tation. At the conditions needed to achieve efficient pumping, a possibility of two- or

three-photon ionization by the UV pump pulse still needs to be considered.
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2.2 UV-induced photochemistry of ring molecules

Ultraviolet (UV) light plays a central role in driving photochemical processes in molecules by
providing sufficient photon energy to access electronically excited states. These excitations
can lead to various outcomes, including bond cleavage, isomerization®®, charge transfer, and
the formation of transient intermediates®. UV-induced photochemistry enables selective
excitation of valence electrons and triggers structural changes on the femtosecond timescale.
With recent advances in ultrafast light sources and time-resolved pump—probe techniques,
it is now possible to directly probe the ultrafast molecular dynamics of ring molecules.

A particularly intriguing class of photochemical transformations are electrocyclic ring-
conversion reactions such as ring-opening or ring-puckering. These processes are typically
driven by nuclear motion along steep potential energy surfaces and occur within a few
hundred femtoseconds. Owing to their speed, reversibility, and sensitivity to excitation
conditions, electrocyclic reactions are widely studied in the context of molecular switch-

36,3738 optical data storage®®, and nanoscale logic and mechanical devices3**%4. One

ing
classic example is the UV-induced ring-opening of cyclohexadiene (CHD) to form cyclohex-
atriene (CHT), a step that is also central to vitamin D3 synthesis in biological systems!?.
This system has been thoroughly investigated using techniques such as x-ray and elec-

42,4344 bhotoelectron spectroscopy, and mass spectrometry?>4%. These early

tron diffraction
studies contributed to the formulation of the Woodward-Hoffmann rules*’, which provide a
theoretical framework for understanding symmetry-allowed reaction pathways in pericyclic
processes 49 While early ultrafast investigations focused primarily on CHD, more recent
studies have expanded to include other model systems, particularly heterocyclic compounds,
in order to uncover general principles governing electrocyclic reactions across a wider range
of molecular frameworks.

Building on these foundational studies, in this work, UV-induced photochemistry is

investigated in 2(5H)-thiophenone (C4H4OS, hereafter referred to as thiophenone) and

2,3-dihydrofuran (hereafter referred to as 2,3-DHF)—two representative organic molecules
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Figure 2.1: Schematic potential energy curve showing ground and the first two
excited electronic states of thiophenone.

Qualitative potential energy curves for the ground (S0), first (S1), and second (S2) electronic
excited states of thiophenone. Adapted from Pathak and Ibele et al.®.

with distinct structural and electronic properties. Ethylene, as a prototypical hydrocar-
bon molecule, is also included as a reference system for benchmarking m-bond breaking
and Coulomb explosion dynamics; however, only IR-induced fragmentation data are pre-
sented for ethylene. Thiophenone, with its aromatic ring and sulfur-oxygen functionality,
exhibits rich excited-state behavior, including ultrafast ring-opening and isomerization into
a three-membered episulfide structure, as reported in previous studies®. 2,3-DHF, a five-
membered oxygen-containing heterocycle, serves as a model system for exploring UV-driven
ring-conversion dynamics, including out-of-plane puckering and fragmentation. By initiating
dynamics with femtosecond UV pulses and tracking molecular evolution using pump—probe
Coulomb explosion imaging, we resolve both the structural and temporal changes following
photoexcitation. This section focuses on the role of UV excitation in driving molecular dis-
tortions, with particular emphasis on identifying the resulting different photoproducts from

previous work.
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2.2.1 UV-induced dynamics in 2(5H)-thiophenone

Heterocyclic compounds, particularly those containing sulfur and nitrogen atoms within
their ring structures, play a vital role in biological systems. These molecules are inte-
gral components of various naturally occurring substances, including vitamins, pigments,
and antibiotics. Furthermore, they are widely utilized in the development of pharmaceu-
ticals, dyes, and pesticides. Investigating the photochemical behavior of these heterocyclic
compounds—specifically, the rules that govern their photon-induced reactions—can provide
valuable insights into the chemistry of more complex biological and synthetic systems.

1. investigated the ring-opening dynamics of thiophe-

An earlier study by Murdock et a
none in the liquid phase, where the molecule was dissolved in acetonitrile (CH3CN). This
experiment successfully confirmed the occurrence of ring-opening by identifying ketene as a
primary photoproduct and provided the first estimate of the timescale associated with this
process, which was found to be less than 1 ps. Since the formation time and distribution
of photoproducts are often influenced by solvent interactions®!, it is of significant interest
to perform comparable studies in the gas phase, where the absence of solvent allows for the
isolation of intrinsic molecular dynamics and distinctly different relaxation pathways.

Fig. 2.1 illustrates the qualitative potential energy curves for the ground (Sy), first (S;),
and second (S;) electronically excited states of thiophenone. As indicated by the blue arrow,
absorption of a single ultraviolet photon at approximately 266 nm (4.66 eV) promotes the
molecule from the Sy to the Sy state. Following this excitation, the population can efficiently
relax to the ground electronic state via nonadiabatic transitions at the S;/S; and S;/Sg
conical intersections along the C-S bond extension coordinate®. Upon returning to the
ground state, the molecule may either proceed to form ring-opened photoproducts or revert
to a vibrationally hot ring-closed thiophenone species.

Fig. 2.2 presents selected ground-state photoproduct geometries of thiophenone and their

relative energies, as predicted by Murdock et al.®’. These structures, including the equilib-

rium geometry of the parent molecule and three possible ring-opened isomers, were optimized
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Figure 2.2: Theoretically calculated ground-state equilibrium structure of thio-

phenone and the excited photoproducts.
All energies shown are relative to the ground state of thiophenone. Adapted from Murdock et al.*".

using MP2/6-3114+G(d,p) calculations. Understanding the formation and energetics of these
species is essential for interpreting the outcome of UV-induced photochemistry dynamics.

From the simulation shown in the paper®, to understand the relaxation dynamics of
thiophenone following UV photoexcitation, ab initio potential energy surfaces (PESs) were
constructed using XMS(4)-CASPT2(10/8) along linear interpolations in internal coordinates
(LIICs) between critical geometries. As shown in Fig. 2.3 (a), these calculations revealed
that the Sy state population rapidly relaxes to the Sy state through the Sy/S; and S;/S
conical intersections along the C—S bond extension coordinate. Simultaneously, the evolution
of cationic states (Dg, D;) along these pathways showed smooth energy changes, supporting
their relevance to the observed binding energy (BE) shifts in photoelectron spectra. The
inset in Fig. 2.3(a) displays the growth of AE between the cation and neutral singlet states,
consistent with change in the of time-dependent spectra.

Time-dependent trajectory surface hopping (TSH) simulations® (as shown in Fig. 2.3(b))
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Figure 2.3: Simulation of UV-induced molecular dynamics of thiophenone
studied using TRPES.

Figure is adapted from Pathak and Ibele et al.®. (a) Potential energy surfaces (PESs) of the lowest
singlet electronic states (solid lines: Sy in blue, Sy in orange, So in green, S in red) and cationic
doublet states (dashed lines) of thiophenone, calculated along linear interpolations in internal coor-
dinates (LIIC) between critical geometries. Energies were computed using XMS(4)-CASPT2(10/8)
for the neutral and XMS(4)-CASPT2(9/8) for the cation. Grey vertical lines mark minima and
minimum-energy conical intersections (MECIs), located using SA(4)-CASSCF(10/8), and molec-
ular geometries are shown below. The inset displays the energy gaps (AE) between the cationic
Dy state and the neutral Sy /Sa states along each LIIC path. (b)Time-dependent population dy-
namics of the Ss, Sz, Si, and Sy states derived from trajectory surface hopping (TSH) simulations
based on 46 trajectories. (c) C=S bond distance evolution for each trajectory, color-coded by elec-
tronic state, showing rapid bond extension followed by internal conversion through So — S1 — Sp.
TSH trajectories were terminated upon encountering electronic structure instabilities on the ground
state.
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initiated on the S, surface near the ground-state equilibrium geometry confirmed ultrafast
internal conversion, with complete population transfer to Sy within 350 fs, driven by ballistic
ring-opening motion. The evolution of the C-S bond distance for each trajectory (Fig. 2.3
(c)) illustrated the structural bifurcation into ring-opened and ring-closed (vibrationally
hot) molecules. Experimentally observed shifts in photoelectron binding energies, moving
from narrow S, features to broader S¥ signal, were consistent with the calculated ionization
energies and support this relaxation model. In conclusion, the combined PES, TSH (as
shown in Fig. 2.3(a-c)), and TRPES results firmly establish that UV excitation leads to
prompt nonadiabatic decay of thiophenone through sequential state crossings, resulting in
a mixture of structurally distinct ground-state products within a few hundred femtoseconds
(350 fs).

The MeV-UED measurements, complemented by theoretical modeling!!, offer rich dy-
namical insights into the ultrafast relaxation behavior of thiophenone that were previously
inaccessible. Following UV excitation and subsequent relaxation to the electronic ground
state (Sp), the molecule enters a highly reactive ring-opened biradical configuration. This
intermediate follows multiple reaction pathways: some trajectories lead to the reformation of
the ring-closed parent structure, evident from a delayed rise in population observed around
250 fs, while others progress toward the formation of ring-opened photoproducts or episul-
fide derivatives. These distinct fates illustrate the complexity of the relaxation landscape
and emphasize the importance of competing reaction channels and branching dynamics on
the sub-picosecond timescale.

Fig. 2.4 illustrates the time-dependent evolution!! of photoproduct populations, ex-
tracted from both nonadiabatic and Born-Oppenheimer (NA+BO) molecular dynamics
simulations as well as experimental UED data. Upon UV excitation, the parent thiophe-
none molecule (blue trace) rapidly undergoes C—-S bond cleavage, yielding a biradical species
(orange trace), which subsequently evolves into an episulfide product (yellow trace) within

200 fs. The episulfide becomes the dominant product by 2 ps.
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Figure 2.4: Time-resolved relative populations of thiophenone and its major
photoproducts following UV excitation.

Adapted from Nunes et al.’!. (A) Simulated populations obtained from combined nonadiabatic
and Born—Oppenheimer molecular dynamics (NA+BO MD) trajectories: thiophenone (blue), ring-
opened isomers (orange), and episulfide (yellow). Dotted lines represent raw simulation data, while
solid lines include convolution with the instrument response function (IRF). (B) Corresponding ex-
perimental product populations extracted from ultrafast electron diffraction (UED) measurements.
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In conclusion, the combined insights from ab initio potential energy surface calcula-
tions, time-dependent surface hopping simulations, and ultrafast experimental probes such
as TRPES and MeV-UED collectively establish a comprehensive picture of thiophenone’s ul-
trafast relaxation dynamics following UV excitation. Theoretical simulations (Fig. 2.3(a—c))
confirm that excitation to the Sy state is followed by rapid internal conversion through se-
quential conical intersections, resulting in ground-state population transfer within 350 fs and
accompanied by ballistic ring-opening motion. Complementary MeV-UED measurements
and NA+BO molecular dynamics simulations (Fig. 2.4) reveal the structural evolution of
the ring-opened biradical and its subsequent branching into either re-closed thiophenone or
episulfide photoproducts, the latter (episulfide) emerging as the dominant species within
2 ps. Together, these findings highlight the critical role of nonstatistical nuclear dynam-
ics and multiple relaxation pathways in shaping the early-time photoproduct distribution,
demonstrating that a detailed understanding of such processes requires a synergistic ap-
proach combining ultrafast structural probes and high-level quantum dynamics modeling.
The main goal of the experimental work on thiophenone presented in Chapter 5 of this
thesis is to advance the existing understanding of UV-induced dynamics in thiophenone,
providing data on the ring-opening step itself with sub-100 fs temporal resolution, and to
develop experimental procedures which would enable discriminating between the reaction
products that differ only by the position of hydrogen atoms. These goals will be addressed

here employing the Coulomb explosion imaging approach.

2.3 Coulomb explosion imaging

Coulomb explosion imaging (CEI) is a powerful method for imaging simple molecu-

92,53,54.55 by rapidly removing many electrons from

lar structures and molecular dynamics
molecules. In the experimental work presented in this thesis, CEI was employed to investi-

gate laser-molecule interactions that typically lead to the removal of the most weakly bound
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valence electrons, resulting in a distribution of ionic fragments and possibly neutral species.
The ensuing rapid fragmentation is driven by strong Coulomb repulsion between the multi-
ply charged ions, leading to their spatial separation. These ionic fragments retain geometric
information about the original molecular structure and, in time-resolved experiments, can
also reveal dynamic evolution when measured as a function of pump—probe delay.

The corresponding total Coulomb potential energy is given by:

Iy 471'80 Tij
7‘7
J# J#

Etotal - ZE’L] = Z L% (221)
2]

The measured kinetic energy release (KER) is not uniquely determined by the initial
geometry of the molecule and thus cannot, on its own, be used to directly infer molecular
structure. Instead, structural information is encoded in the momenta imparted to the
atomic fragments. In a coincident Coulomb explosion imaging (CEI) experiment, the full
3D asymptotic momentum vectors py of each ionized fragment are measured.

Assuming instantaneous ionization and a purely Coulombic potential energy surface
(PES) in the final state, the relationship between the measured momenta and the Coulomb
forces allows the reconstruction of the initial molecular geometry. This connection is es-
tablished through equations that relate the measured momentum vectors to the real-space

position vectors {75} of the constituent atoms:

J# JF
where F (t) is the Coulomb force acting on a particle i due to all other charged fragments,
and the integration begins at the instant of ionization t;. These equations form the basis
for retrieving absolute molecular geometries from momentum measurements.
The trajectories of the ion fragments can be modeled using a coupled set of nonlinear

ordinary differential equations, arising from their mutual Coulomb repulsion. The motion of
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the fragments is governed by Newton’s equations, which yield the time-dependent position,
velocity, and acceleration vectors for each ion.

To retrieve structural and dynamical information using CEI, both ionization and frag-
mentation must occur on a timescale shorter than that of nuclear motion, ensuring that the
molecule remains near its equilibrium geometry during the explosion. Under this condition,
the measured momenta of the ionic fragments can be used to reconstruct the molecular
geometry prior to the Coulomb explosion. It is important to note that in a pump—probe
configuration, both pulses interact with the molecule, but in fundamentally different ways:
a low-intensity pump pulse is used to initiate dynamics without causing ionization, while
a subsequent, high-intensity NIR probe pulse induces strong-field multi-photon ionization,
triggering the explosion process. The resulting process of rapid fragmentation and mu-
tual separation between the charged fragments occurs due to the strong Coulomb repulsion

between the fragment ions produced by the probe pulse.

2.3.1 Concerted vs. sequential fragmentation and Native frame
analysis

In order to provide meaningful information on the geometric structure of the molecule via
CEI, not only ionization but also fragmentation must occur on a short timescale. That means
the molecular breakup has to occur in a concerted manner. In a concerted fragmentation
pathway, all relevant bonds break simultaneously upon ionization, and the resulting ions
repel each other from their initial positions based on Coulombic forces. This typically
results in fragments producing localized angular distributions when viewed in the Native

19

frame For example, a molecule may first break into an intermediate fragment and a

light ion, followed by a delayed second fragmentation of the intermediate. This leads to

19 "as the initial

a uniform angular distribution signature when viewed in the Native frame
explosion dynamics are modified by subsequent motion and charge redistribution. Therefore,

a sequential process does not allow for a direct relation between the initial geometry and
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observed fragmentation pattern and thus is ill-suited for CEL.

To disentangle concerted and sequential processes, a new data analysis framework based
on the so-called Native frame concept has recently been developed ¥°%19. Native frame anal-
ysis is a powerful technique for interpreting multi-body molecular fragmentation dynamics
by transforming measured fragment momenta into the molecular coordinate system defined
by the initial geometry of the molecule. Unlike the laboratory frame, where overlapping
effects can obscure the true breakup dynamics, Native frame preserves the internal sym-
metry and spatial relationships of the molecular structure at the time of ionization. This
transformation enables a more intuitive identification of fragmentation pathways, such as
distinguishing between concerted (simultaneous) and sequential (stepwise) breakups, based
on angular correlations and momentum vector alignments.

In particular, Rajput et al.'® introduced this approach to disentangle three-body frag-
mentation mechanisms in CO3", demonstrating that the dissociation pathway strongly de-
pends on the total energy available. Their results showed that different energy regimes favor
different breakup mechanisms, highlighting the value of Native frame analysis for gaining
insight into the timing, geometry, and ultrafast dynamics of molecular dissociation processes
that are not readily apparent in the lab frame.

Severt et al.

presented an extended Native frame analysis to disentangle concerted and
sequential fragmentation mechanisms in three-body Coulomb explosion events. By employ-
ing Jacobi coordinates and transforming the fragment momenta into a reduced-dimensional
representation (see Fig. 2.5), the method enables the clear identification of fragmentation
pathways. Applied to the strong-field ionization of carbonyl sulfide (OCS), the technique
reveals signatures of rotational motion in the intermediate fragments indicative of sequential
breakup. The angular correlations in the Native frame, especially in conjugate Jacobi mo-
menta, allow for distinguishing between one-step and multi-step dissociation dynamics. This

refined Native frame approach offers a generalized and robust framework for interpreting

complex fragmentation patterns in polyatomic systems.
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Figure 2.5: Native frame coordination transformation.

Adapted from Severt et al.’®. (a) Definition of the Jacobi coordinates p,p and Papc for a
generic triatomic molecule ABC, along with the center-of-mass position vector X, all defined in
a laboratory-fized frame. (b) The angle 4 c between the conjugate momenta pap and papc,
which is used to distinguish between concerted and sequential fragmentation mechanisms.

To interpret the observed molecular breakup patterns, we compared concerted and se-
quential fragmentation mechanisms using Coulomb explosion simulations in the molecule’s
native coordinate frame. This analysis allows us to distinguish between simultaneous and
stepwise bond dissociation processes by examining the momentum correlations of fragment
ions.

The final momentum vectors and kinetic energy distribution of the fragments were cal-
culated and then transformed into the native molecular frame to analyze the angular cor-
relations and the KER of each fragmentation step. Experimental data exhibiting back-to-
back recoil momentum vectors were attributed to concerted fragmentation, while broader
or skewed distributions suggested sequential behavior.

This frame-based comparison provides deeper insight into the fragmentation dynamics
and helps to determine whether the molecular breakup proceeds via a single-step or multi-

step dissociation pathway under strong-field ionization conditions.
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2.3.2 Coulomb explosion simulation

To gain insight into the fragmentation dynamics observed in our experiments, we performed
Coulomb explosion simulations (CES) based on classical trajectory modeling generated
by Newton-X software®” and quantum chemical calculations. Theoretical tools like time-
dependent density functional theory (TD-DFT) and surface-hopping dynamics packages®’
complement our experimental approach by providing insight into the ground vibrational
states of molecules.

CES assumes that upon ionization, the molecule undergoes rapid charge separation, and
the resulting ionic fragments repel each other purely via Coulombic forces. Initial atomic

positions were taken from optimized geometries obtained using ab initio quantum chemistry

57 158

calculations®’. Upon removal of electrons, partial®® or full positive charges were assigned
to atomic centers according to the experimental charge states. The classical equations
of motion were then solved numerically to track the time evolution of the ionic positions
and momenta. The simulated fragment momentum distributions were compared directly
with the experimental data. Overall, the CES provides a useful tool to link final fragment
geometries to the original molecular structure and validate our structural assignment.

Limitations of the modeling include neglect of electron correlation, non-Coulombic in-
teractions at short range, and potential nuclear motion before full ionization. Despite these
simplifications, the simulation captures key features of the experimental data and supports
our interpretation of the dissociation dynamics.

There are some initial assumptions for Coulomb explosion simulation:
1. We apply fixed geometries and fixed initial velocities of specific molecules for simulation.
2. All final charged states of the fragments are known.

3. There are only vertical transitions from the potential surfaces.

4. All final electronic states’ potential energy surfaces are purely Coulombic.

Under these assumptions, if we have one set of geometries, then we can get one set of
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corresponding final-state momenta. These assumptions neglect both the field-induced rear-
rangement of atomic positions and any initial momenta imparted during ionization by the
intense laser field. Under these conditions, the classical equations of motion for each ion can
be solved immediately after the explosion. Classical trajectory simulations are performed
using standard numerical integration methods such as the Runge-Kutta algorithm®%:%°, ini-
tiated from a set of known geometries. The accuracy of the simulation is evaluated by
comparing the calculated asymptotic momenta to experimentally measured values. MAT-
LAB’s built-in ODE solver ode45 was used®! to perform this type of calculation from the
geometry (nuclear position) information to momentum distribution.

The initial molecular geometry can be sampled from the equilibrium geometries of the
ground state using a Wigner distribution generated by Newton-X° to account for the vi-
brational states. Alternatively, excited-state geometries calculated using methods such as
TD-DFT or surface hopping (TSH) can be employed to model conditions relevant to UV-
photon triggered pump—probe experiments. The final momentum distribution is obtained

by numerically solving the classical equations of motion with an ODE solver®!

, using a
propagation time of 500 ps to ensure that the fragments are sufficiently separated so that

Coulomb interactions become negligible.

2.3.3 Data representation of Coulomb explosion simulation

With the assumptions outlined earlier, we introduce several forms of data representation
commonly used in CES and the corresponding experimental data. These representations
help visualize and analyze the fragmentation dynamics and momentum correlations of the

ionized fragments.

Kinetic energy release

The kinetic energy distributions (KED) of different ion fragments as well as total kinetic

energy release (KER) of a particular channel can be directly compared to experimental data.
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Figure 2.6: Stmulated KERs of ethylene three-body fragmentation.
KER of ethylene three-body complete fragmentation via (a) concerted breakup and (b) sequential
breakup through a CH; + CH%Jr intermediate. The superscript on each ion fragment label indicates
the charge state, while the subscript denotes the number of atoms in that fragment.

As an example, for distinguishing between the concerted and sequential breakup of three-
body fragmentation of ethylene, subtle differences in the kinetic energy distributions (KEDs)
of the final fragments can be observed. These differences are reflected in the simulated KER
spectra, enabling us to trace and differentiate the fragmentation geometry based on the

energy signatures captured in the KER plots as shown in Fig. 2.6.

Newton diagrams and 3-D momentum distribution

To analyze the angular correlations between ion fragments and gain insight into the frag-
mentation dynamics, Newton diagrams were employed. A Newton diagram maps fragment

62 These diagrams provide a

momentum vectors in the molecular center-of-mass frame
visual representation of momentum conservation in multi-particle breakups. In the con-
text of molecular fragmentation, particularly within ion momentum imaging techniques

such as COLTRIMS, Newton diagrams have become a standard tool for interpreting three-
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Figure 2.7: Simulated conventional normalized relative Newton diagrams for
ethylene molecule fragmentation.

Conventional normalized relative Newton diagrams of (a) three-body ( HY + CHY + CHs™) frag-
mentation channel, (b) four-body (HY + CHT + H" + CH?" ) trans-fragmentation channel (hydro-
gens from the opposite side of C—C bond are fragmented), and (c) four-body (H* + CH™ + H™ +
CH? ) cis-fragmentation (hydrogens from the same side of C-C bond are fragmented) of the CES
of concerted breakup using Wigner distribution at 60K of ground-state ethylene optimized at the
B3SLYP/aug-cc-pVDZ level of theory using Newton-X software””.

dimensional momentum data.

In a typical Newton diagram, the momentum of one selected fragment (often the heaviest
or the most stable) is fixed along the x—axis, and the momenta of the remaining fragments
are plotted relative to its momentum distribution. This allows for direct visualization of the
angular relationships between fragments. In addition, Newton diagrams can reveal struc-
tural signatures, such as differences between cis- , and trans- fragmentation, through their
characteristic angular distributions as shown in Fig. 2.7(b) and (c). We simulate the frag-
mentation pathways of ethylene molecule and this is shown in Fig. 2.7, where the momentum
distribution of the heaviest fragment is selected where the momentum distribution of CHy™
or CH™ is used as the reference unit vector to construct the molecular plane.

To improve the visualization of molecular structure and to generalize Newton diagram
representation for cases where more than three particles have been detected, several forms
of modified Newton diagrams will be introduced in Chapter 4.

In addition to the Newton diagram, which displays ion momenta projected onto a sin-

gle plane, the full three-dimensional momentum distributions of the ion fragments can also
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Figure 2.8: Simulated momentum distributions of ion fragments of ethylene.
‘Raw’ (without representation using Newton diagrams in the molecular frame) momentum distri-
butions of ion fragment from the four-body of ethylene via (a) cis-fragmentation pathway and (b)
trans-fragmentation pathway using CES.

be visualized and analyzed. These distributions provide a more complete picture of the
fragmentation dynamics, especially in complex multi-body breakups. Fig. 2.8 shows the
simulated momentum distributions of each ion fragment (H*, H*, CH*, CH") resulting
from the four-body complete fragmentation of ethylene in both cis and trans configurations.
The momentum components along the P, P, and P, axes are plotted to illustrate the
distinct spatial characteristics of the two fragmentation pathways. Notably, differences be-
tween the cis- and trans-fragmentation channels are clearly observable in the 3D momentum

distributions, providing further insight beyond what can be inferred from planar projections

alone.

Angular distribution and projection

Another important form of data representation is the relative angular distribution of ion
momenta. To gain deeper insight, we transform the momentum distribution from the Carte-
sian coordinates used in the Newton diagram representation to spherical coordinate. For
example, in the case of ethylene, with the molecular frame defined as shown in Fig. 2.9(a),
the corresponding angular distribution of proton momentum is presented in Fig. 2.9(b). The

details are discussed in Chapter 4.
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Figure 2.9: Example of molecular frame transformation using ethylene.
(a) Transformation of molecular frame of ethylene represented from Cartesian coordinates to spher-
ical polar coordinate. (b) Projected ¢ angular distribution of proton momentum.

2.3.4 Combining Coulomb explosion simulation with Native frame
analysis

By combining CES with Native frame analysis, we can simulate the momentum distribution
of molecular fragmentation and distinguish between concerted and sequential fragmenta-
tion pathways. To evaluate these scenarios, we performed CESs using both instantaneous
(concerted) and ‘time-delayed’ (sequential) charge localization models, allowing comparison
of the resulting fragment momentum distributions. For the ‘time-delayed’” CES, an n-body
fragmentation event can be modeled as (n—1) sequential steps of two-body CES, although
the exact approach depends on the specific molecule in practice.

For example, in the three-body fragmentation of ethylene yielding final ion fragments
H*, CH*, and CHj following triple ionization, a concerted breakup is simulated by assign-
ing charges to the center of mass (COM) of each fragment and propagating their motion
under Coulombic repulsion. In contrast, sequential breakup simulations, such as breakups
via CH3" + CHj or CoH3t + HT pathways, are modeled in two steps. First, a two-body
Coulomb explosion is simulated without fully exploding the internal fragments. The rota-

tional motion and relative orientation of the intermediate species are then allowed to evolve
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for a defined delay time before the second explosion step is applied. The time delay for each
step can be guided by quantum chemical calculations or literature-reported dissociation
timescales like those we used for the sequential breakup simulation for ethylene three-body
breakup via CoH3" + HT pathway introduced in Appendix. A.1.3. Furthermore, we can
also try different rotation patterns, as we simulated various rotations for the CH3™ + CHJ
sequential breakup pathway introduced in Appendix. A.1.3. This approach allows us to

mimic sequential dynamics and study their distinct signatures in momentum space.

N(KER, g, O45, ¢) distributions

For Native frame analysis, the most used data representation is the 2D plot of KERp vs

0 ap,c which is defined in the Native frame as shown in Fig. 2.5. The kinetic energy release

(KER) in the second step, K ERap°%'%1® which is:

Pig
KER g = == (2.23)
HAB
where the P4 is conjugate momentum, defined by Pap = a4 B(% — %), the reduced mass
ap can be obtained from M%}B = mLA + mLB 04p,c can be defined as:

Papc - Pap

Oapc = cos *( (2.24)

|Pag.c||Pas|

Under these definitions, we can obtain the CES represented in the Native frame, as shown in
Fig. 2.10. These different representations of CES data combined with Native frame analysis
provide valuable guidance for interpreting experimental data. Moreover, experimental data
can be directly compared with the simulation results across multiple forms of representation,

facilitating a more comprehensive structural and molecular dynamics analysis.
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Figure 2.10: Example of Native frame analysis of ethylene.
(a) N(KERy_cH, Ou_cH, cH,) distributions and (b) NKERcH _cu,» OcH-_cH,, n distributions
for three-body fragmentation channel: H*, CH', and CHJ of the CES of concerted breakup; (c)
N(KERyg_cH, Ou—-cH, cH,) distributions and (d) N(KERcH—-cH,, ©cH-cH,, 1) distributions
for three-body fragmentation channel: HY, CH', and CHy of the CES of sequential breakup via
CH; + C'Hg"' intermediate. The data in all panels are scaled down in energy and momentum as
guided by the theory as explained in Section 4.1.
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Chapter 3

Experimental methods

The goal of this thesis is to investigate photoinduced ultrafast molecular dynamics. To
achieve this goal, we mainly use a laser system known as PULSAR in the James R. Mac-
donald Laboratory (JRML), a 10 kHz Ti:Sapphire-based laser with a central wavelength of

f.93. For the experiment

790 nm. A specific description of this laser system is given in re
on UV-induced ring conversion dynamics of 2(5H)-thiophenone (thiophenone) in Chapter 5,
we used the third harmonic of the PULSAR laser output centered around 262 nm as a
pump. For earlier experiments on furan® and for preliminary studies on 2,3-dihydrofuran
(DHF) described in Chapter 6, we used the fourth harmonic of the PULSAR output cen-
tered around 197 nm to induce ring conversion dynamics. The primary development and
technical improvement achieved in this work is the generation of short UV pulses achieved
by optimized pulse compression. With these developments, we can obtain the high-temporal
resolution required for the experiments presented here, in particular for studying the ring
opening in 2(5H)-thiophenone.

In most of the experiments, an intense NIR (near-infrared) pulse as a probe to multiply
ionize the molecules and inducing Coulomb explosion. In the first part of Chapter 5, we

also employed intense X-ray pulses from the European XFEL operated at 2.6 keV photon

energy to induce the Coulomb explosion of thiophenone.
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In all of the experiments presented here, to obtain the three-dimensional (3D) momentum
information of the ionic fragments that we used to map laser-induced molecular dynamics,
we employ a standard COLd Target Recoil Ion Momentum Spectrometer (COLTRIMS).
This experimental setup, which includes a spectrometer, a supersonic gas jet equipped with
a heating tape for liquid sample, and a time- and position-sensitive multi-hit detector, allows
us to record the 3D momenta of several created ions, which are needed for Coulomb explosion
imaging.

This Chapter describes some basic principles of the light sources used in this work
(Ti:Sapphire NIR laser and XFEL pulses), details the 3rd and 4th harmonic generation
schemes, and provides a basic description of the COLTRIMS spectrometer used. At the end
of the Chapter, a brief introduction of the data acquisition scheme, data sorting, analysis,

and representation procedures is also given.

3.1 X-ray Free Electron Laser (XFEL)

X-ray Free-Electron Lasers (XFELs) opened the way to generate ultra-intense ultrashort
X-ray pulses. FEL was first proposed by John Madey%* and demonstrated® by his group at
Stanford in the 1970s. The European XFEL facility used in this work generates X-ray pulses
with many properties (like relative bandwidth, brightness, and coherence) comparable to
conventional ultrafast lasers, as they produce polarized and collimated light beams®. The
pulse duration of XFELs can reach down to the attosecond®’, which makes them a great
light source for time-resolved pump—probe experiments.

Unlike conventional lasers, which use a cavity and optics systems for beam propagat-
ing back and forth until saturation, XFELs achieve the gain by sending electron beams
from linear accelerators to a long undulator where the X-ray power increases exponentially
by pumping energy from the electron beam through the Self-Amplified Spontaneous Emis-

sion (SASE) process. With this scheme, FELs can generate intense pulses in the extreme
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Figure 3.1: Schematic layout of the Linac Coherent Light Source (LCLS), the
first hard X-ray free-electron laser.

The facility consists of an injector and radio frequency (RF) linear accelerator, followed by bunch
compressors, undulator sections, and multiple experimental hutches. Coherent X-ray pulses are
generated through the self-amplified spontaneous emission (SASE) process in the undulator section.
Adapted from Bostedt et al.?.

ultraviolet (XUV) and X-ray regimes.

Specific properties of XFELSs, in particular a combination of X-ray photon energies, short
pulse durations, and high intensities, enable novel measurement schemes in photochemistry
that are not feasible with conventional optical laser sources. For example, their ability to
target a specific atom in a polyatomic system by setting the photon energy slightly above the
binding energy of a core-electron shell of this atom enables site-specific probing of dynamics.
Furthermore, high intensities of XFELs can drive multiphoton ionization processes where
target atoms or molecules can be promoted to extremely high charge states%,

Fig. 3.1 illustrates the layout of the first operational XFEL, the Linac Coherent Light
Source (LCLS). There are three sections the electron bunch travels through after being gen-
erated by the electron gun, with bunch charges in the pC to nC range. Firstly, the electron
bunch acquires a high peak current (exceeding 1000 A) with confined energy and angular
spread through three stages of linear accelerators (Linac) separated by two compressors with
slotted foil for ultrashort pulse generation. Then the electron bunches are guided to the un-
dulator for generating the X-ray radiation. In the end, the electron dump can separate the
X-rays pulse from the electron bunches.

The X-rays with high energy are produced in the undulator through the resonant inter-
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action between the incoming electron bunch and their radiated X-rays.

Undulator radiation

The beam of electrons is generated by a short laser pulse, and it is ejected from a photocath-
ode located inside a microwave cavity and accelerated to up to several GeV energies. For
the study in this thesis, the FEL used is from the European XFEL facility in Hamburg. The
European XFEL accelerator can currently energize electrons up to 17.5 giga-electronvolts
(GeV)™. Then the electrons are sent to the undulator. The undulator is an array consisting
of a periodic structure of dipole magnets as shown in Fig. 3.1. The dimensionless undulator

strength parameter, K, is defined by '

o eBA,

2Tmec

(3.1)

where A, is the spatial period of the undulator magnets and B is the magnetic field on
axis. The Lorentz force from this magnetic field causes the electron bunches in the beam to
wiggle transversely, traveling along a sinusoidal path about the axis of the undulator. In the
undulator, the motion of the electrons appears as a transverse harmonic oscillator emitting
radiation in a corresponding oscillator angular frequency. The wavelength of the radiation
can be tuned by adjusting the energy of the electron beam and the undulator parameter K.
The wavelength of the emitted radiation on the axis of electron propagation is given by "
Ay K

A=55045) (3.2)

where v is the relativistic Lorentz factor which is also a dimensionless quantity. Due to
Lorentz contraction, the undulator is shortened by a ~ factor. This emitted radiation at
wavelength ), is observed in the laboratory frame which brings the second v factor. The
radiated power can be derived from the Larmor formula which is used to calculate the

total power radiated by a non-relativisitic point charge as it accelerates. The average power
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radiated into the central cone which is defined as containing 1/N relative spectral bandwidth
(where N is the number of magnet periods)™:

5 meiey’ K?
T g0A2N (1 + K?2/2)2

(3.3)

As multi-electron bunches traverse the undulator, the radiated power is much greater. There
is one key difference between FELs and synchrotrons which is that the electrons radiate in
phase due to being spatially arranged within the bunch, while the electrons are randomly
distributed within the bunch, resulting in the random phase relation among emitted wave
trains. The geometry of the linear assembly of undulators in FELs enables phase-correlated

electric and magnetic fields, which is also called microbunching.

Microbunching and SASE

Microbunching happens due to the emitted radiation and the neighboring electrons interact-
ing with each other within the undulator which is different from synchrotron radiation with
the electron bunch length typically larger than the X-ray wavelength. The concentration of
electrons into very narrow slices within the undulator is called microbunching.

Since both the relativistic electrons and the electromagnetic wave have a sinusoidal
spatial profile, the electron bunch gains or loses energy to the electromagnetic field depending
on the electron velocity vector direction. In some instances in the undulator, if the electrons
have a wiggling direction parallel to the electric field, the electrons lose energy due to a
smaller Lorentz factor 7, while other electrons which have anti-parallel wiggling directions
gain energy. This process leads to coherent radiation of the formed microbunches. As
electrons gain energy traveling faster in the longitudinal direction and those higher energy
electrons catch up to lower energy electrons, the formation of microbunches of electrons at
multiples of the wavelength A, radiates in phase, producing light with higher intensity.

For each undulator period, the wavefront of the emitted light pulses slips ahead of the
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Figure 3.2: Schematic plot of self-amplified spontaneous emission SASE.

(a) Schematic of a high-gain self-amplified spontaneous emission (SASE) free-electron laser. (b)
Exponential gain process in a SASE free-electron laser. The relativistic electron beam travels
through a long undulator, where initial shot noise in the beam generates spontaneous radiation
that interacts back with the beam. Both the radiation power and the electron beam microbunching
grow exponentially along the undulator until saturation is reached. Adapted from Bostedt et al.%? .
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electron bunch by one wavelength A, per undulator period. The slippage length is the total
length of the wavefront that slips ahead of the corresponding electron at the undulator
exit. This slippage ensures the interaction between the pulses of electromagnetic waves
and the electrons throughout the whole undulator, leading to further microbunching and
exponentially increased radiation™. However, once the bunch period reaches the radiation
wavelength, microbunching starts to saturate, resulting in no further increase in X-ray power
as shown in Fig. 3.29.

In FELSs, the electron bunches serve as the gain medium as in the conventional laser
where the gain medium provides the amplification to the stimulated radiation for bound
electrons. The electron bunches provide the stimulated radiation to the emitted X-ray

radiation associated with unbound electrons. The peak power of the X-ray radiation, which

increases with microbunching after this resonant interaction, is given by ®:
P, x eTs (3.4)

As z is the electron longitudinal traveling direction, L, is the power gain-length:

Ay
477\/5,0

g & (3.5)
where p is the FEL Pierce parameter, which has a typical value of about 10737,

The generation of the XFEL pulses can start with the radiation from the first few
undulator sections along with exponential X-ray power growth happening in the remaining
undulator sections, which is called Self-Amplified Spontaneous Emission (SASE). This is
the main process for FELs at European XFEL SQS used in this work.

The SASE process starts with an electron bunch being injected into an undulator. The
produced X-rays from SASE FELs have limited temporal coherence due to the interaction
startup process introducing shot noise ™. This startup process causes random phase shift be-

tween the pulses where there are different wavelengths to be radiated. SASE energy spectra
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show a noise-like distribution of intense spikes on top of a lower-amplitude background ™.
The spikes will change on a shot-to-shot basis randomly. The phase shifts lead to short
coherence within the pulse, causing the quasi-coherent emitted beam.

However, the undulators are tuned to generate maximum fluence at the desired wave-
length to enable SASE, thereby providing intense pulses of high-energy photons. For photo-
electron or X-ray absorption measurements, it is important to obtain single-shot diagnostics,
especially for broad bandwidths. The stochastic properties of the SASE pulses can degrade
the spectral quality when averaging several shots.

An alternative scheme which can make the XFEL pulse spectrum narrower and smoother
is to start the amplification process by introducing seeding radiation at the beginning of

the undulator 777,

The difference between those two processes is how the electron beam
modulates to induce microbunching. Since it is hard to get seeding radiation at the wave-
lengths of typical XFELs, a promising version of this approach for XFELs is self-seeding.
Here, a thin diamond crystal inserted in the beam path produces a train of monochromatic

wakefields that trail the main X-ray pulse by a few tens of femtoseconds™:™

. By using a
magnetic chicane to detour the electron bunch so that the electron bunch and the wake
overlap in time, the monochromatic seed signal can be amplified in the downstream undu-
lators. The examples of single-shot and averaged spectra of SASE and self-seeded XFEL
pulses are shown in Fig. 3.3. In this work, only SASE pulses from the European XFEL have

been used.

3.2 Ultrafast laser system and optical layout

This section is partially adapted from sections 3.1-3.3 of the Ph.D. thesis of former group
member, Farzaneh Ziaee®!, since we used the same core optical setup. However, as outlined
below, significant modifications have been made to the optical layout. In particular, optimized

third- and fourth-harmonic generation setups as well as the improved pulse compression
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Figure 3.3: Single-shot (a) and averaged (b) X-ray spectra measured in SASE
mode (red) and self-seeded mode (blue).

The full width at half mazimum (FWHM) of the single-shot self-seeded spectrum. The vertical
scales are in the same arbitrary units for both (a) and (b). For the SASE measurements, the

chicane was turned off, whereas it was necessarily activated for the self-seeded mode. Adapted from
Amann et al.50.

results represent new developments driven by the author of this thesis.

The laser system used for the experiments at JRML is called PULSAR, short for Prairie
Ultrafast Light Source for Attosecond Research. The laser is composed of a Ti:Sapphire
oscillator and a Ti:Sapphire two-staged multi-pass amplifier®*3%%3 generating linearly P-
polarized 2 mJ pulses at 10 kHz. The pulse duration (full width at half maximum in

intensity) measured from the experiment results is around 28 fs with a central wavelength

near 790nm 3.

3.2.1 Chirped pulse amplification

The first part of this laser system is a Kerr-lens mode-locked Ti:Sapphire femtosecond
oscillator#8>%from KM Labs. A nonlinear titanium-doped Ti:Sapphire crystal acts as a
lens for the laser beam with a Gaussian beam intensity profile. Inside the laser cavity, this
crystal is optically pumped by a frequency-doubled Nd : YV O, (Verdi) laser at 532nm.

Mode-locking is achieved through the nonlinear Kerr effect, enabling the formation of high-
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Figure 3.4: A schematic view of the evolution of pulse duration and amplitude
during chirped-pulse amplification.

Figure is adapted from Zohrabi et al.5”.

intensity pulses within the cavity. Although the broad gain bandwidth supports many
cavity modes, ultrashort pulse generation occurs when these modes are phase-locked via
mode-locking, resulting in constructive interference over a very short time window. This
produces ultrashort pulses with a repetition rate of 75.2 MHz and an average output power
of 300 mW, corresponding to a pulse energy of 4 nJ. Later, a prism pair within the oscillator
compensates for group-velocity dispersion (GVD), compressing the pulses to a duration of
14 femtoseconds.

Chirped pulse amplification (CPA) is a technique for amplifying an ultrashort laser pulse
up to the petawatt(10' W) level, with the laser pulse being stretched out temporally and
spectrally, then amplified, and then compressed again®® (See Fig. 3.4).

The output from the oscillator is stretched to tens of picoseconds(ps) using a grating-
based stretcher. After the stretcher, the repetition rate is reduced to 10 kHz®**%%and the
selected subset of the laser pulses is amplified by the multi-pass amplifier stage which is
pumped by a double frequency intracavity, Q-switched Nd: YLF laser. There are two
stages for amplification: the first stage is made up of 14 passes through the Ti:Sapphire
gain medium, which amplifies the pulse energy up to about 1mJ, and the second stage is

composed of 5 passes through another Ti:Sapphire gain medium which increases the pulse
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Figure 3.5: Typical PULSAR output spectrum after second amplification stage.

Figure is adapted from Ziaee et al.® .

energy up to 2mJ. In the end, the grating-based compressor compressed the beam around

28 fs FWHM (for the experiments of these studies).

3.2.2 Frequency-Resolved Optical Gating (FROG)

For performing ultrafast time-resolved pump-probe experiments, pulse duration of the laser
heavily impacts the outcome results®. To characterize the laser pulses, we employ the
Frequency-Resolved Optical Gating (FROG) method, first demonstrated by Trebino in

! signal with pulse duration

1991%°, which can give a frequency resolved autocorrelation®
and phase information included.
This method starts with splitting the measured pulse into two identical halves with delay

separation. Both pulses are focused on a rapidly responding nonlinear medium for temporal
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overlap. The intensity of the signal detected can be written as:

J(T):y/_ et — F)dif? (3.6)

The ¢ represents the electric field of the measured pulse and 7 is the time delay between
the identical pulses. (¢t — 7) is also known as the ‘gate’ pulse. The pulse duration of the
laser can be retrieved from I(7). There are different types of FROG for different purposes
of pulse characterization, such as polarization gating (PG-FROG) which can measure a
pulse with a much broader spectral range with more intuitive traces yields but requires
higher pulse intensity??, and transient grating (TG-FROG)% which is useful for measuring
UV pulses and self-diffraction (SD-FROG)% which can be used in various spectral regions,
including deep UV. These FROG methods are built and modified based on the second
harmonic generation (SHG-FROG) which we use in these studies for the characterization
of the PULSAR pulses. Comparing to the general layout of the FROG setup as shown in
Fig. 3.6, we additionally use a neutral density (ND) filter for attenuating the measured laser
pulses. The SHG-FROG trace of the spectrogram of the autocorrelation I°7%(w, ) can be
adapted from eq (3.6):

400
ISHC (W, 1) = |/_ e(t)e(t — 7)e ™ dt|? (3.7)

The 2D map Fig. 3.6(b) of the trace intensity as a function of wavelength and the
time delay between identical pulses is generated from the detector signal combined with an
iterative devolution algorithm %% for reconstructing the electric field with a guessed electric
field for initiation. The typical measured PULSAR FROG trace with a pulse duration
around 28 fs FWHM is shown in Fig. 3.6(a). However, SHG-FROG cannot distinguish

between positive and negative chirped pulses as it is insensitive to the time inversion.
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Figure 3.6: SHG-FROG trace and setup overview.

(a) 1D projection of the FROG trace along the time-delay axis extracted from (b); (b) 2D FROG
trace map measured from our experiment; (c¢) Schematic layout of a FROG apparatus. Adapted
from Trebino et al.?°.

3.2.3 Cross-correlation frequency-resolved optical gating
For the pulses generated later with non-linear frequency conversion in a nonlinear crystal®’,
Cross-correlation frequency-resolved optical gating (X-FROG) is employed for characteri-
zation of the pulses for which the wavelengths lie in the ultraviolet (UV) region. However,
for UV pulses, the achievable phase-matched spectral range of the crystal, the dispersion-
induced broadening by the material, and the transparent spectral range of the crystal have
severe effects in the characterization for pulses of deeper UV regions due to the non-linear
process compared to NIR pulses.

XFROG is combined with a gate pulse using by difference frequency generation (DFG),
rather than splitting the test pulse as in standard FROG. Using DFG-XFROG, an ultrafast
UV pulse with weak intensity can be characterized. Adapted from eq. (3.7), we can get the

output XFROG trace denoted as:

48



+o00
[XFROG(y 1) = | / e(t)e,(t — 1)e ™ dt|? (3.8)

where the ¢, is the electric field of the gate pulse. In our experiments for UV-induced
molecular dynamics investigation, we employ SHG-FROG so that we use an intense NIR
pulse which is already characterized by FROG measurement as the gate pulse. The XFROG
trace IXFROC combined with the known gate pulse £, can be used to characterize the UV
pulses £(¢). In these experiments of these studies, we use the FWHM of the cross-correlation

to obtain the UV pulse duration by calculating:

Tov = \/T)Q(FROG —TXiR (3.9)

as the 7y, Txrrog and Tnrr are the FWHM of the UV, NIR, and the XFROG trace of the

two pulses.

3.2.4 Harmonic generation and nonlinear optics

For performing the UV-induced molecular dynamics investigation experiments, we need to
use UV pulses for triggering the process which is generated by nonlinear frequency con-
version. There are different types of frequency generation of nonlinear processes shown in

Fig. 3.7 in a susceptibility x? crystal medium.

Nonlinear optics

Nonlinear optics is the study of how light interacts with materials in ways that depend on
the intensity of the light, leading to phenomena like frequency doubling and self-focusing.
In this study, we used the non-linear crystal such as a type-I Barium Borate (BBO) crystal
with a cut angle of 29.2° and a thickness of 150 pwm for high harmonics generation. To

study the propagation of the electric field in the laser, we consider the optical field in a
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second-order nonlinear medium which contains two frequency components in the form of%®:

e(t) = gre7 ™ gpe ™2t 4 (3.10)

where the £ and €5 are the amplitudes of the electric field with frequencies of w; and ws.
With an electric field applied, the polarization of a medium depends linearly on the field at
low intensities and nonlinearly at high intensities due to the electric charge oscillation and
electromagnetic radiation. The polarization of a medium can be denoted as a function of

the electric susceptibility of the medium®:

Py(t) = xWel + xPe? 4 3 4 4O 4 (3.11)

The coefficients x? (i > 2) are the higher order non linear optical susceptibilities. If we
insert the second-order contribution 3.10 into the polarization 3.11, then we can get the

second order of the polarization categorized with different frequency components:

P2(t) m g2 4 €2 4 ele7 2t 4 glewal 4 o gpemilWrtun)l o) op il —wa)t (3.12)

From this equation, the first two terms correspond to direct current (DC) polarization. The
second and third terms are related to second harmonic generation (SHG). The fifth term is
associated with sum frequency generation (SFG), and the last term is difference frequency
generation (DFG).

Another way of understanding these nonlinear processes is by approaching with laws of

momentum and energy conservation. The SFG process can be noted as:

hw1 —+ hu.)g = h(w1 + WQ) (313)

As SFG includes creating a new frequency of the field by summing the mixing frequencies

w1 and ws, the conversion efficiency of this process depends on the phase matching and the
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Figure 3.7: Nonlinear frequency mizing with a x» nonlinear crystal.

(a) Sum-Frequency Generation (SFG); (b) Second-Harmonic Generation (SHG); (c) Third-

Harmonic Generation (THG); (d) Difference-Frequency Generation (DFG). Adapted from Ziaee

et al.®! .

material susceptibility. It has been derived in%%. Considering a special case of SFG where
w; = wy = wy, which is the SHG, and the assumption of constant electric field, SHG

conversion efficiency can be obtained as:

Doy 27T2(X(2))2IWOL23mc2(&)

2
NsuG =
L, A2€C3n2 Moy,

(3.14)
where the L is the length of the medium crystal and the k = %w is the wavenumber. Iis
the power density, €, is the vacuum permittivity, and n,,, is the optical index of the medium
at nw.

The efficiency increases with pump intensity, limited only by the crystal’s damage thresh-
old. It also depends on the spatial overlap of the interacting fields and is maximized under
the phase-matching condition (Ak = 0). As the fundamental wave propagates, its intensity
and thus the efficiency of the generated wave decreases. Efficient conversion requires the
fundamental and generated waves to remain in phase, but chromatic dispersion typically
causes phase mismatch. This can be mitigated using birefringent crystals, which provide

different refractive indices for different polarizations, maintaining phase velocity matching

between frequencies.
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Figure 3.8: Diagram of the PULSAR COLTRIMS optical arrangement.
The red lines indicate the IR beam path, blue corresponds to the third harmonic generation (THG)
beam at 266 nm, and purple represents the fourth harmonic generation (FHG) beam at 200 nm.
Figure courtesy of Sanduni Kudagama and Tu Thanh Nguyen (Kansas State University)

Harmonic generation

From Fig. 3.8, which is the layout of our optical beam path, the SHG pulse is produced in

the very first step for the later THG or FHG with sum-frequency generation.

Third Harmonic Generation (THG)

In our experiments, we use a typed-I BBO Crystal with thickness of 150 pym for the high
harmonic generation. After SHG pulse is generated in the BBO crystal medium, there is a
time delay %919 between the fundamental PULSAR output pulse and the second harmonic

pulses. For normal incidence of the pulses passing through the medium as we perform in
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Figure 3.9: THG and FHG spectra.
Spectra of measured (a) THG and (b) FHG from experiment using an Ocean Optics FLAME-S-
XR1-ES spectrometer.

our experiments, we have 30fs time difference. As we show from Fig. 3.8, we use calcite
crystal with 2mm thickness for adjusting this time delay. To obtain the final output third
harmonic beam with parallel (P-polarized) polarization, a dual half-wave plate is used to
adjust the fundamental IR pulses by 90 degrees without changing the polarization of the
second harmonic beam. With multiple 200nm separators, as shown in the Fig. 3.9(b), the
resulting third harmonic beam is separated from the fundamental and the second harmonic
beam for generation. The conversion efficiency measured in our experiments is around

2% — 3%. The measured spectrum of the THG beam is shown in Fig. 3.9 (a).

Fourth Harmonic Generation (FHG)

To generate the fourth harmonic of the Ti:Sapphire fundamental beam, we choose to mix
the fundamental and the third harmonic in a nonlinear crystal for generation instead of an
immediate doubling of the second harmonic using two SHG stages. As the second method

needs careful crystal selection to ensure phase matching for both SHG stages and the final

93



FHG stage and might have lower conversion efficiency due to weaker 2w intensity or phase
mismatch, we use the second method which gives potentially higher conversion efficiency as
opposed to losing some energy during the first SHG using another method.

We used a 50 um type-I BBO crystal for fourth harmonic generation as another two
commercially available crystals which are also transparent and near 200 nm have some
limitations. Lithium Triborate (LBO), another commonly used crystal, has a small non-
linear coefficient which requires higher input pulse intensity, and potassium pentaborate
tetrahydrate (KB5) is relatively fragile and has low thermal stability. We generate the
fourth harmonic by mixing two S-polarized (perpendicular to optics table) beams shown
from Fig. 3.8, with angle phase matching and the measured spectrum of FHG beam shown

in Fig. 3.9(b).

3.2.5 Pulse compression

CPA systems, when experiencing significant temporal broadening during propagation due
to group velocity dispersion (GVD) and higher-order dispersion, results in larger pulse du-
ration pulses. Longer pulses lead to a lower peak intensity which is not suitable for ultrafast
measurement due to lower temporal resolution. To counteract this broadening, pulse com-
pression techniques are employed to temporally shorten the pulse, ideally recovering its
transform-limited duration, the shortest possible pulse duration for a given spectral band-
width.

The electric field of an ultrashort pulse can also be fully described in the time domain

as:

E(t) = A(t)e ® (3.15)

where the A(t) is the time-dependent amplitude (intensity envelope), and ¢(t) is the time-
dependent phase. The relationship between spectral phase and pulse duration can be under-

stood through the Fourier transform of the pulse electric field. A Fourier transform-limited
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(FTL) pulse has a flat spectral phase, while any deviation leads to temporal broadening.

The accumulated spectral phase can be expanded as a Taylor series:

0¢ 10%p 193¢
¢(W> = ¢0 —+ % w=wo (w — wo) + §w|w:m(m — w0)2 + E%L‘,:wo (w — CUO)B 4+ ... (316)
Here, the second derivative % represents GVD, and higher derivatives represent higher-

order dispersion. Effective pulse compression systems aim to flatten this spectral phase
to recover the shortest pulse duration achievable for the bandwidth. When a short laser
pulse passes through a medium, its different frequency components travel at different group
velocities, leading to pulse broadening. In normal dispersion, longer wavelengths (red) travel
faster than shorter ones (blue), causing the red components to lead and the blue to trail.
The opposite effect is known as anomalous dispersion.

The quadratic term 227“25 in the spectral phase represents linear chirp, caused by group
delay dispersion (GDD) which is the total dispersion accumulated by a pulse after trav-
eling through a material of finite length, so it’s the integrated effect of GVD over that
length. When GDD is positive in normal dispersion and leads to pulse stretching, it must
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be compensated by introducing negative GDD. The third-order term corresponds to
third-order dispersion (TOD), which can cause intensity ringing near the pulse edges when
different spectral components arrive at different times. The sign of TOD determines whether
the ringing appears at the leading or trailing edge. Higher-order dispersion terms also affect
ultrashort pulses, while the constant phase ¢y and first derivative g—ﬁ do not.

It is worth noting that as pulse durations decrease, higher-order dispersion terms become
increasingly significant and must be carefully managed. For example, third-order dispersion
(TOD) plays a critical role in 30 fs pulses, while for pulses approaching 10 fs, fourth-order
dispersion (FOD) also needs to be considered and compensated.

To compensate for dispersion and compress ultrashort pulses, several types of optical

compressors are commonly used, including prism pairs, grating pairs, and chirped mir-

rors. Each type offers different advantages depending on the pulse characteristics. Various
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nonlinear techniques have been developed for pulse compression, utilizing nonlinear inter-
actions such as self-phase modulation in optical fibers!*?, and spectral broadening through

electro-optic phase modulators combined with pulse shaping!%3.

However, a detailed dis-
cussion of these methods lies beyond the scope of this work. Instead, we provide a brief
overview of commonly used linear dispersion compensation techniques, including chirped
mirrors, diffraction grating pairs, and, in particular, the prism-pair compressor employed
in our experiments. In our experiments, we used a prism-based compressor, which is well-
suited for managing group velocity dispersion in the femtosecond regime while maintaining
high throughput and minimal loss. Following compression, the pulse duration was further

verified through cross-correlation measurements based on difference frequency generation

(DFG), providing temporal characterization of the compressed pulses.

Prism compressor

Like gratings, prisms are used to introduce angular dispersion and are commonly used as

a dispersion compensation technique !0410%,106,107

Prism pairs offer relatively low optical
losses compared to diffraction gratings, making them a favorable choice for compensating
and controlling dispersion in ultrafast pulse propagation through various media. However,
a significant limitation of prism compressors is their narrow angular dispersion bandwidth.
As a result, achieving higher group delay dispersion (GDD) compensation typically requires
increased separation between the prisms, which is an approach that may be impractical in
compact or spatially constrained setups. Furthermore, although angular dispersion is the
fundamental mechanism enabling pulse compression in prism-based systems, it inherently
introduces spatial chirp and pulse front tilt, both of which can degrade the temporal and
spatial quality of the pulse!®® and are therefore generally undesirable.

The optical layout of the prism compressor is shown in Fig. 3.10. For compression

and compensation, angular diffraction-based pulse compressors require four identical dis-

persive elements. The first element introduces angular and spatial dispersion, while the
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Figure 3.10: Schematic of prism compressors.
(a) The conventional four-prism pulse-compressor adapted from Fork et al.'% and (b) a prism-pair
compressor in a folded geometry adapted from Martinez et al.’’® which is used in our experiment.

second compensates for the angular dispersion. To eliminate both angular and spatial dis-
persion, an additional identical pair of elements is required. In this configuration, redder
(IR, infrared) wavelengths traverse longer optical paths than bluer (UV, ultraviolet) ones
by passing through thicker regions of the second and third components, allowing the shorter
wavelengths to catch up temporally. When properly aligned, this setup yields negative group
delay dispersion (GDD) without introducing spatial temporal distortions such as pulse-front
tilt. %7, where the pulse’s arrival time varies across the transverse profile due to a tilt between
the pulse front and the direction of propagation.

To determine the required group delay dispersion (GDD) for chirp compensation, we
follow the method in Ref.'% using an unfolded four-prism geometry as in Fig. 3.10(a). The
prisms are aligned at the minimum deviation condition, where the beam travels parallel to
the prism base, ensuring symmetric incidence and exit angles. This symmetry allows GDD
tuning by adjusting the inter-prism distance without altering the output beam direction.
Translating a prism perpendicular to the connecting line further adjusts material dispersion.
At minimum deviation, the incident and exit angles approach Brewster’s angle, minimizing
reflection losses for p-polarized light. Gordon and Fork!?*!%9 demonstrated geometrically
that the group delay dispersion (GDD) is proportional to the second derivative of the optical

path length with respect to wavelength P(\) :
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(3.17)

With the given optical path P = 2/ cos  where the # denotes the angular deviation of
the dispersed beam after the first prism, and [ represents the distance between the apices of
the two prisms. Thus, the calculation of the group delay dispersion (GDD) introduced by
the prism compressor can be expressed in terms of the derivatives of the optical path length
P as follows:

A3 on 0’n

GDDprigm ~ 5= [—AI[2(55) +4(553) ()] (318)

Here, ry denotes the beam diameter. The resulting expression comprises two distinct terms:
a negative term associated with the separation between the two prisms, and a positive term
related to the optical path length within the dispersive medium.

The amount of GDD introduced by the prism compressor can be tuned by adjusting the

19 and computing

distance [ between the two prisms. By applying the Sellmeier equation'!
the derivatives of the refractive index for the prism material, the GDD expression can be
reduced to a first-order inequality. To achieve negative GDD, the condition GDD < 0 must
be satisfied, allowing [ to be determined accordingly. This separation is estimated based on
the cumulative dispersion introduced by other optical components in the setup. Increasing [
enhances the negative GVD imparted by the prisms, thereby compensating for the positive
dispersion accumulated elsewhere in the system.

Various prism compressor configurations have been proposed, including four-prism, double-
prism, and single-prism setups, all based on a common geometry where the beam traverses
the dispersive medium four times to correct both temporal and spatial chirp. Each config-
uration has trade-offs. The four-prism setup allows a wide GDD tuning range but requires
significant space and precise control of prism separations and angles. Any change in input

wavelength necessitates synchronized rotation of all four prisms to maintain equal inci-

dence angles. A more compact alternative involves replacing the final two prisms with a
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periscope, folding the beam back through the first two prisms, simplifying alignment and
tuning. For the experiments in this work, we implemented a prism-pair compressor as shown
in Fig. 3.10(b). Although single-prism designs offer easier alignment and use a corner cube
for GDD tuning, we opted against this approach due to the difficulty in sourcing low-loss
corner cubes.

In the UV-induced Coulomb explosion imaging of thiophenone, we use a third-harmonic-
generated 266nm UV beam to induce the ring conversion dynamics. For compressing the UV
beam, we employ the prism compressor which is implemented in a folded geometry utilizing
a pair of calcium fluoride (CaFy) prisms, cut at Brewster’s angle to optimize transmission
at the third-harmonic UV wavelength. The separation distance between the prisms was
determined based on estimated dispersion contributions from various transmissive optical
components in the beam path. A pair of calcium fluoride (CaF;,) prisms was selected over
fused silica due to its lower material dispersion in the ultraviolet regime, thereby minimizing
the introduction of higher-order dispersion terms. Pulse duration characterization, both
before and after compression, was carried out using a cross-correlation frequency-resolved
optical gating (XFROG) technique. This method involved difference frequency generation
(DFG) between the UV and NIR pulses to retrieve the temporal profile of the UV pulses.

Pulse characterization

The durations of the uncompressed and compressed UV pulses were characterized using an
XFROG-type measurement based on cross-correlation between the NIR and UV pulses via
difference frequency generation (DFG). The NIR pulse duration was independently mea-
sured using a FROG setup and optimized to 28 fs. The fundamental (NIR) and third
harmonic (UV) beams were mixed in a BBO crystal identical to that used in the third har-
monic generation stage. A computer-controlled delay stage adjusted the NIR path length to
introduce a variable time delay between the pulses. The resulting cross-correlation signal,

observed as a second harmonic yield, was recorded as a function of delay using an Ocean
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Figure 3.11: XFROG traces measured at fized delay stage position.
XFROG traces of third harmonic pulses recorded at fived stage position X = 13, while tuning the
angle between the two prisms for pulse compression.

Optics FLAME-S-XR1-ES spectrometer. Maximum signal intensity marked the temporal
overlap of the pulses. This signal served two purposes: confirming pulse compression and
providing a time-zero reference for subsequent time-resolved molecular experiments.

The 400nm cross-correlation signal from the XFROG trace, shown in Fig. B.1 in Ap-
pendix B.1, was used to characterize and optimize the prism-pair compressor in order to
achieve the shortest possible third-harmonic pulse. The minimum calculated pulse duration
for the 266 nm THG pulse was obtained when the prism position was near X = —13 (arbi-
trary unit for the prisms distance). The uncompressed UV pulse had a duration of approx-
imately 131 fs, measured using thin nonlinear crystals to minimize pulse broadening while
prioritizing fidelity over conversion efficiency. After tuning the prism compressor, the pulse
duration was reduced to 28.8fs after tuning, approaching the transform-limited duration
of 281s, estimated assuming a Gaussian pulse envelope and the measured spectral band-
width. The corresponding cross-correlation traces for the uncompressed and compressed
pulses are shown in Fig. 3.11. To further assess the performance of the prism compressor,
we re-scanned the delay stage around the point of optimal temporal overlap, using finer
adjustments to the prism angles to enhance the temporal resolution of the XFROG trace,

as illustrated in Fig. 3.11.
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3.3 COLd Target Recoil lon Momentum Spectrome-
ter (COLTRIMS)

COLd Target Recoil Ion Momentum Spectroscopy (COLTRIMS) is a powerful momentum
imaging tool for ions that relies on using internally cold (and well-localized) targets provided
by a collimated supersonic gas jet'¢. Conventional atomic and molecular spectroscopy
typically investigates light—-matter interactions as a function of wavelength to determine the
composition and physical properties of atoms and molecules in various phases. In contrast,
momentum spectroscopy focuses on measuring the momenta of particles resulting from
photoionization or photo-fragmentation, providing complementary insights to traditional
spectroscopic techniques. When full 2D or 3D momentum distributions of fragments are
obtained, the method is often referred to as momentum imaging. These techniques primarily
detect charged products which are ions and/or electrons, although methods for neutral
particle detection also exist!'LH213 I their most complete form, momentum imaging
setups can measure full 3D momentum vectors of multiple ions and electrons in coincidence,
and are commonly referred as reaction microscopes (REMI)'".

Fig. 3.12 shows a typical layout of COLTRIMS. A collimated supersonic jet of cold atoms
or molecules intersects with a projectile beam — in this work, a laser pulse or a pair of pulses
— in the center of an ultra-high vacuum chamber. In our experiments, we can reach base
pressure as low as 107!° to 107! torr. The intersection of the laser and molecular beams
defines the interaction region. The chamber is equipped with an electrostatic spectrometer
and a pair of time- and position-sensitive detectors for ions and electrons. A set of closely
spaced spectrometer electrodes generates a uniform electric field that accelerates the result-
ing ions and electrons toward opposing detectors while simultaneously shielding them from
external fields. In the work reported throughout this thesis, only the ion detector was used.

Each ion fragment’s time-of-flight (TOF') and hitting position on the detector are recorded.

The TOF is referenced to a trigger signal typically from a photodiode monitoring the laser
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Figure 3.12: Scheme of a reaction microscope.
The molecules are delivered into the interaction region in a supersonic gas jet. The intense IR/X-
ray pulse hits one of the molecules, creating multiple ions and electrons. Those are guided towards
two time- and position-sensitive detectors on opposite sides of a spectrometer by static electric
and magnetic fields. In this way, 3D momenta of all recorded particles can be obtained, making it
possible to reconstruct the molecular structure by momentum conservation.

62



pulse providing precise timing of the interaction. The TOF spectrum reveals both the mass-
to-charge ratio of the ions (enabling species identification) and the component of their initial
momentum along the spectrometer axis. The transverse momentum components are recon-
structed from the detected hitting positions, allowing full three-dimensional momentum

vector determination for each particle.

3.3.1 Supersonic gas jet

The supersonic gas jet system consists of a nozzle (with a diameter of 30 um) for JRML
experiments and 200 pm for the EuXFEL setup) followed downstream by skimmers, aper-
tures, and slits, which form differential pumping stages that progressively reduce the gas
load along the flow path. The target gas beam reaches the interaction chamber and is sub-
sequently evacuated via a catcher compartment. The nozzle connects a high-pressure gas
reservoir (ranging from a few to several tens of bars) to a low-pressure region, driving the
gas to expand rapidly. This expansion exceeds the speed of sound, thus forming a supersonic
jet. The flow can be approximated by an adiabatic expansion of an ideal gas.

Through this expansion, the gas enthalpy, which is the comprising compression and

internal energy, is converted into the translational kinetic energy of the molecular beam:

fkThH
2

kgTo + (3.19)

1
= §mnget

where Ty is the initial gas temperature before expansion, kg is the Boltzmann constant, f
is the number of degrees of freedom of injecting atom or molecule, and m is the mass of it.

The heat capacity ratio can be written as:

11+ (3.20)

In the ideal case, the jet velocity can be estimated under the assumption that the gas
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temperature T after expansion approaches zero. In practice, T remains finite, and the

V}et
‘/thermal ’

achievable jet temperature is characterized by the ratio S = The speed ratio
S depends on the nozzle diameter d, the initial gas temperature Ty, and the stagnation
pressure Py prior to expansion. Given S and 7y, the jet temperature T can be estimated
using:

v 1o

As the pressure beyond the nozzle is not zero, the expansion becomes less ideal further
downstream due to the interactions with residual background gas. However, the central
core of the jet, located near the nozzle, remains largely unaffected and undergoes near-free
expansion, resulting in lower temperatures. A skimmer positioned at an optimal distance
downstream selects this cold central portion before the expansion degrades. Additional
skimmers, apertures, and slits can be placed along the beam path to further collimate the
jet and isolate its coldest part. In the interaction region, this setup yields a well-collimated
gas jet with temperatures as low as tens of mK, a diameter of approximately 1mm, and a
target density on the order 10® — 10! particles per cm?, depending on the distance between
the nozzle and the interaction region.

For the experiments conducted in this study, the nozzle was heated to increase the vapor
pressure of the sample thiophenone. The vapor pressure of thiophenone exhibits a strong
temperature dependence. Due to its inherently low volatility, thiophenone has a very low
vapor pressure at room temperature, necessitating thermal heating of the nozzle to achieve

sufficient molecular density for interaction.

3.3.2 Spectrometer and detectors
Spectrometer

A homogeneous electric field configuration is generated using a stack of equally spaced ring-

shaped electrodes, connected via identical resistors. A voltage gradient is applied by setting
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a high voltage at one end and a low voltage at the other, resulting in a uniform potential
drop along the axis. This configuration produces a nearly homogeneous electric field within
the interaction region, ideal for precise momentum reconstruction. In some spectrometers,
this homogeneous region is followed by a field-free drift region. The combination of these
two regions enables fulfillment of the time-focusing condition, where particles of the same
species and identical initial velocity but originating from different positions along the spec-
trometer axis arrive at the detector simultaneously. This improves the temporal resolution of
the time-of-flight (TOF) measurement and enhances mass resolution without compromising
momentum reconstruction accuracy.

The spectrometer voltage and length can be tuned to ensure full 47 solid-angle accep-
tance and optimal resolution for detecting all reaction products. In general, increasing the
extraction voltage or shortening the spectrometer length allows for the detection of faster
fragments but at the cost of reduced momentum resolution due to increased field-induced
broadening and shorter time-of-flight.

Ions are guided by the electric field toward the detector at one end of the spectrometer.
Electrons can be directed to the opposite detector using the same electric field; however, due
to their much smaller mass and consequently higher initial velocities, achieving full 47 collec-
tion efficiency using only the electric field is challenging. To overcome this, a homogeneous
magnetic field, generated by a pair of Helmholtz coils and aligned parallel to the electric
field, is introduced. This magnetic field forces electrons into helical trajectories along the
spectrometer axis, enabling the collection of electrons with significant transverse velocities
that would otherwise escape detection. The spiral radius is proportional to the electron’s
transverse velocity and inversely proportional to the magnetic field strength. Therefore, in-
creasing the magnetic field enhances the acceptance of higher-energy electrons by confining
their trajectories within the detector area.

There are non-homogeneous settings for the velocity map imaging (VMI) where the

electric field acts as an electrostatic lens, focusing particles with identical initial velocities
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but originating from different positions within the interaction region onto the same point on
the detector. However, spectrometers are typically designed for either a homogeneous field
or a VMI configuration, but both field geometries can be realized using a single spectrometer

equipped with a sufficient number of appropriately positioned electrodes!.

Detectors

In COLTRIMS experiments, charged particles are typically detected using a combination
of microchannel plates (MCPs) ! and a delay-line anode (DLA), which is also employed in
this work.

As a single charged particle does not generate a measurable signal on its own, signal
amplification is achieved using a triple-stack MCP assembly. Each MCP '16:17:118i5 5 porous
glass plate, approximately 80 mm in diameter and 1-1.5 mm thick, containing thousands of
microscopic channels, typically 4 to 12 um in diameter for the front plate and up to 25 um
for the back plates. When a charged particle strikes the front MCP, it generates secondary
electrons. These electrons are accelerated through the channels by an applied electric field,
initiating an electron cascade that amplifies the signal. This impact—emission—acceleration
process is repeated multiple times along the channel. To ensure efficient electron multipli-
cation, the channels are tilted at a bias angle around 10° relative to the surface normal,
preventing particles from passing through without interacting with the channel walls. The
resulting electron avalanche produces a measurable pulse, which is used for time-of-flight
(TOF) determination.

A DLA consists of two or three wires wound helically around an insulating support, with
each wire oriented in a distinct winding direction. Each signal wire is paired with a parallel
reference wire, and the differential signal between them is processed by a differential amplifier
to suppress noise and enhance signal quality. A bias voltage (typically 20-50 V) is applied to
the signal wires relative to the reference wires, ensuring preferential collection of the electron

cloud from the MCP onto the signal wires. Once collected, the signal propagates along the
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Figure 3.13: Scheme of MCP detector.
(a) Schematic structure of a MCP''> (b) structure and (c) operation principle of Delay line an-
ode !9,
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wire, and its arrival time ¢; and ¢, at both ends are recorded. The particle’s position is then
determined from the time difference At = ¢; — t5, which encodes spatial information based

on the signal propagation delay. The incident particle hit position P is given by '’

v
P=_"9" At+0O 3.22

The vgroup is the signal group velocity, which is close to the speed of light. The distance
D1,m corresponds to the signal propagation length along the wire required to resolve a 1mm
displacement in the helical winding direction, and the O is an arbitrary offset factor.

In this study, we employed a QUAD delay line anode (QUAD-DLA) which is a type of
position-sensitive detector readout system that enhances spatial resolution and count rate
capability by using four helical delay line wires instead of the conventional two or three. We

can obtain the incident particle position (X,us,Ypos)

/UCE
= T AL, 4O,

Xpos =
2D (3.23)
Ugraup
pos — 2D1mm Aty + Oy

where the v’ Di

group’ Imm>

At; and O; (i = z,y) are the same as eq. 3.22 for specified prop-
agating direction. A hexagonal delay-line anode (HEX-DLA) is another type of readout
structure frequently used in COLTRIMS setups, offering improved spatial resolution and

symmetry through its threefold, 120° offset wire configuration.

3.4 Data acquisition and processing for photoion mea-

surements

The data collected in this study were recorded using the NSCL SpecTcl DAQ system!?!.

The reconstruction of ion momenta resulting from the interaction constitutes an initial value
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problem, where the goal is to determine the initial velocities of the fragments generated in the
interaction with the laser based on their subsequent trajectories in known electromagnetic
fields.

The ion time-of-flight (TOF) values and corresponding hit positions recorded for each
laser shot are used to reconstruct the full 3D momentum vectors of the detected ions.
All secondary observables, such as kinetic energy release (KER) and absolute and relative
emission angles, are derived from these momentum vectors'?!.

In the JRML PULSAR COLTRIMS setup, the laser propagates along the z-axis, the
supersonic gas jet along the y-axis, and the spectrometer axis, with homogeneous electric
fields, is aligned along the z-axis. The interaction point, where the laser intersects the target
beam, defines the origin of the z-axis (zg). The detector center defines the transverse coor-
dinate origin (g, o). The ion detector is aligned parallel to the (z,y)-plane, perpendicular
to the spectrometer axis, making the transverse ion motion effectively field-free. In contrast,
ion motion along the z-axis is governed by constant acceleration. In these measurements,
laser polarization was kept parallel to the spectrometer (i.e., z) axis. At the European
XFEL, the spectrometer axis is vertical and the X-ray beam polarization is horizontal, such
that it is perpendicular to the TOF axis and parallel to the molecular beam propagation
direction.

According to Newton’s second law, the momentum components of an ion with mass m
and charge ¢, flying a distance of [; from the interaction region to the detector, are given

by:

r — X9
e = N -
b At
Y—Yo

=R T Ty
where At = t; — ty, t; is the time-of-flight (TOF), and ¢, is the interaction time offset
that accounts for the delay between the actual laser—-molecule interaction and the arrival of

the photodiode signal at the DAQ system, which is used to trigger data acquisition. This
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offset includes both the intrinsic timing difference and additional delays introduced by the
electronic components in the signal path. F is the strength of the homogeneous electric
field, and (z,y) are the detected incident positions on the ion detector as X5 and Ys.

Having reconstructed the momentum vectors of the ion species generated in the laser
and molecule interaction, we proceed to calculate their kinetic energy distributions, total
kinetic energy release (KER), and emission directions. In coincidence analysis, the individual
momentum vectors are further constrained by the condition of momentum conservation,
enabling identification of correlated fragmentation channels.

Charged particles travel to the detector according to Newton’s Second Law. Based on
the spectrometer configuration, their initial momenta resulting from the interaction can be
reconstructed using the measured time-of-flight ¢ and hit positions (z,y) which is shown in
Fig. 3.14. The specific method for momentum reconstruction depends on the field geometry
of the spectrometer and whether the particle is an ion or an electron. Once the momentum
components (P, Py, P,) are determined for a particle of mass m, the kinetic energy E is
calculated as:

To identify two-body fragmentation channels, we use the standard photoion-photoion
coincidence (PIPICO) map, as shown in Fig. 3.15. For analyzing three-body fragmentation
channels in the measured coincidence data, we utilize an advanced version of the PIPICO
method, where the time-of-flight (TOF) of the first detected ion (TOF1) is plotted along
the horizontal axis, and the sum of the TOFs of the second and third ions (TOF2 + TOF3),
commonly referred to as Tri-PICO, is plotted along the vertical axis, as shown in Fig. 3.16.
The position information from the detector can be transformed into the momentum distri-

bution of the detected ions.

2 2 2
L PR+ P

o (3.25)
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Figure 3.14: Measured ?OF spectra of ethylene.
Ezperimental data of (a) time-of-flight (TOF) spectrum , (b) TOF vs. detector X pos, and (¢) TOF
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Figure 3.15: Photoion-photoion coincidence (PIPICO) maps of different chan-

nels of ethylene.
Plotted experimental data of ethylene, zoomed in on specific two-body fragmentation channels: (a)
CH3" + CHy, (b) CHf + CHJ, and (c) CoHf + HF.
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Figure 3.16: Full Photoion-photoion-photoion coincidence (Tri-PICO) maps

of ethylene.
(a) Tri-PICO map of experimental data of ethylene, and (b) zoomed in on specific three-body
fragmentation channel: H* + CHY +CHS .
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Figure 3.17: Kinetic energy release (KER) of (a) three- and (b) four-body
fragmentation of ethylene from experiment.

Ezxperimental data of (a) three- and (b) four-body breakup of ethylene. The details of separating the
fragmentation pathways are introduced in Chapter 4. The superscript on each ion fragment label
indicates the charge state, while the subscript denotes the number of atoms in that fragment.

3.4.1 Coulomb explosion imaging: data representations

Using the measured information of the detected ions, the three-dimensional momentum
components (P, Py, P,) can be reconstructed, providing the same type of data obtained
from the simulations. Consequently, the experimental results can be presented in the same

formats discussed in Section 2.3.2, allowing for direct and meaningful comparison.

Kinetic energy release

By using eq. 3.25 for kinetic energy calculation, we can obtain both the kinetic energies
of individual ions as well as total kinetic energy release (KER) for a specific channel. For
example, Fig. 3.17 illustrates these KE / KER spectra for three-body (a) and four-body (b)
fragmentation of ethylene (CyH4) molecule into singly charged fragments, all of which have

been detected. Further discussion of these data can be found in Chapter 4.
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Figure 3.18: Exemplary Newton diagrams of the three-body fragmentation of
ethylene from experimental data.

(a)—(c) Relative Newton diagrams of the HT + CHY + CHJ fragmentation channel measured in
coincidence.

(a) The momentum of CHJ is normalized to 1 and oriented along the P, azis (orange arrow);
the relative momenta of HY and CHT fragment ions are plotted in the upper and lower halves,
respectively.

(b) The momentum of H* is normalized to 1 along the P, axis; the relative momenta of CHT and
CH2+ are plotted in the upper and lower halves.

(c) The momentum of CHT is normalized to 1 along the P, azis; the relative momenta of HT
and CH;‘ are plotted in the upper and lower halves. The details of these Newton diagrams are
introduced in the Chapter 4.

Newton diagrams and momentum distribution in 3D

As described in Section 2.3.2, we analyze the four-body complete fragmentation channel
where HY, HY, CH", and CH™ ions are detected in each event. The momentum distribution
of the first detected CH" ion is used to define the z-axis of the molecular frame, and along
the momentum of the second detected HT ion together is used to define the molecular plane.
This coordinate system allows for direct comparison with the Newton diagrams from the
Coulomb explosion simulations shown in Fig. 2.7(b) and (c).

As a further example, for the experimental data, we can also visualize the raw momentum
distribution of the four-body complete fragmentation channel of ethylene, in which H*, H™,
CHT, and CH™ ions are detected. The resulting raw data (without representation using
Newton diagrams in the molecular frame) in 3D are shown in Fig. 3.19. However, in contrast

to the raw Coulomb explosion simulation results where the fragment momenta closely mimic
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Figure 3.19: Raw 3D momentum distribution of the four-body complete frag-
mentation data of ethylene with HY, H", CHY, and CH' detected.

(a) all four ion fragments are shown; (b) only CH", CHT momentum distributions are shown; (c)
only HT, H" momentum distributions are shown. Here, ‘raw’ refers to data that are not represented
using Newton diagrams in the molecular frame.

the molecular geometry, as illustrated in Fig. 2.8, the experimental momentum distributions
are recorded in the laboratory frame. In this frame, the ion trajectories are largely defined
by the lab-frame spatial orientation of the molecule and by the laser polarization direction,
oriented along the P, axis (the TOF axis). As a result, the raw momentum distributions
do not reflect the internal molecular structure. To interpret the fragmentation dynamics in
the context of the molecular frame, we must transform the data into the molecular frame
(normally, we use the momentum distribution of two ion fragments defining the molecular
plane), which allow for a more accurate representation of the breakup geometry and enable
direct comparison with simulations.

Similar to what is discussed in Section 2.3.2 for the CES output, the raw experimental
momentum distributions can be visualized in several different ways, including generalized 3D
Newton diagrams and spherical coordinate representation in terms of polar and azimuthal

angles with respect to the molecular plane determined from the data. Further discussion of
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these possible data representations for ethylene is presented in Chapter 4.
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Chapter 4

Coulomb explosion imaging of

ethylene with intense laser pulses

All experiments, data analysis and Coulomb explosion simulations presented in this chap-
ter were conducted by the author. Theoretical modeling of the potential energy surfaces for
triply and quadruply charged ethylene, which are shown in the Appendix A and are used here
for scaling of the results of Coulomb explosion simulations, was carried out by Prof. Loren

Greenman and Dr. Paresh Modak (Kansas State University).

As discussed in Chapters 1 and 2, laser-induced Coulomb explosion imaging (CEI) repre-
sents a promising approach for probing ultrafast molecular dynamics. It is equally sensitive
to light and heavy atoms, can be efficiently used to disentangle competing reaction path-
ways or characterize minor reaction channels, and, if used as a probe in a pump-probe
experiment, can achieve sub-10 fs temporal resolution. However, a successful application of
this technique to polyatomic systems relevant to chemistry requires a detailed understand-
ing of the fragmentation processes involved in the formation of Coulomb explosion patterns
and the final-state observables. Some of the known issues here are the dynamics that the

molecule undergoes during the ionizing pulse and the presence of sequential fragmentation
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channels, resulting in a fragmentation pattern reflecting the post-pulse rotational dynamics
rather than the initial geometry of the molecule'®1?. Moreover, CEI can be used to exploit
different breakup channels, a variety of final charge-state combinations, and the coincident
detection of several ionic fragments. Therefore, data representation and the optimal choice
of specific observables needed to characterize the dynamics of interest become an important
and complicated issue. Although most of the earlier CEI studies relied on non-coincident
ion measurements or involved the coincident detection of all produced ions, recently, a new
CEI mode, which exploits the coincident detection of three or four created ions has been
shown to be very effective!?2°452:123.53  However, no direct comparative analysis of such an
‘incomplete’ CEI mode and a more conventional ‘complete’ scheme, where all created ions
are detected, has been reported so far. In this chapter, some of these issues are addressed
using the example of multiple ionization and Coulomb explosion of an ethylene molecule by
intense, femtosecond near-infrared laser pulses,

Ethylene (CyHy), a fundamental unsaturated hydrocarbon, plays a significant role in
photochemistry and photosynthesis'?4, and its fragmentation by various light sources or
by charged particle impact has been extensively studied both experimentally and theoret-

125,126,127,128,129,130,131,132,133

ically For example, Xie et al.'?® utilized intense femtosecond

laser pulses to explore and control the fragmentation behavior of ethylene molecules. Gaire

130 conducted kinetically complete measurements of direct photo-double ionization of

et al.
ethylene near threshold using synchrotron radiation and revealing dissociation pathways
involving both the electronic ground and excited states of the ethylene dication. They fur-

ther applied coincident measurements of Auger electrons and fragment ions to study the

1131 1 127

fragmentation dynamics in more detail **. Wang et a, investigated the fragmentation
processes of CoH,*" under 300 eV electron impact, analyzing both two-body and three-body
dissociation channels. Ethylene has also been chosen as a prototypical molecule for time-
resolved photochemistry studies involving carbon-carbon double bonds¥*!3°, Van Tilborg

et al. '3 investigated EUV-pump-induced dynamics in the excited ethylene cation (CoHy*T),
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leading to the observation of a transient ethylidene configuration (HC—CH3"). Ethylene
represents an attractive model system for CEI of polyatomic molecules because of its rela-
tive simplicity, accessibility for theory, and its planar geometry in the ground state of the
neutral molecule. At the same time, it has enough complexity to study different multi-
particle breakup channels, in particular, those involving one or more of the four hydrogen
atoms, whose detection is one of the important capabilities of the CEI technique. Earlier
ionization studies of ethylene have primarily focused on low charge states of the molecule
and considered two-body or three-body fragmentation pathways. In this work, we present a
systematic analysis of three- and four-body molecular breakup, focusing on the ‘complete’
channels, where we detect all ionic fragments created, and complement it with the analysis
of several ‘incomplete’ channels, where we detect three, four, or five ions from the CyHy
molecule that is ‘fully atomized’, i.e., breaks up into six atomic ions.

The experiments discussed in this chapter have been carried out at several different peak
intensities of the laser, ranging from 1.1 x 10 W/ecm? to 2.5 x 10" W/cm?. While the
measured ion charge state distributions and the branching ratios of different breakup chan-
nels exhibit a pronounced dependence on the peak intensity value, no significant difference
has been observed in the correlated few-particle momentum distributions or in the kinetic
energy spectra for specific fragmentation channels as a function of intensities. Therefore, all
experimental results presented in this chapter are shown for the same peak laser intensity,
1.3 x 10" W /em?, chosen to achieve the optimal experimental count rate and signal-to-noise

ratio for the channels of interest.

4.1 Three-body fragmentation in CoH,3T

We first consider the three-body breakup of the ethylene molecule ionized to the triply
charged state. Since, for this channel, we detect all three resulting ions (H*, CH, and

CHy™), we will refer to it as a “complete” three-body channel. Fig. 4.1 illustrates the
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Figure 4.1: Illustration of possible fragmentation scenarios for the three-body
fragmentation channel of triply-charged ethylene.

CoHy — HY + CHY + Cf[2+ via

(i) Concerted breakup: CoHy — HY + CHY + CHJ

(ii) Sequential breakup: CoHy — H™ + C’gH%Jr — HT + CH™ + C’Hér

(iii) Sequential breakup: CoHy — CHY + CH3' — HT + CHY + CHJ

possible fragmentation pathways leading to this final state. In addition to the concerted
fragmentation pathway, which is the one that would enable CEI of the initial molecular ge-
ometry, there are two possible sequential pathways involving the production of intermediate
metastable dications.

As discussed in Sections 2.3.2 , 2.3.4, and 3.4, to characterize few-body molecular frag-
mentation, we employ measured or simulated correlated momentum patterns (Newton dia-
grams) as well as kinetic energy distributions (KEDs) of individual ionic fragments and the
total kinetic energy release (KER). Fig. 4.2 shows the experimental Newton diagrams for
the H* + CH* + CHJ channel, using CH5 (a) or H* (b) momenta to define the positive x
direction (plotted as the unit vector pointing to the +x). Both distributions exhibit a very
complex structure, suggesting the coexistence of several interwoven reaction pathways. The
crosses in both panels mark the most intense part of the distributions, while the dashed
and dotted lines indicate semicircular structures, characteristic of sequential fragmentation
channels'®!”. The measured KEDs of the individual ions and the total KER spectrum for

this channel are shown in Fig. 4.3(a). While the KEDs for both heavier fragments exhibit

rather smooth, slightly asymmetric spectra, the proton KED shows a distinct two-peak
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structure, with the main peak centered around 10 eV, and a weaker shoulder slightly below
5 eV.

Fig. 4.3(b) depicts simulated KEDs and KER spectra for the same fragmentation chan-
nel. The basic assumptions behind the Coulomb explosion simulations (CES) are described
in detail in Section 2.3.3. Here, the simulation was performed assuming the concerted
breakup of the molecule, with the initial conditions sampled by the Wigner distribution
of the ground-state ethylene molecules at 60 K (This is assumed to be the nominal vibra-
tional temperature of molecular beam®® and the simulation performed for ethylene at 300 K
also shows only a slightly increased of out-of-plane width in the distribution of geometries)
optimized at the B3LYP/aug-cc-pVDZ level of theory using geometries generated using
Newton X°7 software. Charges were assumed to be localized at the center of mass of each
fragment, and the inter-fragment Coulombic repulsion was calculated accordingly. While
the relation between the simulated KEDs of the individual fragments coarsely resemble the
experimental data (in particular, the CHj KEDs are slightly higher than those for CHT),
neither the asymmetry for heavier fragments nor the two-fold structure of the proton KED
is reproduced. Furthermore, compared to the experimental data, all calculated distributions
are shifted to higher energy values. This discrepancy is well-known, with the main reasons
being the stretching of molecular bonds during the ionizing pulse and the non-Coulombic
nature of the final-state potential energy surfaces (PESs). Later in this chapter, we will use
the calculated PESs for triply-charged ethylene to bring the results of the CES closer to the
experimental values.

Since the Newton diagrams in Fig. 4.2 indicate the presence of several competing path-
ways, potentially involving some sequential fragmentation channels, we employ recently
developed Native frame analysis framework'®'? to separate the concerted and sequential
breakup channels. As discussed in more detail in Section 2.3.4, within this framework, se-
quential fragmentation is identified as a uniform angular distribution due to the rotation

of the intermediate molecular ion in the fragmentation plane. Following the procedure out-
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Figure 4.2: Ezxperimental Newton diagrams for ethylene three-body breakup
into H* + CH" + CH," fragments.

In (a), the momentum of CHy" is normalized to 1 pointing to the P, awis (orange arrow) and
relative momenta of H™ and CH' fragment ions are plotted in the upper and lower half, respectively.
In (b), the momentum of H' is mormalized to 1 pointing to the P, axis (orange arrow), and
the relative momenta of CH" and CHs™ fragment ions are plotted in the upper and lower half,
respectively. Crosses, dashed and dotted lines in both panels mark three distinct structures discussed
in text and their tentative assignments.
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Figure 4.3: Measured and simulated kinetic energy distributions of three-body
fragmentation of ethylene.

(a) The measured KE distributions of the H" (blue), CH" (red) and CHy" (green) ions and the
total KER of the H* + CHT + CHyt channel (black). (b) Same as (a) but simulated assuming
the concerted breakup.
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Figure 4.4: Native frame analysis of three-body fragmentation of ethylene from
experimental data.

(a) The yield of the HT + CHY + CHy* fragmentation channel plotted assuming sequential
breakup via CH; + CHy** intermediate: N(KERy_cH, OH_cH, cH,)- (b) The same yield plotted
assuming sequential breakup via HY + CyH3?T intermediate: N(KERcu-cH,, ©cu-cH,, u). Black
rectangles in each panel mark the areas potentially associated with the corresponding sequential
fragmentation channel.

lined in Ref.'?, in Fig. 4.4, we plot the angle between the relative momenta of the first
and the second breakup step as a function of the second-step KER, calculated assuming
two different sequential breakup pathways sketched in Fig. 4.1. Although no regions with
truly uniform angular distributions can be observed, each panel contains a vertical feature
that can potentially be associated with sequential fragmentation (marked by black rectan-
gles). To identify and separate the contributions from the concerted and sequential breakup

channels, we apply the Native frame analysis to the simulated CE data reflecting the three

scenarios sketched in Fig. 4.1.
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Figure 4.5: Native frame analysis from the simulated three-body concerted
breakup of ethylene.

The outcome of the CES is plotted in two different ways to match the data shown in Fig. 4.4. (a)
N(KERy-cn, ©n-cu, ci,)- (b) N(KERchn-cH,, ©cn-cH,, u). Black box marks the gate used
for separating the experimental data for concerted breakup channel.

4.1.1 Three-body concerted breakup

The concerted pathway of the complete fragmentation channel H* + CH* + CHJ in the
measured three-body coincidence data is expected to lie within a localized area of the Newton
diagram and in the specific range of the relative angles Oy_cn cn, and Ocu_ch,n. To
identify this angular range, we simulate the corresponding observables within the concerted
breakup scenario. Since this CES ‘as is’ significantly overestimates the experimental KE
values (see Fig. 4.3), we use the theoretically modeled (non-Coulombic) final-state PES
to achieve a better match with the experiment. The calculated PESs of the triply charged
ethylene molecule were provided by P. Modak and L. Greenman (see Appendix A for details).
While the full simulation of the molecular dynamics on the triply-charged PES is beyond the
scope of this work, we use the PES to scale the outcome of the CES. Specifically, we define the
scaling factor by comparing the total KER resulting from the CES and the Franck-Condon

energy of the triply-charged molecule in its ground state, and use it to derive the appropriate
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scaling factors for all velocities, momenta and energies involved in the simulation. While the
KER simulated in this manner (14.8 eV) is slightly lower than the peak of the experimental
KER distribution (16.5 €V), the simulated Newton maps and Native frame observables
provide much better guidance than the unscaled CES, which centers at the KER value of 28
eV (see Fig. 4.3(b)).

The native frame observables for the concerted breakup are plotted in Fig. 4.5. As
expected, the results are well localized in both (a) N(KERy_cu, ©u_cn, cn,) and (b)
N(KERcu_cH,, Ocu_cu,,u) representations. For the latter, the angle Ocy_cn, u is found
to lie between 40° and 90°, and the corresponding KER of the CHT + CH; pair ranges
from 4.3 to 6.0 eV. By applying gates on these angular ranges and KER window (marked
by a black rectangle) to the experimental data of Fig. 4.4(b), we isolate the concerted
breakup events from the full dataset. In Fig. 4.6, we plot the experimental Newton dia-
grams (a,b) and KEDs (c) for those selected events, and compare them with the simulated
results (d-f). For the Newton diagrams, the simulation matches the selected data pretty
well and coincides with the most intense region of the full dataset, marked by the crosses
in Fig. 4.2, thus confirming that concerted fragmentation plays an important role for the
selected three-body breakup channel. Compared with the CES results (Fig. 4.6(d,e)), the
relative momentum distributions in the Newton plots of the experimental data (Fig. 4.6(a,b))
appear slightly broader. This broadening can be caused by the imperfect selection of the
N(KERcH-_cH,, OcH_cH,,1) range in the experimental gating, insufficiency of the thermal
spread introduced by the 60 K Wigner distribution used to generate the ground-state ethy-
lene geometries'®* or, more likely, by the uncertainty caused by the dynamics during the
triple ionization process.

The KE / KER distributions in panels (c) and (f) closely resemble each other, with
the experimental spectra not showing the asymmetries or two-peak structure visible in the
full dataset (see Fig. 4.3(a)). As discussed above, the experimental KER peaks at slightly
higher value (16.5 eV) than the theoretically calculated KER (used to scale the CES results).
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Figure 4.6: Concerted three-body breakup events selected from the experimental
data of ethylene compared with CES predictions.

(a-c) Separated concerted breakup events from experimental data. (d-f) CES of concerted breakup
channel. (a,b,d,e): normalized Newton diagrams; (c,f) Kinetic energy spectra. The CES results

are scaled to match the calculated KER (obtained from calculated potential energy surface) value
of 14.8 eV.
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This might be caused by the deviations from a simplified vertical ionization model and by
potential contributions from the higher-lying PESs of the triply charged molecule, which
could result in a higher KER value than the ground-state PES.

4.1.2 Three-body sequential fragmentation channel via CHy™ +

CH,?*" intermediate

The presence of ring-like structures in the experimental Newton diagrams of Fig. 4.2 as
well as vertical features visible in the Native frame plots in Fig. 4.5 suggest that sequential
fragmentation also contributes to the H" + CH' + CH,™' breakup channel. Since both po-
tential sequential channels illustrated in Fig. 4.1 involve the two-body dissociation of CoHj"
producing either CH3" or C,H3" metastable doubly-charged intermediate as the first step,
we firstly examine whether some of these dications resulting from triple ionization survive
long enough to reach the ion detector. To verify this, we explore the corresponding regions
of the photoion-photoion coincidence (PIPICO) spectrum shown in Fig. 3.15. As illustrated
in Fig. 4.7, we do observe signatures of both (a) H* + CoH3" and (c) CHJ + CH3' two-body
fragmentation channels. Their measured and simulated KE / KER distributions are shown
in Fig. 4.7 (b) and (d), respectively. The CES for these two two-body channels are performed
under similar assumptions and using the same initial conditions as the three-body concerted
simulation discussed above. Similar to the three-body case, the CES without scaling to the
calculated final states severely overestimates the experimental KE / KER values for both
channels. Using the same procedure as discussed above for the concerted three-body CES,
we scale the CES for each of the two-body channels to the theoretically modeled KER values,
using the difference between the Franck-Condon energy and the asymptotic energy values
in the (b) H* + CoH3" and (d) CH + CH3™ limits (see Appendix A.1.3 for details). As can
be seen in Fig. 4.7 (b) and (d), for both channels, the scaled CES matches the experimental
data very well. Below, we will employ these scaled CES results to model the first steps in

the respective sequential fragmentation channels.
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Figure 4.7: Two-body fragmentation of C,H}".

(a) and (c) show the regions of the PIPICO map for HT + CgH%+ and CHy + CH%Jr channels,
respectively. (b) and (d) display the corresponding kinetic energy release (KER) distributions from
experiment (labeled as ‘exp’), overlaid with simulated two-body Coulomb explosion simulated ki-
netic energy distributions (labeled as ‘sim’). Scaled CES KER distributions are also included for
comparison (labeled as ‘sim scaled’).
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In order to examine whether each of the two-body channels discussed above indeed
represents an intermediate step in the sequential three-body fragmentation as sketched in
Fig. 4.1 (in other words, whether a non-negligible fraction of the dications involved breaks up
before reaching the detectors), we perform the CES for the respective sequential channels,

55, The modeling of the sequential breakup differs

following the procedure developed in Re
from that of the concerted breakup, as the process is decomposed into two distinct steps.
Specifically, we perform two successive two-body CESs, with each step independently scaled
to match the theoretical KER value obtained from quantum chemistry calculations. In
the first step, a two-body fragmentation (either of the two channels considered in Fig. 4.7)
produces an intermediate metastable doubly-charged ion. The two fragments are assumed
to move apart for 50 ps with the velocities given by the scaled KER values. Since we do not
know the lifetime of the metastable states involved, the 50 ps value was chosen to exceed
the expected rotational period of the intermediate dication and to ensure that the Coulomb
repulsion from the ion ejected in the first step is negligible. After 50 ps, the intermediate
dication undergoes a second Coulomb explosion producing two singly-charged fragments.
Here, we assume a fully random orientation of the second breakup direction with respect to
the first ejected ion. Such a two-step simulation approach enables us to model the kinematic
signatures associated with sequential fragmentation.

First, we focus on the pathway with CHy™ + CH,?" fragmentation as a first step. To
model the first step, a two-body CES is performed by assigning charges of +2 and +1 to
the two CH, fragments, respectively. The outcome of this CES is scaled down to match the
KER value predicted by the quantum chemistry calculation carried out by P. Modak and
L. Greenman. The latter value is deduced from the PES discussed in the previous section
for concerted breakup by stretching the C—C bond to its asymptotic limit (see Appendix A
for details). Here, the theoretically predicted KER for the first step (11.7 ¢V) matches well
the experimental KER shown in Fig. 4.7(d). The resulting 3D momentum vectors and the

fragment velocities are scaled by applying the square root of the KER ratio. These vector

89



momenta at 50 ps time are added to the outcome of the independent CES for the second
step, the breakup of CHy?" into CH,™ + H*. In the second step, to mimic rotational motion
during sequential breakup, the CHy?t fragment is assumed to have a random orientation
with respect to the dissociation direction of the first step. We tested several rotational
scenarios (detailed in Appendix A.1.3) and found that the best agreement with experimental
data is achieved when the intermediate fragment undergoes rotation about a random axis
passing through the center of mass of CHy?". This scenario was used for the modeling
results shown in this section. To scale the CES outcome for the second step, we use the
calculated energy difference between the asymptotic limit for the first step (with only the
C—C bond stretched) and the configuration where, in addition, the C—H bond in the CHy>"
dication is also stretched to the asymptotic limit. Remarkably, the corresponding KER
value (4.751 eV) matches well the vertical feature of the Native frame second-step KER as
shown in Fig. 4.8(a) for the same sequential fragmentation scenario (see Fig. 4.4(a)).

As a second step, we perform the Native frame analysis of the simulated data for this
channel. The corresponding N(KERy_cn, ©n_cH, cn,) distribution is shown in Fig. 4.8(a)
and manifests a characteristic vertical line at the expected second-step KER. For com-
parison, in Fig. 4.8(b), we plot the same simulated results analyzed under the (wrong)
assumption that the sequential breakup proceeds via HT 4+ CyH32" intermediate. As can be
expected, the corresponding distribution looks very different and does not show any signa-
tures of a sequential process. While the CES results in Fig. 4.8(a) matches the corresponding
vertical feature in the experimental data (Fig. 4.4(a)) in KERy_cp, its angular range in the
experimental data is somewhat narrower than in CES. We attribute this discrepancy to the
finite detection efficiency of the ion detector for the events where all three fragments are
emitted along the same axis. We use the gate around the vertical feature in Fig. 4.8(a) to
isolate the contributions of the sequential breakup via CH,?" in the experimental data.

The resulting Newton diagrams and KE / KER distributions for these isolated events

are shown in Fig. 4.9 (a-c), in comparison with the similar graphs obtained from the CES
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Figure 4.8: Native frame analysis of Coulomb explosion simulation of ethylene.
(a) N(KERu—cu, ©u—cn, ch,) distribution for the CES of sequential breakup via CH; + CH%*‘.
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same sequential breakup channel. Panels (a,b) and (d,e) show the normalized Newton diagrams,
whereas (c,f) display the KEDs from the experimental data and CES, respectively.

for this channel Fig. 4.9 (d-f). Both the experimental data and the simulated results clearly
show that this sequential pathway is responsible for one of the semi-circular structures in
the experimental Newton maps of Fig. 4.2, as well as for the low-energy peak in the proton
KED (Fig. 4.3(a)). While, as discussed in the previous section for concerted breakup, the
features in the Newton plots and KEDs of the experimental data are somewhat broader

than in the CES, overall, the simulation provides a good description of all characteristic

features for this channel.
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4.1.3 Three-body sequential fragmentation channel via H* + C,H;3?**
intermediate

To analyze potential contributions of the sequential fragmentation via H* + CoH3" inter-
mediate state, we first simulate this process using the logic similar to what we applied in the
previous section. In the first step, the CES of HT + CyH3%™ two-body breakup is performed.
Here, the charge of +2 is placed at the center of mass of the CoH3 fragment and another +1
charge is given to the H atom. As described for the other sequential channel, the outcome
of this CES is also scaled down to match the KER predicted by the quantum chemistry
calculation. Here, to estimate the expected KER for the first step, the C—C bond is kept
intact, and one C-H bond is stretched to its asymptotic limit (see Appendix A for details).
The resulting theoretical KER (11.941 eV) is slightly higher than the experimental peak
KER value for the corresponding two-body channel (11.4 eV, see Fig. 4.7(b)), but is close
enough to provide a reasonable scaling factor for CES. After propagating this scaled CES
for 50 ps, the second-step CES, the two-body fragmentation of CoH3" into H* + CH* is
performed, assuming that the dication undergoes random rotation about its center of mass
before its Coulomb explosion. At the instant of the second breakup, the +2 charge is redis-
tributed to the centers of mass of the resulting fragments. The outcome of this second-step
CES is again scaled to match the theoretically predicted KER value. The latter amounts
to 2.53 eV (see Appendix A for details).

The results of the Native frame analysis of this two-step sequential CES are shown in
Fig. 4.8(d) and appear as a well-localized vertical band expected for sequential fragmenta-
tion. The same CES data analyzed assuming the sequential breakup via a ‘wrong’ interme-
diate step (CHy?*™ + CH, ™) (Fig. 4.8(c)) do not show this characteristic behavior. While
the corresponding experimental Native frame plot (Fig. 4.4(b)) manifests a qualitatively
similar vertical band, it lies at significantly higher KER¢cpy_cpg, values than the theoreti-
cal prediction in Fig. 4.8(d). Therefore, we cannot use the theoretical prediction to select

potential contributions from this sequential channel to the experimental data. Instead, we
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Figure 4.10: Three-body sequential fragmentation of ethylene via H" + C,H;>"
: stmulation and experimental analysis.

(a-c) Separated HY + CoH3*t sequential breakup events from experimental data. (d-f) Coulomb
explosion simulation of sequential breakup channel via H + CoH3**. (a)(b) and (d)(e) are the
relative normalized Newton diagrams. (c) and (f) are the kinetic energy distributions from exper-
imental data and Coulomb explosion simulation respectively.

select a rectangular gate on the vertical feature visible in the experimental data shown in
Fig. 4.4(b), even though it partly overlaps with the concerted breakup contribution (see
Fig. 4.5).

The Newton diagrams and KE / KER distributions for the events within this gate are
plotted in Fig. 4.10(a,b), and (c), respectively. They are compared with the CES results
for the sequential fragmentation via H* + CoH3 " shown in Fig. 4.10(d-f). Despite the sig-
nificant difference in KER¢cpy_cp,, the shape of the simulated Newton diagrams resembles
the experimental ones, suggesting that a sequential process involving initial proton ejection

plays a role here. However, both the magnitude of the relative momenta in Newton diagrams
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and the KE values differ significantly between theory and experiment. Part of this discrep-
ancy comes from the mismatch in the second-step KER. Its predicted value of 2.523 eV does
appear to be lower than the characteristic energies of similar two-body breakup processes.
For comparison, the experimental KER distribution for the dominant two-body CE channel
in doubly-charged ethylene (CHy™ + CH,?") peaks slightly above 6 V. So it is not unlikely
that the observed discrepancy either results from some issues with the PES modeling in
the asymptotic region or it is due to the fact that the intermediate CoH3" dication is not
produced in its ground state, as assumed in the calculation.

However, note that the second-step discrepancy alone does not fully explain the differ-
ence between the theory and experiment. While the experimental proton KED from the
channel in question closely resembles that of the concerted breakup (compare Fig. 4.10(c)
and Fig. 4.6(c)), the simulated proton KED (Fig. 4.10(f)) as well as the experimental data
from the two-body H + C,H3" channel (Fig. 4.7(b)) peak at somewhat higher values. This
suggests that the proton motion during the laser pulse itself might play a role in both con-
certed breakup and the sequential channel involving initial proton ejection. For example,
the proton KE can be reduced if the rest of the molecule stays singly charged for most
of the pulse and is further ionized in its trailing edge, when the C-H bond that is being
cleaved is already stretched. While initial attempts to simulate this type of dynamics have
been attempted during this work, its understanding requires more detailed and systematic

modeling.

4.2 Four-body fragmentation in CoH 4+

As the next step, in this section, we consider the four-body fragmentation of the quadruply
charged ethylene molecule into four singly charged fragments: H™ + H* + CH* +CH™.
Since in the analysis presented here all four fragments are detected in coincidence, we again

refer to this channel as a ‘complete’ channel. Compared to the results presented in the
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Figure 4.11: Schematics of the four-body fragmentation channel of ethylene.
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previous section, in four-body fragmentation, a larger variety of pathways leading to the
same final state can exist. Besides a variety of potentially contributing sequential channels,
even concerted four-body breakup can proceed via two distinctly different mechanisms, as
illustrated in Fig. 4.11. In the first scenario, which will be referred as ‘trans-fragmentation’,
in which the two hydrogen atoms detached from the molecule originate from the opposite
sides with respect to the C—C bond, whereas in the second one, which we will refer to as
‘cis-fragmentation’, the two emitted hydrogens are removed from the same side of the C-C
bond. While this terminology is borrowed from the definitions of cis- and trans-molecular
isomers, neither of the two scenarios considered necessarily involves the creation of the cis-

or trans- CoHy intermediate from sequential fragmentation of four-body breakup.

4.2.1 Coulomb explosion simulation for four-body fragmentation

To investigate the dynamics involved in the ‘complete’ four-body breakup channel, we first

perform the CES for each of the scenarios outlined above. Here, we restricted the analysis to
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Figure 4.12: Ground state geometry of ethylene modeled with Wigner distri-
bution at 60 K.
(a): 3D representation; (b) in (x,y)-plane view.
concerted fragmentation scenarios, since we did not observe any clear signatures of sequential
channels in the corresponding experimental data. The distribution of nuclei positions used
for CES (modeled by Wigner distribution at 60 K, as discussed above) is shown in Fig. 4.12.
As before, the CES assumes that the charge is located at the center of mass (COM) of each of
the four created ionic fragments. To simulate the four-body trans-fragmentation, the charges
are placed on the hydrogen atoms located opposite sides of the C—C bond. In contrast, for
cis-fragmentation, the charges are placed on the same side of the C-C bond, reflecting
the respective geometric configurations of the breakup. The charge distributions used for
cis- and trans-fragmentation simulations are shown in Fig. 4.13(a) and (b), respectively.
Fig. 4.13(c) and (d) show the corresponding final sets of asymptotic momenta distributions
obtained from the simulation for each scenario. These ‘raw’ (without being represented using
Newton diagram under molecular frame definition) momentum distributions are plotted in
the same (z,y)-plane as the molecular geometry shown in Fig. 4.11(b), and display very
different patterns for cis- and trans-fragmentation scenarios.

To compare the CES results with the experimental data, in Fig. 4.14 the simulation

results are presented using Newton diagrams. While traditionally, this representation is
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Figure 4.13: Charge distributions and simulated momentum distribution from
CES of ethylene four-body fragmentation.

Charge distributions used in the Coulomb explosion simulation for the cis- (a) and trans- (b)
four-body fragmentation of ethylene. (c) and (d): Corresponding raw momentum distributions of
the final ionic fragments (HT + H*™ + CHT + CH™" ) for the complete cis- and trans-fragmentation
obtained from the simulations. Here, ‘raw’ refers to data that are not represented using Newton
diagrams in the molecular frame.
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used to display the data from three-body breakup, it can be easily extended to the multi-

122,135 Here, similar to the three-body case, the positive z-axis is defined by the

body cases
normalized momentum unit vector of the first detected CH™ ion, which, together with the
momentum vector of the first detected proton, is used to define the (x, y)-plane ( ‘molecular’
or ‘fragmentation’ plane). The momenta of the other detected particles (here, another CH™
and HT) are then plotted in this coordinate frame. In contrast to the three-body case,
where the momentum conservation requires that all three measured momentum vectors
lie in one plane, for the four-body breakup, the components out of the (z,y)-plane could
also carry meaningful information. Therefore, for the Newton diagrams presented in this
section, also the momentum components in (x, z)- and (y, z)- molecular planes are shown.
While all Newton diagrams shown in this section are normalized by the length of the CH™
momentum vector used to define the z-axis, the non-normalized version of each diagram
(containing absolute values of all fragment momenta and, thus, retaining kinetic energy
information) can be found in Appendix A.2.

The upper row of Fig. 4.14 shows (x,y)-, (z,2)-, and (y, z)-plane views of the Newton
maps obtained from the CES of trans-fragmentation, whereas the bottom row displays the
same plots for the CES of cis-fragmentation. For each plane, the simulated momentum
distributions are clearly different for both scenarios, and can be traced towards the charge
and momentum distributions shown in Fig. 4.13. Specifically, for trans-fragmentation, the
CH™ ions are emitted nearly back to back and the protons have opposite signs of their
y-momentum component. In contrast, for cis-fragmentation, the relative angle between the
momentum vectors of the CH™ ions is noticeably smaller than 180°, and both protons have

a positive y-momentum component.

99



150 g0 150 15(C)
. 20
1 H 1 1 30
- 60 CH* H* . .

L 05 ey L 05 SR 15 05  H* CH R H
o o e o - \ /
— 0 —=CH* |40 _: 0 ﬁ PCH*' —_ 0 g } 20 C=C
e o 10 o ‘ / \

05 s 05 05 H R
20 10
-1 H -1 5 -1
-1.5 -1.5 -1.5
-1 0 1 -1 0 1 -1 0 1
rel. P rel. P rel. P
X X y
159) 1.5 () 151 ‘ 20
1 H* 100 1 50 ;

.05 HY =~ 80 L 05 CH* 40 05 CH* H* 15 R\ /R
o o ~ T =
o o ‘ e » H H

-0.5 # 40 -0.5 20 05
-1+ CH* 20 - 10 1 5
-1.5 : i ' . -1.5 : ' v - : :
-1 0 1 -1 0 1 15 1 0 1
rel. PX rel. PX rel. Py

Figure 4.14: Normalized Newton diagrams of trans- and cis-fragmentation of
four-body breakup of ethylene obtained from CES.

(a-c) trans-fragmentation;(d-e) cis-fragmentation. (a,d): (z,y)-plane, (b,e): (x,z)-plane, (c,f)
(y, z)-plane. Momentum vector of the first detected CH" is used for defining the x-azis and plotted
as the orange unit vector. The momentum of one of the HT ions that is used for defining the (x,y)-
plane is shown in (z,y)-representation but is not plotted in the (x, z)- and (y, z)-planes because its
z-momentum component is zero after being used to define molecular plane.
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4.2.2 Disentangling signatures of cis- and trans-fragmentation in
experimental data

Fig. 4.15 presents the experimental Newton diagrams (a—c) and the corresponding kinetic
energy (KE) and kinetic energy release (KER) distributions (d) for the four-body fragmen-
tation channel (H* + H* + CH™ + CH™). All experimental data shown in this section were
recorded using an increased spectrometer voltage of 4000 V, compared to the 2000 V used
in Section 4.1. This adjustment was made to ensure efficient detection of both energetic
protons emitted in the four-body breakup channel. The impact of spectrometer voltage on
energy acceptance is characterized in Appendix A.2.

Our analysis indicates that the limited angular acceptance at the lower voltage setting
has only a minor effect on events from the trans-fragmentation pathway, where the two
protons are emitted nearly back-to-back. In contrast, for the cis-fragmentation pathway,
the protons are emitted nearly perpendicular to each other. As a result, one proton is more
likely to be emitted perpendicular to the spectrometer axis and may miss the detector if
its kinetic energy exceeds approximately 12.5 eV. This limitation is effectively resolved by
using a higher spectrometer voltage. For reference, the same data set recorded at the lower
voltage setting is also shown in Appendix A.2.

Fig. 4.15 includes all the data collected for the H" + H* + CHT +CH™ channel, poten-
tially including contributions from both cis- and trans-fragmentation pathways. The most
intense part for each of the three representations of the Newton diagram in panels (a-c) qual-
itatively resembles the CES results for the trans-fragmentation (Fig. 4.14(a-c)). However,
the observed structures are broad, and there are also diffuse counts in-between the main
spots. In order to separate contributions from trans- and cis-fragmentation in the experi-
mental data, we gated the experimental data set on the regions where the second CH™ ion
(the one not used to define the z-axis) is expected to appear for each scenario according to
the CES results shown in Fig. 4.14(a,d). The corresponding gates are shown in Fig. 4.16(a)

as black (trans) and red (cis) ovals. Panels (b-d) and (e-g) of the same figure show the
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Figure 4.15: Experimental Newton diagrams for four-body complete fragmen-
tation of ethylene.

(a): (x,y)-plane; (b): (x,z)-plane; (c): (y,z)-plane. Momentum distribution of CH' is used for
defining the x-amis plotted as the orange unit vector together with one HY momentum for defining
the molecular plane which is not plotted in the (x, z)- and (y, z)-plane. (d) Measured KER of the
complete four-body fragmentation channel. The superscript on each ion fragment label indicates
the charge state, while the subscript denotes the number of atoms in that fragment.

Newton diagrams for the events gated on the expected trans- and cis-fragmentation, re-
spectively. The observed structures in each row are sharper and better localized than in
Fig. 4.15. The data for cis- and trans-fragmentation gates exhibit very different patterns for
each of the three planes shown and qualitatively resemble the simulated Newton diagrams
for the corresponding scenarios shown in Fig. 4.14.

Fig. 4.17 compares the measured and simulated KE of the individual ion fragments,
as well as the total KER, for both trans- and cis-fragmentation pathways. In contrast
to the Newton diagrams shown in Figs. 4.15, 4.16, the KE and KER distributions for
both experiment and simulation show little difference for cis- and trans-fragmentation and,
thus, cannot be used to discriminate between the two scenarios. While the experimental
KE and KER spectra for isolated trans- and cis- fragmentation pathways in Fig. 4.17(d-
f) closely resemble the integrated KE / KER spectrum shown in Fig. 4.14(d), the CES
(Fig. 4.17(a-c)) yields much higher KE / KER values. As discussed in the previous section,
this is a typical issue for CEI experiments, where the CES often overestimates the measured
KED because of the dynamics during the ionization process and the non-Coulombic final

state. Since at this time we do not have a reliable PES for quadruply charged ethylene,
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Figure 4.16: Experimental separation of the contributions from trans- and cis-
fragmentation of four-body breakup of ethylene.

(a) The Newton diagram contains CH' ions only. Black and red ovals show gates used to select
trans- and cis-fragmentation events, respectively. (b-d) Newton diagrams for trans-fragmentation
(black oval in (a)); (e-g) Newton diagrams for cis-fragmentation (red oval in (a)). (b,e): (x,y)-
plane; (c.f) (z,2)-plane; (d,g): (y, 2)-plane.

we cannot apply the scaling procedure developed in the previous section for three-body
breakup. Nevertheless, even such non-scaled simulation provides very useful insights if
relative (normalized) momentum correlation maps (Newton diagrams) are considered.

The analysis presented here in principle enables quantitative determination of the branch-
ing ratio of trans- and cis-fragmentation. While precise determination of this quantity is
hindered by the uncertainties in relative detection efficiency for both configurations, the
data of Fig. 4.16(a) suggest that trans-fragmentation occurs approximately twice as often
as cis-fragmentation. A likely reason for this is that the trans-fragmentation is expected to
be lower in energy than cis-fragmentation, as shown in the Fig. A.25 of Appendix A.2 .

The discussion in this section focuses on four-body concerted breakup channels for both
trans- and cis-fragmentation. Although we do not see any clear manifestations of sequential

processes in the experimental data shown in Figs. 4.14 and 4.16, we cannot exclude some

minor contributions from such channels. Their separation and identification would require
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Figure 4.17: Comparison of KER for cis- and trans-fragmentation of four-
body breakup of ethylene: CES simulation vs. experimental data.

(a-c) are the simulated KER for cis- and trans-fragmentation pathways while (d-e) are the KER
distributions from four-body experimental data. (a) and (d) show the kinetic energy distributions
zoomed in on the CHT region. (b) and (e) show the kinetic energy distributions zoomed in on the

H* region. (c) and (f) show the zoomed-in total kinetic energy release (KER). Peaks of each curve
are shown above each KE distribution panel.
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more elaborate analysis, extending the Native frame analysis framework to the four-body
case. Some initial work in this direction is currently in progress (Prof. Itzik Ben-Itzhak,

private communication).

4.2.3 Modified Newton diagrams for more intuitive representa-
tion of four-body breakup

While conventional Newton diagrams extended to the case of four-body breakup as discussed
above, provide many useful insights into both molecular geometry and fragmentation dy-
namics, enabling, in particular, experimental separation of cis- and trans-fragmentation,
their ability to visualize the initial geometry of the molecule is limited by the fact that
one of the fragment’s momenta is confined to the z-axis, and the second one lies in (x,y)-
molecular plane thus has zero momentum distribution in z-direction. In order to achieve a
more intuitive representation of the four-body breakup, we further develop the procedure

135,136 " where the molecular frame of reference is defined by combinations

introduced in Refs
of momentum vectors of ion fragments. This representation allows for an adequate visu-
alization of the measured molecular-frame momentum distributions for all detected ionic
fragments.

Fig. 4.18(a) illustrates the selection of the momentum vectors used to define the molecu-
lar frame for trans-fragmentation in a conventional way, using individual fragment momenta
(a), and in the generalized version, which exploits the pairwise difference of the vector mo-
menta of the two CH™ ions and two protons (b). This definition provides an adequate rep-
resentation of the trans-type breakup process. However, as can be seen from Fig. 4.18(c),
for cis-fragmentation, the vector difference of the two proton momenta breakup direction
would be, on average, parallel to the CH-CH direction and, thus, cannot be efficiently used
to define the (z,y)-plane. To circumvent this, cis-fragmentation can be represented by us-

ing the vector sum of the two proton momenta instead of their difference, as illustrated in

Fig. 4.18(d). If the same frame definition is used for the trans-fragmentation case, though,
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Figure 4.18: Vectors used for defining the (z,y)-momentum plane in Newton
diagrams from CES of four-body breakup of ethylene.

V; denotes the symbolic representation of the ion fragment momentum vectors. (a) Traditional
method for defining Newton diagrams for trans-fragmentation, where Vi (or Vg) and Vs (or V4)
are used as reference vectors. (b) Alternative method for defining the momentum plane, where the
vectors Vi — Va and V3 — Vi are used to define the (x,y)-momentum plane in Newton diagrams
of trans-fragmentation. (c¢) The momenta vectors used for cis-fragmentation Newton diagrams
definition. (d) Modified method for defining the momentum plane, where the vectors Vi — Vo and
Vs + Vi are used to define the (x,y)-momentum plane in Newton diagrams of cis-fragmentation.
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the vector sum of the two proton momenta would be very close to zero and, thus, will not
provide a good vector for the (z,y)-plane definition.

While the modified Newton diagrams offer a nice way to present the CES results for cis-
and trans-fragmentation, a question arises: if we mistakenly represent the experimental data
using a molecular momentum plane better suited for the opposite fragmentation pathway
(e.g., plotting cis-fragmentation data using the trans-fragmentation frame), would we still
be able to distinguish between cis- and trans-fragmentation processes? To explore this, in
Fig. 4.19(a,b), we present the Newton diagrams of the CES results for trans- (a) and cis- (b)
fragmentation, respectively, each is analyzed in the appropriate reference frame (i.e., using
proton momentum difference for trans- and their momentum sum for cis-). Fig. 4.19(c,d)
shows the corresponding analysis of the experimental data, separated into trans- (c) and
cis- (d) data sets using the gates shown in Fig. 4.16(a). These plots closely resemble the
corresponding simulations and can be intuitively related to the initial geometries and charge
distributions sketched in Figs. 4.12 and 4.13. In Fig. 4.19(e,f) and (g,h), we present the
same diagrams obtained using the ‘wrong’ reference frame in the CES and experimental
analysis, respectively. While the simulation still matches the corresponding experimental
results pretty well, overall, the patterns obtained in this way bear little resemblance to the
geometry of the molecule.

Therefore, the analysis of different data representations presented here demonstrates
that generalized Newton diagrams relying on pairwise momentum differences or sums of
the detected fragments provide a very intuitive way to relate the measured momentum
correlation patterns; the exact frame definition must be linked to a specific fragmentation
pathway to ensure meaningful results. Overall, the results presented in this section indicate
that both cis- and trans-fragmentation pathways are present in the strong-field-induced
four-body breakup of ethylene, demonstrating that CEI patterns are sensitive not only to
different molecular structures but also to different fragmentation dynamics leading to these

patterns.
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(a), (c), (e), and (g): trans-fragmentation; (b), (d), (f), and (h): cis-fragmentation. (a), (b),
(e), and (f) are from the CES, while (¢), (d), (g), and (h) are from the experimental data. (x,y)-
plane Newton diagrams of trans- and cis-fragmentation are shown using two different molecular
plane definitions: (a) and (c) display trans-fragmentation using the definition from Fig. /.18(b);
(e) and (g) show trans-fragmentation using the definition from Fig. 4.18(d); (b) and (d) show
cis-fragmentation using the definition from Fig. 4.18(d); (f) and (h) show cis-fragmentation using

the definition from Fig. 4.18(b).
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4.3 Fragmentation of multiply charged ethylene into

six atomic ions

The studies of three- and four-body fragmentation of ethylene presented in the previous
sections relied on the coincident detection of all created ions. It was long thought that
such ‘complete’ coincidence measurement is required for an efficient CEI experiment in the
coincident mode. In particular, this approach allows for unique determination of the total
charge state of the molecule and enables efficient discrimination against the background
(false coincidence contributions) by enforcing momentum conservation between the detected
fragments. Alternative approaches relied on various non-coincidental measurement schemes,

137 and references therein) or employed

sometimes involving laser alignment of molecules (see
covariance mapping *%13°. However, recent CEI measurements at the European XFEL 2253
and with optical lasers®®? demonstrated that detecting a subset (like 3, 4, or 5) of all
created molecular ions in coincidence can provide very detailed structural information on
a larger molecule provided that it is completely fragmented into individual atomic ions.
In this section, we explore the advantages and limitations of this approach for ethylene
fragmentation into six atomic ions.

Schematics of the experiments and simulations discussed in this section are illustrated
in Fig. 4.20. Following multiple ionization by the laser, the molecules break up into six
atomic ions, few of which are detected in the experiment. To minimize the effect of different
charge states on the fragmentation dynamics, here we only focus on the singly charged ions.
Therefore, all CESs discussed here assume a six-fold ionization of the molecule. For the
experimental results, there is some uncertainty in the total charge state since not all of
the created ions are detected. This can result in underestimating the total charge of the

molecule if only one carbon ion is detected, or to its overestimation if some of the hydrogen

atoms remain neutral.

109



o+

Supersonic gas jet

%
pe)
<.
)

Figure 4.20: Sketch of the experimental setup and intuitive representation of
the sixz-body fragmentation of ethylene.

Figure consists information of incomplete three-, four-, and five- body fragmentation channels with
missing ions (HT /CT) of ethylene measured in coincidence: CoHy — HT + HT + HT + HT +
ct + CT.

4.3.1 Coulomb explosion simulation for six-body complete frag-
mentation of ethylene

As an initial step, CES of six-body breakup into singly charged atomic ions were employed
to guide the analysis. As before, the simulation assumed instantaneous ionization to the
final charge state (+6) and purely Coulombic nature of the corresponding PES. As discussed
in the previous sections, the distribution of initial geometries for the neutral ground-state
ethylene was sampled by Wigner distribution at 60 K. Here, a single charge was placed at
the position of each nucleus upon ionization.

To construct conventional and generalized Newton diagrams from the CES results, the
atoms in the molecule are labeled with numbers from 1 to 6, with 1-4 assigned to hydro-
gen and 5,6 - carbon atoms. Their respective momentum vectors are denoted ‘71 - ‘76, as

shown in Fig. 4.21(a). In this three-dimensional momentum space, the distributions of the
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Figure 4.21: Vectors used for defining the (r,y)-momentum plane in Newton
diagrams from CES of siz-body complete fragmentation of ethylene.

Vi denotes the symbolic representation of the on fmgment momentum vectors. (a) Traditional
method for defining Newton diagrams, where Vs and Vy are used as reference vectors. (b) Alterna-
tive method for defining the momentum plane, where the vectors Vs — Vi and (Vg + V;l) (Vl + V3)
are used to define the Newton diagrams (x,y)-momentum plane.

ion fragments following Coulomb explosion are represented by different color-coded regions.
For standard Newton diagrams, the momentum vector of one C* ion (175) is used to define
the positive z-axis, and, in combination with the momentum vector of one proton (\71),
these two vectors define the (z,y)-momentum plane. The corresponding simulated momen-
tum distributions in (x,y)-, (x,z)-, and (y, z)-planes are shown in Fig. 4.22(a), (b), and
(c), respectively. However, the drawback of this representation is that the z-momentum
component of the proton used to define the (x,y)-plane would be 0 in this molecular frame.
Correspondingly, that proton is not plotted in Fig. 4.22(b,c). To address this limitation
and to visualize all three momentum components of each proton, in Fig. 4.22(d-f), the same
data are plotted using the difference between the two proton momentum vectors ‘74 - ‘71 to
define the (z,y)-plane, together with carbon ion momentum (V5).

To achieve an even more illustrative representation in a generalized Newton diagram,
conceptually similar to the one used for Fig. 4.19 we subsequently define the x-axis of the

(x,y)-momentum plane using the difference vector ‘7;) - ‘76 instead of a single carbon ion.

111



(a) 60
1 1H* 3H* 50
08 7 % 40
% 0C+5§ ——=C" |0
0.5 % & 20
] 2Ht 4H*
- 10
15
1 0
rel. P
" (d) %
1 1H* 3H*
0.5 g W 40
% Oc+§< %C'F 30
Y w & 20
p 2H  4H* 10
15
1 0 1
rel. PX
1 i
(g) 70
05 1H*  3H* e
PERN 50
S o Cte ¢ |
e \ 7 30
0.5 2H* 4H* 20
10
T o5 o 05 1
] rel. PX B
(j) ”
05 1H* 3H* :Z
o> N 40
=z O Ct ¢ ‘ ¢ ct "
= w 7
05 2H* 4Ht |7
1 ‘ . .
1 05 0 05 1
rel. PX

rel. P

rel. P

rel. P
z

" (b) 2
" 2H* 3H*Y/4H*
0.5 i 15
0
10
0.5
1 5
1.5
1 0 1
rel. P
1.5
1 (e) 40
1H*/2H* 3H*/4H*
0.5 ; 30
0
20
-0.5
1 10
1.5 -
1 0 1
rel. P
1 ) i R
(h) 50
o5/ 1H*/2H* 3H*/4H* |4
R I N
¢ 20
-0.5
10
1 d
-1 -0.5 0 0.5 1
] rel. Px )
(k) .
0.5 1H*/2H* 3H*/4H* “
0 é+¢ ’C!+ 30
-0.5¢ ®
b . . . 8]
-1 -0.5 0 0.5 1
rel. PX

rel. P

z

rel. P

rel. P

-0.5

15
(c) ”e
1
3H*/4H* 2H*
0.5 . 20
0 15
0.5 10
-1 5
15
1 0 1
rel. P
' (f) 35
1
o5 LHY/2H* 3H/4H" |
05 : C+ E 15
10
-1
5
15
1 0 1
rel. P
! (|) 80
05 TH*/2H* 3H*/4H* |,
0} t * ‘ 40
C+
0.5 20
-1 t
-1 0.5 0 0.5 1
rel. Pv

0.

4]

o

(1)
1H*/2H* 3H*/4H"*
ted

C+

0 05 1
rel. P,
y

-0.5

70
60
50
40
30

20

Figure 4.22: Newton diagrams of six-body complete fragmentation of ethylene
from Coulomb explosion simulation.

The relative Newton diagram in (z,y)-,

(z,2)-, and (y,

z)- momentum plane, where the (x,y)-

plane are defined by (a-c) using Vs (one CT ) and V1 (one HT ) as reference vectors; (d-f) using
V5 cmd Vi - V1 as reference vectors; (g-i) using Vs — Vs and Vy - Vi as reference vectors; (j-1) using
Vs —Vs and (Va+Vy) - (Vi+Vs) as reference vectors. Vectors definitions are shown in Fig. 4.21(a)
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We still have several options to construct a second vector to be used for the (z,y)-plane
definition, combining pairwise vector sum or differences of the proton momenta. Fig. 4.22(d-
f) shows the projections of the 3D momentum distributions under a reference frame where V,
-V, is used together with Vs—Vj to define (z,y)-plane. Finally, as sketched in Fig. 4.21(b), we
can combine all four proton momentum vectors to define the (x, y)-plane. The corresponding
Newton diagrams, where the x-axis is still aligned with the Vs — Vi difference vector and the
(z,y)-plane is defined by the momenta of all four protons: (Vs + Vj) - (Vi 4 V3), are shown
in Fig. 4.22(g-1).

By constructing Newton diagrams in this manner, we can effectively display the full
momentum distribution of all six ion fragments within a single map. Guided by these
simulation results, we can compare with the experimental data. However, in a typical
experiment, only a subset of the six generated ions is detected. Therefore, a comparison
will strongly depend on what fragments are detected. If only one C* ion is detected, the
experimental results can be compared using the conventional Newton diagram method,
whereas a single C* ion momentum is needed to define the z-axis (as shown in the upper
row of Fig. 4.22). However, if two C* ions are detected in coincidence, the generalized
approach illustrated in the middle or bottom row of Fig. 4.22 can be applied, depending on
how many protons are detected.

While the projections of the 3D momentum distributions onto (z,y)-, (z, 2)-, and (y, 2)-
planes discussed above contain all 3D information obtained from the simulation or the
experiment, visualizing the 3 structures or separating out-of-plane contributions in this
representation can be challenging. To improve the visualization of the 3D distributions, we
adopt an complementary approach that enables all proton momenta to be displayed within
a single map. This method is particularly useful for molecular systems where protons (or
other fragments) momentum vectors overlap significantly in the (z,y)-momentum plane of
traditional Newton diagram but have significant out-of-plane components.

As illustrated in Fig. 4.23(a), the black vector represents an out-of-plane momentum
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Figure 4.23: Correlated angular distributions obtained from the CES of six-
body complete fragmentation of ethylene in spherical coordinate representa-
tion.

(a) Schematic representation of the azimuthal angle ¢ and polar angle 0 definitions relative to the
molecular reference frame. The azimuthal angle ¢ is defined as the angle between the positive x-
azis and the projection of the momentum vector onto the (x,y)-plane. The polar angle 0 is defined
as the angle between the momentum vector and the positive z-axis. (b) HT angular distribution
plotted with the y-axis as cosO; (c) HT angular distribution plotted with the y-axis as 0; (d) one-

dimensional projection of the angular distribution onto ¢; (e) one-dimensional projection of the
angular distribution onto 0.
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vector. The azimuthal angle ¢ is defined as the angle between the positive z-axis and the
projection of the momentum vector onto the (x,y)-plane. The polar angle € is defined
as the angle between the positive z-axis and the momentum vector itself. This approach
transforms the Cartesian coordinates representation of the momentum distribution into a
spherical coordinate system. The resulting angular distributions in this spherical represen-
tation obtained from the same simulated 6-body data set as Newton diagrams above are
shown in Fig. 4.23(b) and (c). Typically, there are two common approaches to presenting
the data: plotting the y-axis as the polar angle 6, as shown in Fig. 4.23(c), or plotting the
cosine of the polar angle cosf on the y-axis, as shown in Fig. 4.23(b). In addition, to enable
a more quantitative comparison, we projected the two-dimensional spherical momentum
distribution from Fig. 4.23(c) onto the z- and y-axes, thus extracting the one-dimensional

6 (as shown in Fig. 4.23(e)) and ¢ (as shown in Fig. 4.23(d)) distributions.

4.3.2 Characterizing ethylene fragmentation into six atomic ions
with incomplete coincident measurements

Building upon the detailed insights provided by the six-body Coulomb explosion simula-
tions, we now proceed to analyze the experimental data obtained from the corresponding
measurements. This comparison between simulation and experiment enables a deeper un-
derstanding of the fragmentation dynamics of the ethylene molecule and allows us to assess
the reliability and limitations of the simulation model. However, because of the limited
detection efficiency of the detection system used, it is challenging to detect all six created
ions in coincidence in a single fragmentation events. Furthermore, limitations in energy
acceptance of the particles emitted perpendicular to the spectrometer axis discussed in Sec-
tion 4.2 make it challenging to detect all four H* fragments in coincidence. In practice, the
collected data often miss one or more H" and/or one C* fragment. As a result, complete
six-body fragmentation events are rarely detected. In this work, the attempt to collect all six

particles was unsuccessful: the resulting 6-fold coincidence spectrum contained only a few
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events and did not manifest any clear feature reflecting momentum conservation between
the detected particles, indicating dominance by false coincidences. Therefore, to charac-
terize the complete breakup of ethylene, we focused on the events in which only a subset
(3,4, or 5) atomic ions were detected in coincidence. As before, to restrict the amount of
possibilities considered, the analysis is restricted to the events with singly charged carbon
ions.

We firstly consider the events in which only one C* ion has been detected. The corre-
sponding Newton diagrams for this set of channels are shown in Fig. 4.24. There, the first
row (panels a-c) displays the results for triple-coincidence events where two protons have
been detected together with a carbon ion. The middle row (panels d-f) shows the results for
three protons (HT + HT + H™ + C* ions detected in coincidence), whereas the bottom row
(panels g-i) corresponds to the events where one carbon ion and all four protons have been
detected. In all panels, the CT momentum vector defines the positive x—direction, and its
magnitude is used for normalization, In panels (a-f), the difference between the momentum
vectors of the first and the last detected proton is used to determine the (x,y)-plane to-
gether with the C*. In panels (g-i), where all four protons are detected, all four of their
momentum vectors are combined to define the (z,y)-plane as explained in Fig. 4.21(b) and
the corresponding discussion.

Each graph in the (z,y)-plane (left column) shows four distinct spots for detected pro-
tons. Note that even if not all protons are detected (as in the first two rows), in a single
fragmentation event one proton can correspond to either of the 1-4 positions labeled in
Fig.4.21(a), such that the figures accumulating all the events exhibit four corresponding
spots. Although not all six fragments are detected for the data shown in Fig. 4.24, the
presence of three or more individual atomic ions suggests that in most of the events the
molecule was fully fragmented and, thus, the detected ions likely originate from the com-
plete breakup of the molecules simulated in the previous section. The main uncertainty here

is the charge state of the undetected carbon fragment. While it is unlikely to remain neutral
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Figure 4.24: Experimental data represented using Newton diagrams for three,
four- and five-body ‘“incomplete’ channels with one C* ion detected of ethylene.
(a—c) Newton diagrams showing the (z,y)-, (x,z)-, and (y, z)-plane momentum distributions for
the three-body incomplete H™ + HT + CT channel; (d—f) Same as (a-c) but for the four-body
incomplete H™ + HY + HY + C* fragmentation channel; (g-i) but for the five-body incomplete
HT +HT + Ht + H" + Ct channel. While in (a-f), the difference between the momentum vectors
of the first and the last detected proton is used to determine the (x,y)-plane together with the Ct,
in (g-i), the momentum vectors of all four detected protons are combined to define the (x,y)-plane

(see Fig. 4.21(b)).
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Figure 4.25: Normalized angular distribution (¢) of H" momentum from dif-
ferent incomplete fragmentation channels of ethylene. (1 C" detected)
Blue: three-body channel with HY, H", and C" detected; red: four-body channel with HY, HT,
HT, and CT detected; yellow: five-body channel with H, H", H", H", and C" detected; purple:
Coulomb explosion simulation. The molecular plane is defined using momentum vector of C* as
the x-azis and the difference of momentum vectors of two H. The ¢ angle is defined as shown in
Fig. /.23(a)
with the bare carbon ion and two or more protons created next to it, Fig. 3.14 suggests that
doubly-charged C?* ions are produced rather efficiently. Another uncertainty for three-
or four-body ‘incomplete’ channels arises from the possibility of undetected hydrogen(s)
remaining neutrals. This is not the case for the bottom row of Fig. 4.24, where all four
photons are detected. However, since for the incomplete channels we cannot eliminate false
coincidence events by verifying momentum conservation, the increased number of detected
protons makes it more likely that at least one of them originates from the background gas
fragmentation (water, Hy, or some hydrocarbon contamination).

Despite all limitations mentioned above, the data presented in Fig. 4.24 for protons
qualitatively resemble the pattern expected from the CES for the complete six-body breakup
plotted in Fig. 4.22. While the patterns for incomplete three-body (top row of Fig. 4.24)

and four-body (middle row) breakup visually appear to be very similar to each other, the

distribution for the five-body coincidence events (bottom row) looks somewhat smeared
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out and manifest light asymmetry. This is most likely due to the increased fraction of
background protons and false coincidence events. To better quantify the relation between
the three incomplete channels, in Fig. 4.25, we plot the 1D distributions of the azimuthal
angle of protons shown in Fig. 4.24 for three- (blue), four- (red), and five-fold (yellow)
coincidences. The definition of the azimuthal angle is given in Fig. 4.23(a). Purple curve
reflects the corresponding angular distribution obtained from the simulation. Each curve
exhibits four clear maxima corresponding to the four protons in the molecule located at
different positions with respect to the C—C axis. The peak-to-valley contrast of the three
experimental curves varies substantially, reflecting the level of background contributions or
false coincidences. Interestingly, this contrast becomes worse with the increasing numbers of
the detected protons. One of the reasons why the incomplete channel with only two protons
detected shows the best contrast is a limited energy acceptance of our detection systems for
the ions emitted perpendicular to the spectrometer axis discussed in Section 4.2. For two
protons, they can be emitted nearly back-to-back (as in ‘trans-fragmentation’ discussed in
Section 4.2). In contrast, for three or four protons, at least two of them are emitted from the
same side of the C—C axis (as in ‘cis-fragmentation’ discussed in Section 4.2), such that their
momenta are nearly perpendicular to each other. Since, in general, the protons detected
in this experiment in the laboratory frame tend to be emitted along the laser polarization
direction (see Fig. A.30 in Appendix A.2), which coincides with the spectrometer axis, the
one emitted in the perpendicular direction might be lost if its energy is high enough. This
worsens the signal-to-noise ratio for channels where three or four protons are detected.
Next, we consider three-, four-, and five-fold coincidence events in which two C* ions
have been detected. For the three-fold coincidence channel, we consider two versions of a
Newton diagram as shown in Fig. 4.26. Panel (a) shows a standard Newton diagram, where
one CT momentum vector defines the positive z-axis and, together with the momentum
vector of a single detected proton, are used to define the (z,y)-molecular plane. Since only

one H" ion is detected in each event, and its momentum vector is chosen to point into
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Figure 4.26: Newton diagrams for three-body H* + C* +C* channel of ethylene.
(a) The momentum vector of the first CT ion (orange arrow) defines the x-axis, and the momentum
vector of the only H™ fragment, together with the reference CT, define the (x,y)-plane. (b) The
difference between of the two (randomized) Ct momentum vectors defines the x-axis, enabling both
C* fragments to be presented in a single map. (c) same as (b) but with only the momentum of the
HT fragment shown

the upper half of the (x,y)-plane, it consistently appears in the upper half of the Newton
diagram. Since its z-momentum component is strictly 0, no (z, z)- or (y, z)-projections are
shown. Panel (b) displays a modified version of a Newton diagram, where the z-axis is
defined by the vector momentum difference of the two carbon ions. Since both of them
are identical, the order of both carbons is randomized before constructing their momentum
difference. This difference vector together with the momentum vector of the only detected
proton are used to define the (x, y)-plane. Panel (c) displays the same Newton map but only
showing the proton momentum distribution. These Newton maps match well the prediction
of the corresponding CES shown in Fig. 4.22. Thus, despite the limited number of fragments
detected, the data presented here still carry information on molecular geometry of ethylene.

Fig. 4.27 displays the experimental Newton diagrams constructed from the four-body
(a-c) and five-body (d-f) coincidence data with two C* ions detected. For both channels,
the positive z-axis is defined by the vector difference between the two randomized C*
momenta, and the vector difference between the two Ht momenta was used to define (z, y)-
plane. The results for (z,y)-plane are qualitatively similar to the three-body data presented

in Fig. 4.26(b,c), with the main difference that in Fig. 4.27, the detection of at least two
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Figure 4.27: Newton diagrams for four- and five-body incomplete channels of
ethylene with two C* detected.

(a)-(c) Newton diagrams showing the (z,y)-, (z,2)-, and (y, z)-plane momentum distributions for
the HY + H* + Ct + C* fragmentation channel. (d)-(f) Newton diagrams of the corresponding
momentum distributions in the (z,y)-, (z,2)-, and (y, z)-planes for the Ht + HT + HT + CT + C*
fragmentation channel.

protons allows for (i) visualizing all four hydrogen positions in the molecule since the protons
are not restricted to the upper half of (z,y)-plane anymore and (ii) plotting the momentum
distribution along z-axis since the z-component of the proton momentum is no longer set
to zero.

To quantify the relation between the incomplete channels involving the detection of two
carbon ions, in Fig. 4.28 we plot the 1D distributions of the azimuthal angle of protons
shown in Fig. 4.26 (three-body, blue line) and Fig. 4.27 (four-body in red line and five-body
in yellow line). The definition of the azimuthal angle is given in Fig. 4.23(a). Purple curve
reflects the corresponding angular distribution obtained from the simulation in Fig. 4.23.
Since the proton data for three-body coincidence in Fig. 4.26 are restricted to the upper half

of the (x,y)-plane, the corresponding angular distribution is empty for the angles between
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Figure 4.28: Normalized angular distribution (¢) of HH momentum from dif-
ferent incomplete fragmentation channels of ethylene. (2 C" detected)

Blue: three-body channel with HY, CT, and C" detected; red: four-body channel with HT, HT,
CT, and CT detected; yellow: five-body channel with H™, H", H", CT, and CT detected; purple:
Coulomb explosion simulation. The molecular plane is defined using the difference of momentum
vectors of 2 randomized Ct as the x-axis and the the difference of momentum vectors of two H.
The ¢ angle is defined using Fig. 4.23(a)

0 and 180°. The angular distributions are normalized to their respective maxima. While
the distributions for H" + C* + C* and H* + H" + C* + C* channels exhibit comparable
peak-to-valley contrast, it becomes somewhat worse for the five-body channel with three
protons detected. Likely reasons for this reflect difficulties in detecting three protons in
coincidence discussed above in relation to Ht + H* +H" +C* and Ht + H* + H* 4+ Ht + C*
channels.

The results presented in this section show that the incomplete coincidence channels can
be efficiently used for ethylene geometry characterization. The best signal-to-noise ratio is
achieved for channels where no more than one proton has been detected. Among these, the
channel with two protons and both carbon ions detected provides the most complete infor-

mation on molecular geometry. The channels with three or four protons, which potentially

carry even more information, contain larger fractions of background or false coincidence
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contamination.

4.3.3 lIdentifying individual hydrogens in the simulated six-body
breakup data

Even though the detection of all six fragments from complete fragmentation of ethylene was
not achieved in this work, it is expected to be feasible in the near future. The feasibility
of coincidence detection of six or even more fragments in a similar Coulomb explosion
imaging experiment on other systems has been recently demonstrated!*?. Therefore, in this
section, we present a framework for handling and analyzing such six-body fragmentation
data developed using the results on the Coulomb explosion simulations presented in the
beginning of this section.

As the initial step, we examine the ‘raw’ (without being represented using Newton di-
agrams in the molecular frame) momentum distributions of the ion fragments following
Coulomb explosion, as illustrated in Fig. 4.29(a). While here, the contributions from each
atom (e.g., as labeled in Fig. 4.21(a)), in real experimental conditions, there is ambiguity
in identifying which detected HT ion correspond to specific hydrogen atoms in the ethylene
molecule. Furthermore, uncertainties arise in determining the correct relation between a
specific proton and detected C*.

To simulate these experimental uncertainties, we first introduce randomization in the
ordering of the simulated C* momentum vectors. Specifically, while the original P,, P,,
and P, components of each ion fragment are preserved, their association with a specific ion
hit (e.g., first hit or second hit) is randomized within each event. This is implemented using
MATLAB’s built-in randperm!#! function: for each row (corresponding to a single event),
the order of columns representing the momentum vectors is shuffled, but the P,, P,, and P,
components for each ion fragment remain grouped together. Their assignment to specific
atoms within each ion type is randomized. For example, columns 1 to 3 (across all rows,

also referred as the ‘first hit’” when used for experimental data analysis), which originally
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Figure 4.29: Three-dimensional momentum distributions of ion fragments
from siz-body Coulomb explosion of ethylene.

(a) Raw momentum data from complete siz-body fragmentation. (b) Momentum distribution after
randomizing the order of the two C* ion momentum vectors. Here, ‘raw’ refers to data that are
not represented using Newton diagrams in the molecular frame.

contain the momentum components for one H' ion associated with a particular hydrogen
atom, may, after randomization, represent the momentum of any hydrogen atom from that
molecule. Importantly, since carbon and hydrogen ions can be distinguished in the actual
experiment, this randomization is performed only within each ion type and not between
them. The resulting distribution is illustrated in Fig. 4.29(b) after randomizing the ‘hit
order’ of C*.

In the same framework, we also randomize the hit order of the proton momentum vectors
from the initial order of raw momentum distribution where each hit of HT corresponds to a
particular H from the initial geometry, i.e. all first hit of H" is corresponding to position 1
shown in Fig. 4.21(a) , as illustrated in Fig. 4.31(a). To better understand the effects of this
randomization, we separately plot the momentum distributions associated with each H™ hit
order (first hit, second hit ...), as shown in Fig. 4.31(b-e). After randomization, every H*
hit in Fig. 4.31(b—e) will include the H* from all four positions of H* as shown in Fig. 4.21
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from initial geometry. However within each geometry, there are still four correlated H*
momentum from the same molecule using the randomization method mentioned above.

As observed in these plots, each assigned hit of the H' ions contains contributions from
all four possible hydrogen atoms in the ethylene molecule. However, it is important to
note that the randomization is applied only to the internal ordering of hits within each
fragmentation events; the information of momentum correlations between the fragments
is preserved and can be restored. This procedure mirrors the approach used for handling
real experimental data, where fragment identity is uncertain, but the underlying correlation
among fragments determine many few-particle observables.

After the randomization, we are confident that this randomized momentum dataset
reproduces the same conditions as the real experimental data obtained from complete six-
body fragmentation events. The next challenge is to develop a method for ‘restoring’ the
internal correlations between the ion momenta distributions that were obscured by the
randomization. Specifically, our goal is to reconstruct a representation of the momentum
distribution that reflects the intrinsic structure, similar to the Newton diagram shown in
Fig. 4.22.

To achieve this, we seek a strategy to rearrange the HT ion hit order in a way that enables
recovery of the underlying momentum correlations and allows meaningful visualization of
the six-body complete fragmentation. Some efforts in similar direction have been undertaken
in®+142 First, we revisit Fig. 4.21, where we choose to use the momentum vector difference
175 — ‘_/% as the reference axis for rearranging the H™ ion hit order. Based on the configuration
shown in Fig. 4.21, we observe that the angles between Vi or Vo and Vs — Vj are greater
than 90°, resulting in negative cosf values. In contrast, the angles between ‘73 or ‘74 and
Vs — Vg are smaller than 90°, yielding positive cos @ values. Using this cos 6 relative to the
C—C bond momentum vector criterion, we can initially classify and reorder the hits into two
groups: \71, V, as one group and 173, V, as the other. However, the precise ordering within

each group, specifically, between the first and second hit, and between the third and fourth
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Figure 4.30: Three-dimensional momentum distributions of ion fragments
from siz-body CES of ethylene after randomization.

(a) Momentum distribution after randomizing the hit order of both the two C* ion momentum
vectors and the four HT ion momentum wvectors. (b)—(e) Momentum distributions of the first,
second, third, and fourth detected H' ions

hit, remains ambiguous at this stage and requires further analysis.

To restore the ion hit order, we proceed by fixing the first hit from last rearrangement step
as the first, even though it might be the original second hit before randomization; this minor
ambiguity, which reflects the fact that protons 1 and 2 (as well as 3 and 4) in Fig. 4.21(a)
are identical with respect to the C—C axis, does not affect the final reconstruction. Once
we fix the assignment of the ‘first proton’, the assignment of all other protons becomes
unambiguous. After confirming the first hit, we further refine the sequence by analyzing
the angle relationships between the first hit and the subsequent third and fourth hits. From
Fig. 4.21, we observe that the relative angle between V, and Vj is smaller than that between
171 and ‘_/:1. By comparing the cosf,3 and cos 4 values, the hit with the smaller relative
angle (larger cos @) is assigned as the third hit, while the other is assigned as the fourth hit.

Finally, after this rearrangement procedure, we re-plot the raw momentum distribution

of the ion fragments in three dimensions, as shown in Fig. 4.31(a). In this raw distribution,
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Figure 4.31: Three-dimensional momentum distributions of ion fragments
from six-body CES of ethylene after order rearrangement.

(a) Final raw momentum distribution after H* hit order rearrangement. (b) Reconstructed 3D
momentum distribution after defining the momentum plane using ‘_/:r, — 176 as the x-axis and (Vz +
Vi) — (Vi + Vi) to define the (x,y)-plane. (c¢) Corresponding Newton diagram projected onto the
(z,y)-plane using the same plane definition as in (b), illustrating the recovered correlation between
ion fragments.

a degree of randomization remains visible, primarily due to the unresolved randomization
of the carbon ion hits.

However, by redefining the momentum plane using ‘75 - V}; as the z-axis and the vector
difference (Vi + V) — (Vi 4 V3) to define the (2, y)-momentum plane, we can reproduce the
momentum distribution in a well-defined coordinate system, as shown in Fig. 4.31(b). With
this coordinate system, the intrinsic correlations between ion fragments originating from
the same ethylene molecule are recovered, revealing a much clearer internal structure and
emission pattern. This representation also provides a highly illustrative visualization of the
ethylene molecular geometry. Additionally, the corresponding Newton diagram constructed
from this rearranged dataset is shown in Fig. 4.31(c), further illustrating the recovered
momentum correlations.

This analysis approach has been developed for static Coulomb explosion imaging, where
the molecular geometry remains unchanged during the interaction. Under these conditions,
this method provides an effective solution to the ion hit order ambiguity that arises in

real experiments, especially in cases where multiple identical ions (e.g., several protons) are
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detected within a single laser shot. In contrast, pump-probe experiments involve a pump
pulse that can initiate photoinduced molecular dynamics, leading to structural changes
within the molecule during the delay time. Correspondingly, the specifics of the event sorting

routine presented here will need to be adapted to a particular pump—probe configuration.

4.4 Conclusion

In conclusion, we conducted a detailed systematic study of the few-particle dynamics unfold-
ing after multiple ionization of the ethylene (CoHy) molecule by intense femtosecond laser
pulses. The main goal of this work was to characterize the dynamics relevant to Coulomb
explosion imaging of the molecule. We considered ‘complete’ three- and four-fold fragmen-
tation of triply and quadruply charged ethylene molecule, where all created ionic fragments
have been detected, and studied the events resulting from the full ‘atomization’ (i.e., six-
body breakup) of the molecule by analyzing ‘incomplete’ subsets of three, four, or five ions
detected in coincidence.

For three-body breakup, we identified and disentangled three different fragmentation
pathways, two of which turned out to be of the sequential nature and, thus, not suitable for
CEL Here, for two out of three major channels a quantitative agreement between theory was
achieved due to the availability of realistic PES for the ground state of the triply ionized
molecule. For four-body fragmentation, we identified and disentangled the contributions
from two different breakup scenarios, trans- and cis- (detaching two hydrogens from the
opposite or the same side of the C—C bond, respectively). Finally, for complete six-body
fragmentation of the molecule we demonstrated that detecting the subset of the produced
ions is sufficient to obtain information about the molecular geometry. However, since for
incomplete channels, momentum conservation cannot be applied to discriminate against
background contributions or false coincidences, increasing the number of detected ions does

not necessarily improve the imaging quality. Thus, detecting all created ions in coincidence
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remains an important goal. As a step towards such experiments, we developed a method
for analyzing six-fold complete fragmentation data, restoring the identification of each atom
from randomized momentum distributions.

Although classical Coulomb explosion simulations employed in this work tend to over-
estimate the ion momentum magnitudes and kinetic energies, the normalized momentum
correlations, visualized through Newton plots, show strong consistency with the experimen-
tal results. This demonstrates the robustness and effectiveness of momentum correlation
analysis in CEI across three-, four-, and five-body fragmentation channels. The quantita-
tive agreement can be significantly improved if final-state PESs are available. Overall, this
work lays important groundwork for extending CEI techniques to time-resolved studies of

ultrafast molecular dynamics in ethylene and other complex polyatomic systems.
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Chapter 5

UV-induced Coulomb explosion
imaging of ring conversion dynamics

in 2(5H)-thiophenone

All Coulomb explosion simulations presented in this chapter were conducted by the author.
The ground-state geometries for these simulations were generated by Dr. Surjendu Bhat-
tacharyya (mow at SLAC National Accelerator Laboratory) using the Newton-X software,
while the excited-state geometries were calculated by Dr. Lea M. Ibele (University of Bristol),
and organized by Dr. Joao P. F. Nunes (University of Nebraska-Lincoln). The experiment
at the European XFEL was conducted by a large international collaboration (see the list of
authors of Ref.'#?) led by Prof. Daniel Rolles (Kansas State University) and Dr. Rebecca
Boll (European XFEL). Data analysis for that experiment was carried out by the author and
by Dr. Alice Green (now at University of Edinburgh). Table-top experiments at JRML and

the corresponding data analysis were performed by the author.

As discussed in Section 2.2, 2(5H)-thiophenone (hereafter referred to as thiophenone), as
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a model heterocyclic molecule, has recently been investigated by the researchers at JRML us-
ing various experimental techniques. This includes time-resolved photoelectron spectroscopy
(TRPES)®, which provides time-dependent signals from excited-state populations and the
formation of photoproducts and the depletion of the ground-state signal. While TRPES
offers valuable insights into electronic state dynamics on ultrafast timescales, it provides
only limited direct structural information.

To complement this, a large JRML-led collaboration employed ultrafast electron diffrac-
tion (UED)! to probe the structural dynamics of thiophenone. UED can yield detailed
geometric information on photoinduced products in both excited and ground electronic
states. However, the temporal resolution of UED is limited.

In this work, we explore the use of Coulomb explosion imaging (CEI) as an alternative
approach for investigating ultrafast structural changes in thiophenone, aiming to capture
both the spatial and temporal aspects of molecular fragmentation dynamics.

In the first part of this study, we investigated thiophenone using the Cold Target Recoil

Ton Momentum Spectroscopy (COLTRIMS) reaction microscope %17

, operated at the Small
Quantum Systems (SQS) instrument of the European XFEL!4. This experiment provided
high-quality static data for three-dimensional proton momentum imaging.

In the second part, we conducted measurements using the PULSAR-COLTRIMS system
at the JRML, which enabled the acquisition of time-resolved data on UV-induced ring-

opening in thiophenone.

5.1 X-ray induced Coulomb explosion imaging of 2(5H)-

thiophenone

This section is based on a submitted manuscript by Green, Chen, et al.™?, in which the two
first authors (including the author of this thesis) have contributed equally to the work. At

the time of writing this thesis, this manuscript is under review.
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5.1.1 Experimental conditions

The experiment at the European XFEL was performed with SASE XFEL pulses at a central
photon energy of 2.6 keV, 1.2-1.5 mJ of pulse energy on target, and an estimated pulse of 6 fs
(assuming a linear chirp of the X-ray pulse). The XFEL operated at an effective repetition
rate of 840 Hz, comprised of pulse trains arriving at 10 Hz, each containing 84 microbunches.
The X-ray beam was focused on target to a spot of smaller 5um diameter (FWHM) by a
pair of bendable Kirkpatrick-Baez mirrors.

Vapor of thiophenone was generated by heating an out-of-vacuum reservoir to 50-60°C.
A supersonic gas jet was formed using 200 mbar of helium as carrier gas, expanding the
mixture into vacuum through a nozzle of 200 um diameter, and collimating it by three
skimmers and a set of adjustable slits. The gas line, nozzle, and the first section of the jet
vacuum chamber were also heated to 60°C to prevent condensation. The base pressure in the
interaction chamber was maintained at 1 x 107! mbar during operation. Achieving such
a low background pressure was key to enabling the identification of coincidences involving
H* ions with little contamination from false coincidences originating from ionization of
background molecules.

With the XFEL pulse parameters used in this experiment, not only single- but also
multiple-X-ray photoabsorption can occur. At a photon energy of 2.6 keV, photoabsorption
is dominated by sulfur 1s electrons, for which the ionization cross section is 11 times higher
than that for oxygen and 36 times higher than that for carbon atoms. The absorption of a
single photon at sulfur K-edge results, on average, in the ejection of 4 or 5 electrons because

of Auger-Meitner decay cascades'.

Therefore, even a single-photon absorption could be
suitable for generating Coulomb explosion patterns, whereas two or more absorbed photons
produce highly-charged states optimal for efficient CEI.

A schematic overview of the experiment and the approach used for defining the Newton

diagrams presented in this section is shown in Fig. 5.1(a). This concept is extended to

investigate whether the measurement of Ht ion momenta can be used to extract three-
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dimensional structural information for broader classes of organic molecules. Specifically, we
report the results of an X-ray-induced Coulomb explosion imaging (CEI) study of gas-phase
thiophenone. The molecular structure is shown in Fig. 5.1(b).

The present experimental CEI data for ground-state thiophenone molecules are also
compared with predictions obtained from classical Coulomb explosion simulations for two
cases: (i) ground-state thiophenone and (ii) various vibrationally excited photoproducts,
including ring-opened isomers and internally ‘hot’ thiophenone (i.e., ground and excited
states of thiophenone with a ring-closed molecular structure) molecules formed via internal
conversion following UV photoexcitation. These photoproduct geometries were provided by

complementary ab initio molecular dynamics (AIMD) simulations.

5.1.2 Experimental results compared with Coulomb explosion sim-
ulation of ground-state 2(5H)-thiophenone

In thiophenone, all heavy atoms (carbon, oxygen, and sulfur) lie in a common plane, whereas
the hydrogen atom positions span three dimensions, with two lying within and two outside
the heavy-atom plane. Remarkably, all four hydrogen atoms can be clearly distinguished in
the recorded coincident three-dimensional ion momentum distributions, as illustrated in the
lower panel of Fig. 5.1(b). On a shot-by-shot basis, we align the momenta of ion fragments
detected in coincidence to a common molecular frame, as defined by the colored arrows in
the schematic in Fig. 5.1(b). This alignment enables the construction of molecular-frame
Coulomb explosion image from a large dataset.

The molecular frame is chosen such that the ST ion momentum defines the positive z-axis,
and the O ion momentum lies in the (z,y)-plane, subject to the condition p, > 0. A third
ion, typically HT or C™, is then plotted within this frame. To facilitate comparison across
events, each momentum vector is normalized by the magnitude of the ST ion momentum.
As a result, all ST ions have coordinates (1,0, 0), all O" ions lie within the (z, y)-plane with

py > 0, and all HT and C* ions are plotted relative to this transformed coordinate system.
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Figure 5.1: Schematic of the experimental setup and molecular frame used for

presenting Coulomb explosion data of thiophenone.

(a) Schematic overview of randomly orientated molecule. (b) Schematic overview of the experiment,
illustrating the Coulomb explosion of thiophenone ( yellow: sulfur, red: oxygen, dark gray: carbon,
light gray: hydrogen) molecules induced by intense femtosecond X-ray pulses. The explosion results
in the emission of multiple ionic fragments, which are detected in coincidence. From the measured
three-dimensional momenta of these ions, the data can be transformed into a molecular frame, as

shown in the bottom panel. (¢) Schematic overview of the molecular frame definition.
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Coincident detection of all ten atomic ions resulting from the complete Coulomb explo-
sion of a thiophenone molecule are extremely rare, primarily due to the limited single-ion
detection efficiency, which is typically around 60%. This results in an overall detection
efficiency of only 0.61° ~ 0.6% for a full ten-ion coincidence. However, a comprehensive
Coulomb explosion image of all ten fragments can be reconstructed statistically by analyz-
ing four-fold coincidence events, in which H" and/or C* ions are detected in coincidence
with O" and S* ions within the same laser shot.

These comparisons clearly demonstrate the potential of X-ray-induced CEI for tracking
the photo-induced structural evolution of organic molecules, including the three-dimensional
motion of hydrogen atoms.

For the Coulomb explosion simulations of thiophenone at equilibrium, 10,000 geometries
were sampled from a Wigner distribution at a temperature of 60 K, and the explosion dynam-
ics of each geometry were simulated®. The equilibrium geometry and normal modes were
computed using the DFT-B3LYP /aug-cc-pVDZ level of theory in the GAUSSIAN 09 soft-
ware package4®. Wigner sampling was carried out using the NEWTON-X software®’, where
finite temperature effects were incorporated via a broadening factor of tanh(hw/2kgT).

The C* momentum distributions (Fig 5.3.(d-f)) do not reflect the molecular structure
as directly as the HT ions do. The most structurally informative projection is in the (x,y)-
plane (as shown in Fig 5.3.(d)), which corresponds to the plane in which all heavy atoms
lie in thiophenone. In this projection, each carbon atom can be distinguished, and their
positions within the molecular ring can be inferred.

Particular attention is drawn to the feature arising from the C1 atom, which exhibits
significantly lower momentum compared to the other C* ions, i.e., its distribution lies closer
to the origin in the two-dimensional momentum histogram. During the Coulomb explosion,
this carbon ion is effectively ‘trapped’ between the repelling O%, ST, and neighboring C*
ions. The simultaneous Coulomb repulsions from multiple directions result in a lower net

momentum, whereas other carbon ions experience more unidirectional repulsive forces and
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Figure 5.2: Comparing the experimental data with Coulomb explosion simula-
tion for ground-state thiophenone: H'.

Direct comparison between experimental and simulated Newton diagrams of the normalized coin-
cident momentum distributions of H' ions projected onto the (z,y)-, (v,2)-, and (y,z)-planes.
(a)—(c) show ball-and-stick models of the thiophenone molecule viewed along three orthogonal azxes.
(d)-(f) present the experimental Newton plots, and (g)—(i) show the corresponding simulated New-
ton plots obtained from classical Coulomb explosion simulations. The simulations were performed

on a pool of geometries sampled from a Wigner distribution. All color scales are normalized by the
total ion count.
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Figure 5.3: Comparing the experimental data with Coulomb explosion simula-
tion for ground-state thiophenone: C™.

Direct comparison between experimental and simulated Newton diagrams of the normalized coinci-
dent momentum distributions of Ct ions projected onto the (x,y)-, (z,2)-, and (y, z)-planes. (a—c)
show ball-and-stick models of the thiophenone molecule viewed along three orthogonal axes. Panels
(d—f) present the experimental Newton plots. Panels (g—i) show the corresponding simulated New-
ton plots obtained from classical Coulomb explosion simulations. The simulations were performed

on a pool of geometries sampled from a Wigner distribution. All color scales are normalized by the
total ion count.
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are pushed more strongly away from the molecular center. This also highlights a key advan-
tage of using hydrogen atoms to determine ultrafast changes in three-dimensional molecular
structure. Hydrogen atoms typically reside on the periphery of a molecule and are therefore
less susceptible to trapping effects caused by surrounding heavy ions. As a result, their final
momentum vectors more visually reflect their original positions in the molecule.

Moreover, the low mass of hydrogen enables rapid acceleration and ejection from the
poly-cation during the early stages of the Coulomb explosion, occurring before significant
structural deformation can take place. This makes hydrogen atoms particularly reliable
probes for tracking molecular geometry in time-resolved CEI experiments. However, to
further explore the structural information embedded in the present data, we examine alter-
native methods for representing the coincident three-dimensional momentum distributions.
Different representations can emphasize specific features of the Coulomb explosion dynamics
captured in these correlated momentum datasets and highlight distinct structural charac-

teristics.

5.1.3 Experimental results under different representations com-
pared with Coulomb explosion simulation

Fig. 5.4 (a) and (b) show three-dimensional iso-surface renderings of the experimental mo-
mentum distributions of the H" and C* ions, respectively. The iso-surfaces are color-coded
according to the magnitude of each ion’s momentum. For both Ht and C* ions, this rep-
resentation clearly separates the distributions associated with each atomic site, providing a
comprehensive three-dimensional view, while avoiding the challenges associated with visu-
alizing full three-dimensional histograms.

Notably, this representation reveals an increased spread in the out-of-plane (P,) mo-
mentum for the low-momentum (purple-colored) C* ions originating from the C1 atom,
a feature less evident in the two-dimensional projections shown in Fig. 5.4 (e) and (f).

Classical Coulomb explosion simulations of ground-state (cold) thiophenone reproduce this

138



a)H* R, b) C* b,

‘S que § aprisube WU 1Y —

I
=

R Exn. Momenta ¢ 0 v g!%ﬂ_ a0
oo 10® = @ = 250
- IR0 B
= 5im. Momenta 4 Normalized Counts f arb. .

Figure 5.4: Different representations of experimental ion momenta of thiophe-
none.

(a)-(b) Three-dimensional iso-surfaces of the experimental H" and Ct ion momentum densi-
ties in Cartesian coordinates. The color scales represent the (separately normalized) momentum
magnitudes of the HY and Ct ions, respectively. (c) Definition of spherical polar coordinates
(¢,0). (f) HY ion momentum distribution represented in spherical polar coordinates. (d)-(e) One-
dimensional projections of panel (f) onto the azimuthal angle ¢ and polar angle 6 (black solid lines),
along with two angular slices: 120° < ¢ < 250° (dotted line) and ¢ > 250° (dashed line). Com-
parisons to Coulomb explosion simulations (blue lines) and bond angles in the real-space molecular
structure (red lines) are also shown.
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observation. However, the Wigner distribution of geometries used in the simulation does
not show a significant variation in the initial z-position of the C1 atom. This suggests that
the broader p, momentum spread for the C17 ion likely arises from its enhanced sensitivity
to small deviations in the initial molecular structure prior to Coulomb explosion, in contrast
to the other carbon atoms in the ring.

Since much of the structural information encoded in the recorded three-dimensional cor-
related momentum distributions is related to the angles between different ion momenta,
Fig. 5.4(d) and (e) present a comparison between the observed H ejection angles, repre-
sented by the polar angle # and the azimuthal angle ¢, and the results of Coulomb explosion
simulations for cold thiophenone molecules.

In both angular dimensions, the peak positions in the experimental distributions (black
lines) show good agreement with the simulated distributions (blue lines). However, the ex-
perimental angular distributions are noticeably broader than those predicted by the simula-
tions, likely reflecting experimental uncertainties, initial-state vibrational motion, or residual
misalignment effects.

It is important to emphasize that advanced modeling is not required to identify the
general structural features of the molecule from experimental momentum correlations. In
the present case, we observe a strong correspondence between the measured Ht momentum
distributions and the inter-bond angles in the real-space molecular structure, which was
determined and Wigner-sampled as described in the Coulomb explosion simulations section.
These bond angles are shown as red lines in Fig. 5.4(d) and (e).

For this comparison, the real-space # and ¢ angles for each C—H bond vector were com-
puted in a coordinate system defined analogously to the one used for the Coulomb explosion
data: the sulfur and oxygen atoms lie in the (z,y)-plane, and the bisector between the two
C-S bonds defines the z-axis. Although such a direct mapping between ion ejection angles
and bond angles is not generally valid, the present finding highlights that the momenta of

the light H™ ions can serve as reliable reporters of molecular geometry. This is primarily
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because HT ions tend to be ejected along the axis of the C—H bond from which they origi-
nate. In the following section, we explore this approach further by examining the expected
changes in the three-dimensional Ht momentum distributions as the molecular structure
evolves following UV-induced electronic excitation. The photochemistry of thiophenone has
attracted significant interest, with recent time-resolved experiments investigating the role
of ultrafast ring-opening dynamics following UV photoexcitation at wavelengths around
266 nm. The subsequent nonadiabatic relaxation to the S; and then to the Sy electronic
states is driven by nuclear motion along an S-C bond stretch coordinate. Cleavage of this
bond initially produces a ring-opened biradical intermediate, from which multiple rapid
isomerization pathways are possible. Using mega-electronvolt ultrafast electron diffraction
(UED) in combination with ab initio molecular dynamics (AIMD) simulations, time-resolved
product branching ratios during this reaction were determined. A substantial yield (approx-
imately 50%) of a high-energy episulfide (three-membered ring) isomer was confirmed!.

However, various ring-opened structural variants, which differ primarily in the relative
positions of hydrogen atoms, could not be distinguished. Of particular interest are three vari-
ants: the initial biradical species formed upon photoexcitation (denoted as P0), a thioalde-
hyde isomer (2-thioxoethylketene, P1), and a thiol isomer (2-(2-sulfanylethyl) ketene, P2),
as shown in Fig. 5.5. Demonstrating that Coulomb explosion imaging (CEI) can resolve
these structurally similar isomers is a central objective of the present study.

To explore the feasibility of future time-resolved CEI studies on thiophenone, we cou-
pled classical CEI simulations with outputs from previously reported ab initio molecular
dynamics (AIMD) simulations®, which track the neutral dynamics up to 2 ps following UV
photo-excitation. Product structures from the AIMD trajectories were classified into iso-
meric species, allowing simulation of the corresponding fragment momentum distributions.
The relative H" momentum distributions for each product are presented in spherical-polar
coordinates in Fig. 5.5(b—f), while Fig. 5.5(a) shows the result for unexcited, ground-state

thiophenone, which closely resembles the experimental distribution in Fig. 5.4(f) despite the
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Figure 5.5: Three-dimensional H" momentum distributions represented in
spherical polar coordinates for various molecular geometries of thiophenone
and its photoproduct.

(a) Cold ground-state thiophenone. (b) Episulfide photoproduct. (c)—(e) Additional vibrationally
hot photoproducts of UV-excited thiophenone, labeled PO, P1, and P2, respectively, following prior
work® 1. (f) Hot ground-state thiophenone. Representative sketches of the corresponding molecular
geometries are shown alongside each distribution. Specific regions of ¢ are labeled (I-VIII) and
color-coded above each panel, with the corresponding hydrogen atom also color-coded to match.
White arrows indicate regions that exhibit unique signatures compared to the other ring-opened
products. The color scale is normalized to the number of coincidence events contributing to each
panel.

142



simulation’s simplicity.

The predicted signal for the high-energy episulfide product (Fig. 5.5(b)) appears in a
distinct momentum region, demonstrating CEI’s sensitivity to molecular structure. Our fo-
cus is on three ring-opened species, PO (biradical), P1 (thioaldehyde), and P2 (thiol), which
differ mainly by hydrogen atom positions and were indistinguishable in previous studies®!!.
Their HT distributions (Fig. 5.5(c-e)) reflect key structural differences. For instance, P1
and P2 exhibit unique features at ¢ a~ 50° (region I), corresponding to a hydrogen adja-
cent to the ketene moiety. Compared to the ground state (GS), PO shows modest shifts
in momentum features due to bond elongation and increased rotational freedom after ring
opening.

Overall, the largest differences in predicted Ht momenta arise from the out-of-plane
hydrogen atoms. In the ground state (GS), PO, and P1, two hydrogens attached to the same
carbon yield signals in a single ¢-region but are distinguishable in §. In contrast, P2, lacking
such out-of-plane hydrogens, produces an additional signal near ¢ ~ 330° (region VIII),
indicating all four hydrogens contribute distinct momentum signatures. These distinctions
highlight CEI’s capability to resolve subtle structural variations. The molecular frame used
here, optimized for visualizing the equilibrium structure of thiophenone, was held fixed
across all products for consistency. However, given the complexity of multi-dimensional
momentum correlations, identifying optimal molecular frames for specific products remains
an open challenge.

In summary, we have demonstrated that X-ray-induced CEI of an organic molecule can
yield well-resolved structural information by detecting the three-dimensional momentum
vectors of HT fragment ions originating from the peripheral hydrogen atoms. By utilizing
the structural information carried by these light ‘messenger’ ions, combined with Coulomb
explosion simulations and quantum-mechanical predictions of photo-induced molecular dy-
namics, this approach offers the potential for direct observation of neutral fragmentation

dynamics at the atomic level, with femtosecond temporal resolution.
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5.2 Coulomb explosion imaging of UV-induced ring
conversion dynamics of 2(5H)-thiophenone using

table-top lasers

Although a time-resolved measurement with an ultraviolet pump pulse at 266 nm and a 2.6
keV X-ray probe of was attempted during the European XFEL experiment (as described
in the previous section), no clear signatures of ring opening in thiophenone were observed.
While analysis for that time-resolved measurement is still underway, we have, in the mean-
time, conducted a similar pump—probe experiment at JRML, employing intense NIR pulses
(from the tabletop setup described in Chapter 3) as the probe. The measurement was
guided by the CES discussed in the previous section and by the results of the earlier TR-
PES® and UED! studies. The main goal here was to investigate whether direct signatures
of ring opening dynamics in thiophenone upon 266 nm UV excitation could be observed in
strong-field-induced CEI patterns and to determine the time scale of this process.

As a first step, we examined whether NIR-induced Coulomb explosion of thiophenone
yield well-resolved structural information similar to the XFEL-driven CEI discussed in the
previous section. Specifically, we aimed to determine whether the three-dimensional mo-
mentum vectors of H" and C* fragment ions, originating from hydrogen and carbon atoms,
could be detected with sufficient resolution to reconstruct fragment momentum correlations
using Newton diagrams. This was carried out using four-body (four-fold) coincidence de-
tection events, where HT and/or CT ions were detected in coincidence with O" and ST ions
from the same laser shot.

Second, we investigated whether UV-induced ring conversion dynamics of thiophenone
could be observed through pump—probe measurements. Specifically, we aimed to resolve
time-dependent changes in the fragment momentum distributions reflecting ultrafast struc-

tural transitions initiated by the UV excitation.
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Figure 5.6: Newton diagrams of four-body fragmentation channels in (x,y)-
plane of thiophenone.

For all panels, the momentum vector of the ST ion (not shown) defines the x-axis of the (z,vy)-
momentum plane, and the O ion momentum is used to establish the (z,y)-molecular plane. (a-c)
Newton diagram of the Ct +CT +OT + ST channel. In (a), the relative momentum distribution of
the CT, C*, and O fragments is shown. Panel (b) shows the same data (a) but with the red arc
indicating the momentum gate applied to the O momentum distribution, which separates the target
contributions from the background. (c) Relative momentum distribution of the two Ct ions from
the events selected using the gate shown in (b). (d-f) Newton diagrams of the Ht + HT +O1 +S*
fragmentation channel. (d) The relative momentum distribution of the HT, HY and O" idons
is plotted. (e) Same as (d) but with the red arc indicating momentum gate applied to the OF
momentum distribution for event selection. (f) Relative momentum distribution of the two HT
ions from events selected using the gate shown in panel (e).

5.2.1 Static Coulomb explosion imaging of thiophenone with in-
tense NIR pulses

Figs. 5.6(a,c) show the Newton diagrams for the C* +C*+0O* +S* and H* +H" + 0" 4S5
four-body coincidence data, respectively. While the distribution of carbon ions partially
resembles the molecular structure, the proton distribution does not display such a clear
pattern and is markedly different from the corresponding data obtained with the XFEL

pulses shown in Fig. 5.2(d).
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The most likely reason for this difference is the higher background level in the NIR
data. In comparison to site-selective X-ray ionization, which efficiently targets sulfur atoms
and, thus, target molecules, strong-field NIR ionization is non-selective, with comparable
probability to ionize target or background molecules. Because of this and also taking into
account significantly higher background pressure in the JRML experiment ( 1 x 107'° mbar
vs. 1 x 107" mbar in the EuXFEL experiment), the NIR pulse introduces significantly
more background signal in our CEI experiments. Altogether, these factors make NIR-
induced Coulomb explosion imaging (CEI) more susceptible to background noise, whereas
site-selective X-ray ionization provides a cleaner and more interpretable signal, making it
better suited for high-precision structural studies. This explains the blurrier momentum
distribution features observed in the Newton diagrams shown in Fig. 5.6(a) and (d).

Nevertheless, we developed a method to suppress background contributions and isolate
the target events originating from molecular fragmentation. For static CEI, the relative
angle between the momentum distributions of the O* and S™ ions is expected to fall within
a specific range. Using the ST momentum vector as a reference direction, we determined,
based on equilibrium ground-state thiophenone Coulomb explosion simulations, that the
relative angle of the O ion momentum should lie between 59° and 95°. This angular range is
slightly broader than the simulated ground equilibrium state of thiophenone which is ranging
from 67° and 77°, which reflects a limited number of vibrational states sampled from a 60 K
Wigner distribution. In contrast, the real experimental ensemble likely includes a wider
spread of vibrational excitations, justifying a more inclusive angular gate. In spherical
polar coordinates, this corresponds to the ¢-angle gating window of the O momentum
vector shown in Fig. 5.4(c).

In addition to the angular constraint, we imposed a criterion on the magnitude of the
O* momentum relative to the ST momentum vector, as visualized in the Newton diagrams.
We selected events in which this relative momentum falls within the range of 95 to 205 a.u.,

defining the radius of the red arc-shaped gate illustrated in Fig. 5.6(b) and (e).
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The final momentum distributions of the events obtained after applying both angular
and radial gating are shown in Fig. 5.6(c) and (f). Compared with the Coulomb explosion
simulation results presented in Fig. 5.3(g) and 5.2(g), we observe a good agreement. This
demonstrates that the applied gating method successfully discriminates against the back-
ground noise while preserving the inherent momentum correlations in the fragmentation
pattern. Thus, this approach allows NIR-induced CEI to effectively visualize the molecular
geometry and convey structural information with improved clarity.

For better comparison to the CES results from Fig. 5.5, we also represent this dataset
in a spherical polar coordinate system, using the events after gating on the Ot momentum
distribution. We also plot the cosine of the polar angle theta for a reference.

From the projection of the azimuthal angle ¢ shown in Fig. 5.7(c), we observe that, even
with a same number fold of detection (i.e., four-fold coincidence with ST and O detected),
the NIR-induced CEI data exhibit slightly reduced resolution compared to X-ray-driven
CEL For clearer comparison, the normalized yield of the second H* ion is lower in the NIR
case than in both the simulation and the X-ray data shown in Fig. 5.4(d). This observation
is further supported by comparing Fig. 5.6(f) with Fig. 5.2(g), where the signal in the
lower-left region of the Ht momentum distribution, which is labeled as H2 is noticeably
diminished.

Nevertheless, the results demonstrate that NIR-driven CEI remains a viable technique
for structural imaging of thiophenone. The molecular geometry can still be visualized using
Newton diagrams, and the final momentum distributions of the proton fragments can be
effectively represented in spherical polar coordinates. This indicates that structurally in-
formative proton momentum distributions can be obtained even with a tabletop NIR laser

setup, reinforcing the accessibility and utility of CEI for molecular structure determination.
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Figure 5.7: Three-dimensional H" momentum distributions of thiophenone rep-
resented in spherical polar coordinate.

(a) HT ion yield as a function of polar angle 6 and azimuthal angle ¢. (b) Same as (a) but plotted
as a function of cos(0). (c) Definition of spherical polar coordinates (¢,6). (d) One-dimensional
projection of (a) onto azimuthal angle ¢.
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Figure 5.8: Cross-correlation of Argon iton as a function of pump—probe delay.

The black curve shows the measured Art yield as a function of pump-probe delay; the red curve
is the Gaussian fit with the calculated FWHM of ~ 27 fs

5.2.2 UV-induced ring opening of 2(5H)-thiophenone probed with
intense NIR pulses

For the time-resolved experiments at JRML, we used near Fourier—transform-limited (FTL)
UV pulses at a central wavelength of 262 nm, with pulse characteristics described in Chap-
ter 3, as the pump pulse to induce the ring conversion dynamics. To characterize the in
situ temporal resolution of this experiment, the cross-correlation of the UV and NIR pulses
measured using single ionization of argon is shown in Fig. 5.8. The FWHM of the cross-
correlation pattern is measured to be 27 fs, which roughly matches the duration of each
pulse. The fact that the measured FWHM of the cross-correlation pattern is significantly
shorter than what would be expected from a convolution of the temporal profiles of the UV

and NIR pulses reflects the non-linearity of the ionization of Ar by the combined two-color

laser field.
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Coulomb explosion simulations for different 2(5H)-thiophenone geometries

In this experiment, we focus on four-body fragmentation channels in which both S* and
O™ ions were detected. Specifically, we investigated the four-fold coincidence channels cor-
responding to C* + C* + O™ + ST and H" + CT + O" + ST as shown in Appendix. B.2.
First, we processed the coincidence data using the same filtering method described previ-
ously. In this case, our goal was to isolate events beyond those associated with equilibrium
ground-state thiophenone and to filter out events corresponding to UV-excited photoprod-
ucts. To provide clearer guidance using CES, we generated Newton diagrams constructed
from simulated data for different groups of molecular geometries of thiophenone and its
photoproducts, with O™ and C* ions plotted in the (z,y)-momentum plane( ‘the molecular
plane’).

To define the coordinate system, we normalize the ST momentum vector and use it as
the unit vector along the z-axis. The Ot momentum vector is also used to define the (x,y)-
momentum plane. For clarity and to better highlight the ring structure of thiophenone, we
display only the momentum distributions of the C* and O" fragments.

In Fig. 5.9(a) and (b), we present the Newton diagrams of C* and O fragments obtained
from CES of cold and hot ground-state thiophenone, respectively. These correspond to the
ring-closed structures shown in Fig. 5.5(a) and (f). Additionally, Fig. 5.9(c) shows the
Newton diagram generated from CES of UV-excited photoproducts, corresponding to the
ring-opened structures shown in Fig. 5.5(c), (d), and (e).

From the Newton diagrams in Fig. 5.9, we observe two prominent features that change
upon UV excitation. First, the OT momentum distribution band becomes noticeably broader
relative to the ST momentum distribution as shown in Fig. 5.10(c). Second, the C* momen-
tum distribution becomes increasingly diffuse. Notably, in Fig. 5.9(c), the two right-side
C* momentum distributions as shown in Fig. 5.10(d) appear as a line along the relative P,
axis indicating a significant rearrangement of atomic positions. These changes reflect dis-

tortions in the thiophenone molecular ring structure induced by UV excitation and support
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Figure 5.9: Newton diagrams of CES results for different groups of molecular
geometries of thiophenone.

(a) Cold ground-state thiophenone; (b) hot ground-state thiophenone; (¢) UV-induced thiophenone
photoproducts (combined PO, P1, and P2 structures shown in Fig. 5.5(c), (d), and (e)).

the presence of ring-opening dynamics in the excited-state photoproducts.

To better visualize the differences between various groups of molecular geometries, we
also project the momentum distributions onto specific coordinate axes. From Fig. 5.9, we
first project the ion yields of O" onto the azimuthal angle ¢ shown in Fig. 5.9(a), the
angle ¢ is defined in Fig. 5.4(c). Since ¢ increases counterclockwise when viewed from
the top of the thiophenone molecule, we reverse the angle to maintain a consistent frame
of reference. Specifically, the z-axis in this projection is defined as 360° — ¢, resulting in
a clockwise representation of the O momentum distribution. The projected O yields
are normalized to the highest peak to facilitate comparison of angular distributions across
different geometries.

Second, we project the momentum distributions of the two right-side C* ions originat-
ing from different molecular geometries onto the relative P, axis. These distributions are
also normalized to unity to allow for direct comparison of structural differences in the C*
momentum distribution patterns.

As shown in Fig. 5.10(a), the angular distribution of the O™ momentum relative to the

ST momentum becomes noticeably broader. With normalized yields, we observe increased
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Figure 5.10: Projections of the three-dimensional momentum distributions for
different groups of molecular geometries of thiophenone.

(a) Angular projection of Ot momentum distribution for different groups of molecular geometries.
(b) Projection of CT momentum along the relative P, coordinate for different groups of molecular
geometries. Black: cold ground-state of thiophenone; red: hot thiophenone; blue: UV-induced thio-
phenone photoproducts. (¢) Newton diagram of cold ground-state thiophenone used to illustrate the
azimuthal angle distribution ¢. (d) Newton diagram of cold ground-state thiophenone highlighting
the selected two CT momentum distributions used for projection in the red box.
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yields at higher azimuthal angles ¢ for both hot thiophenone and ring-opened thiophenone,
compared to cold ground-state species. In Fig. 5.10(b), the yields at lower relative momen-
tum values along the y-axis are also enhanced for the hot and ring-opened species relative to
the ground state. These features serve as predictive markers for the UV-induced ring con-
version dynamics of thiophenone. By identifying the similar signatures in our experimental
data, we aim to extract the corresponding pump—probe signal.

To isolate real molecular fragmentation events from background noise introduced by the
NIR probe pulses, we apply an angular filter based on the relative momentum angle between
the O" and ST ions. Specifically, we retain only those events where the angle of the O
momentum vector relative to the ST vector lies within the range of 180° to 300° in the
(360° — ¢) frame. This corresponds to selecting events where the azimuthal angle ¢ lies

between 60° and 180°.

Experimental results

In the discussion of time-resolved experimental data, we mainly focus on C* +C*+O* +S*
coincidence events and show the experimental plots for this channel. Very similar conclu-
sions can be drawn from the data for Ht + C* + O" + S* channel, which are shown in
Appendix. B.2.

For the C* + C* + Ot + ST four-fold coincidence channel, we apply an angular filter
on the O™ momentum distribution to suppress background contributions. The filtered data
are then used to generate UV-pump / NIR-probe Newton diagrams at various pump—probe
delays.

In Fig. 5.11, panels (a—e) correspond to delays where the UV pulse arrives early. The
C* 4+ C* momentum distributions in these panels appear significantly blurred, which we at-
tribute to the onset of UV-induced ring conversion dynamics in thiophenone. This feature is
consistent with the CES shown in Fig. 5.9(b) and (c¢), where the C* momentum distribution

is also diffuse due to distortions in the molecular ring structure.
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Figure 5.11: Newton diagrams showing C* momentum distributions at differ-
ent pump—probe delays for Ct+CT+01+S* coincidence channel of thiophenone.
Panels (a-e) correspond to the delays where the UV pump arrives first; in (d-e), the NIR pulse
arrives first.
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Figure 5.12: Newton diagrams of OT momentum distributions of thiophenone
at different pump—probe delays for CT + Ct + O" + ST coincidence channel of
thiophenone.

Panels (a-e) correspond to the delays where the UV pump arrives first; in (d-e), the NIR pulse
arrives first.
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In contrast, panels (f-h) in Fig. 5.11, corresponding to UV-late / NIR-early delays,
show more localized CT momentum distributions. This should be expected because here,
the NIR probe pulse arrives before the UV pump and, thus, no ring-opening or structural
rearrangement processes can Occur.

To examine an additional pump—probe signal feature, we plot the Newton diagrams of
the relative O™ momentum distribution, as shown in Fig. 5.12. In panels (a—¢), where the
UV pulse arrives early, we observe a progressive broadening of the relative O momentum
distribution band. In contrast, in the UV-late / NIR-early regime, where the intense NIR
pulse ionizes the thiophenone molecule before the UV pulse arrives, the distribution of the
relative O momentum is well localized.

To quantify the pump—probe signal, we analyze the angular projection of the O™ mo-
mentum distribution, following the same procedure as in Fig. 5.10(a), using yields from the
Ct + C" + O + ST four-fold coincidence channel. The resulting O" angular distributions
are shown in Fig. 5.13(c) for four different delays. A clear trend is observed: when the UV
pulse precedes the NIR pulse, the normalized angular distribution shifts towards smaller
angles in the ( 360° — ¢ ) frame (corresponding to larger ¢). This behavior is consistent with
the simulation results for UV-excited thiophenone presented in Fig. 5.10(a), where similar
angular shifts in the relative O" momentum distribution were observed.

To further quantify this observed angular shift and investigate the timescale of the ring
conversion dynamics, in Fig. 5.13(b), we plot the mean value of the (O, S*) momentum
angle as a function of the UV - NIR delay. This value exhibits a clear change between zero
and 200 fs, on a time scale longer than the rise of the total yield of this channel observed
in Fig. 5.13(a). To confirm this trend, we summed the yields over specific angular regions
at each pump—probe delay. Based on the simulations in Fig. 5.10(a), we identified a clear
distinction in the relative O angular distributions between cold ground-state thiophenone
and the hot or UV-excited (ring-opened) thiophenone. In the 360° — ¢ frame, cold thio-

phenone shows a dominant angular distribution between 260° and 295°, while for hot and
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Figure 5.13: Delay-dependent yields and angular distributions of O ions from
Ct+Ct + O + St coincidence channel of thiophenone.

(a) Total yield of the Ct + CT + Ot + ST channel as a function of pump—probe delay, using a
25 fs time step. (b) Mean value of the measured angle between (OF, ST ) momenta as a function of
pump—probe delay. (c) Normalized distribution of the (O, ST ) momentum angle at four different
delay intervals. The gray line indicates the angle of ¢ = 260° (marked as a straight black line)
used for events separation in (d). (d) Integrated and normalized O yield as a function of UV-IR
pump—probe delay, grouped by angle: the orange curve corresponds to 360° — ¢ < 260° (¢ > 100°),
tentatively representing ring-open configurations; the blue curve corresponds to 360° — ¢ > 260°
(¢ < 100°), representing ring-closed configurations.
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Figure 5.14: 2D map of delay-dependent (O, ST) momentum angle for (a)
H"+Ct+0%t+St and (b) Ct+CT+0"+ST coincidence channels of thiophenone.
The white arrows point to the ring-opening transition region

UV-excited thiophenone, the distribution shifts to angles below 260°. Accordingly, we set
260° shown as a gray line in Fig. 5.13(d) in the (360° — ¢) frame as the boundary: events
with angles < 260° are associated with ring-opened structures, and those with angles > 260°
correspond to ring-closed geometries. The integrated yields for each region as a function of
UV-IR delay are shown in Fig. 5.13(d). The data exhibits the same behavior as the average
angle in panel (b), showing a clear ring opening signature between 0 and 200 fs.

These results provide direct experimental evidence that the ring conversion dynamics of
thiophenone occur within 200 fs, consistent with previously reported timescales®!!, but now
measured with much better resolution. To provide a more detailed view of the ring-opening
step itself, in Fig. 5.14 we plot 2D angle vs. delay distribution for both HT +C* + Ot + S+
(a) and C* +C* +O" +S* (b) channels, In both panels, in addition to the trends observed
in the previously, a transition feature connecting the ring-closed and ring-opened angular

regions (marked by white arrows) can be clearly observed.

5.2.3 Conclusion

In conclusion, by analyzing two distinct four-fold coincidence channels (C*t 4+ C* + Ot 4+ S*

and H" + C* + O 4+ S*), we have consistently observed UV-induced ring opening dynam-
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ics in thiophenone within a sub-200 fs timescale. In both channels, angular projections
of the Ot momentum distributions reveal a clear shift from ring-closed to ring-open con-
figurations as the UV pulse precedes the IR probe. These pump—probe effects, supported
by the comparisons with Coulomb explosion simulations, are consistent across different
detected fragmentation pathways. The agreement between the two independent channels
strongly validates the structural sensitivity of pump-probe Coulomb explosion imaging and
its utility in capturing ultrafast molecular dynamics with temporal and geometric resolution.
These results not only provide direct experimental evidence for the ring-opening process in
thiophenone but also underscore the broader potential of CEI in probing photo-induced
transformations in complex molecular systems. Moreover, these results confirm the viabil-
ity of Coulomb explosion imaging with NIR probe pulses as a powerful technique for direct

probing of ultrafast ring conversion dynamics in UV-excited molecules.
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Chapter 6

Coulomb explosion imaging of ring

conversion dynamics in

2,3-dihydrofuran

The work presented in this chapter was inspired and coordinated by Dr. Yusong Liu (SLAC
National Accelerator Laboratory). The experiments described here were conducted by the
author with strong support from Dr. Liu and the JRML team. Data analysis and Coulomb
explosion simulations were carried out by the author, while the time-resolved excited-state
geometries used as an input for those simulations were provided by Dr. Ryan Macdonell

(Dalhousie University).

As illustrated in the inset in Fig. 6.1, a 2,3-dihydrofuran (2,3-DHF, C4HgO) molecule
is a five-membered heterocyclic compound consisting of four carbon atoms and one oxygen
atom, with a double bond between the second and third carbon positions. It features an enol
ether functionality,*” which imparts high reactivity and makes it a valuable intermediate in

organic synthesis'*®. 2,3-DHF can be synthesized via cyclization'*? of 4-hydroxybutanal or
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Figure 6.1: VUV absorption spectra of 2,3-DHF.
Figure is adapted from Rider et al.’%?.

through catalytic dehydrogenation of 1,4-butanediol using cobalt-based systems!'*’. Upon
treatment with n-butyllithium, it undergoes lithiation to form a 2-lithio derivative, which
serves as a versatile building block for further functionalization.

2,3-DHF participates in a variety of cycloaddition reactions, including Diels—Alder pro-
cesses, often catalyzed by transition metals such as lanthanides or rhodium. These trans-
formations enable the efficient construction of complex molecular architectures, including
biologically active molecules such as antitumor agents!®’. Beyond its role in small-molecule
synthesis, 2,3-DHF has also been explored in polymer science. A recent study demonstrated
a green, metal-free cationic polymerization method for producing poly(2,3-dihydrofuran), a
strong, biorenewable, and degradable thermoplastic, highlighting its potential as a sustain-
able monomer for advanced materials!®!.

W. H. Green’s 1969 study of the ring-puckering vibration in 2,3-DHF used far-infrared
spectroscopy to construct a one-dimensional potential energy curve along the puckering

153 The symmetric double-well potential indicated that the molecule adopts a

coordinate
puckered conformation in both the ground and first excited vibrational state.

Building on this, Autrey and Laane!®® combined far-infrared measurements and ab initio
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MP2/6-31G* calculations to derive a puckering potential with a barrier height of approxi-
mately 149 cm ™! and a fundamental vibration near 83 cm™!. This confirmed the nonplanar
equilibrium geometry and rapid interconversion between puckered forms.

Schalk et al.1® investigated the excited-state dynamics of furan and its derivatives, in-
cluding 2,3-DHF, using time-resolved photoelectron spectroscopy combined with theoretical
calculations. For 2,3-DHF, they found that photoexcitation primarily leads to a ring-opening
pathway facilitated by a dissociative wo* state, serving as the major relaxation mechanism.
This behavior parallels the dynamics observed in furan and 2-methylfuran. The study
further emphasizes the important role of Rydberg—valence interactions in modulating the
photochemical reactivity of these five-membered heterocycles.

The excited-state dynamics of furan and its derivatives are complex due to closely spaced

155 introduced structural modi-

excited states and competing reaction pathways. This study
fications to furan to isolate these influences. Partial double-bond saturation or single methy-
lation at the 2-position had minimal impact on dynamics. However, dimethylation at posi-
tions 2 and 5 significantly altered behavior, lowering the energy of the 3s Rydberg state and
preventing its crossing with valence states along the ring-opening coordinate. This suggests
ring-opening is the dominant relaxation pathway in furan systems. The active involve-
ment of Rydberg states, particularly the 3s state in methylated derivatives, underscores the
structural dependence of Rydberg—valence state mixing.

Roder et al.'5? investigated the high-resolution VUV absorption spectrum of 2,3-DHF,
identifying a broad valence transition from 5.5 to 6.8 eV followed by distinct Rydberg series
converging to the ionization energy (see Fig. 6.1). The first absorption bands of 2,3- and
2,5-dihydrofuran (2,3-DHF and 2,5-DHF) both exhibit broad valence transitions from 5.5
to 6.7 eV, corresponding to HOMO — 7* excitation coupled with Rydberg states. Due
to their differing symmetries, subsequent transitions diverge: 2,3-DHF shows only Rydberg
transitions with ring-puckering vibrational structure, converging to the ionization energy.

The geometry mismatch between the puckered neutral and planar cationic forms of 2,3-DHF
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reduces Franck—Condon overlap, resulting in weak absorption between 6.8 and 8.4 eV. These
results reveal a complex situation where both valence and Rydberg characters are mixed
and likely strongly vibronically coupled, as in furan.

To investigate such UV-induced ring conversion dynamics in furan (C4H40), the JRML
group has recently employed time-resolved Coulomb explosion imaging (CEI) with fem-
tosecond near-infrared pulses, which enabled direct tracing the structural changes following
UV excitation at 198 nm.** By combining experimental CEI data with ab initio molecular
dynamics and Coulomb explosion simulations, compelling evidence was obtained that in
furan, ring opening, which occurs within 100 fs, is a dominant reaction channel®. That
study also underscored the power of CEI in resolving real-time structural transformations
during photochemical reactions.

In this chapter, we present the first steps towards similar studies of the UV-induced ring-
conversion dynamics in 2,3-DHF, with a particular focus on a ring puckering pathway %2,
where the oxygen atom is displaced out of the molecular plane. This process is initiated
by a C-C bond m — 7* transition and involves ethylenic bond twisting, hydrogen rotation,
and carbon pyramidalization, all of which can occur on a sub-100 femtosecond timescale.
Alternatively, the molecule may undergo ring opening as observed in the furan®* molecule
driven by C-O bond stretching and associated with wo* states. The main goal of this work
is to identify, disentangle, and characterize possible contributions of these two reaction

pathways.

6.1 Coulomb explosion simulation of 2,3-dihydrofuran

fragmentation

Before performing the experiments to investigate the ring-conversion dynamics of 2,3-DHF,

we employed detailed Coulomb explosion simulations (CES) for guidance. In addition to

57

using ground-state geometries generated with the Newton-X software®’, we also performed
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simulations based on trajectories obtained from ab initio multiple spawning (AIMS). These
AIMS trajectories, initiated from 20 different nuclear configurations, were used to monitor
the UV-triggered structural conversion dynamics of 2,3-DHF in its excited state.

First, we simulate the probe step of the time-resolved experiment: the Coulomb explosion
of 2,3-DHF by intense NIR laser pulses. Similar to the results presented in the previous
chapters, these CES were performed using ground-state geometries generated with Newton-
X software®”, with the initial conditions given by Wigner-distributed geometries of 2,3-DHF
at 60 K, optimized at the BSLYP /aug-cc-pVDZ level of theory. Then we distribute a single
charge on each atom for Coulomb explosion, as discussed in Section 2.3.2. The resulting

CES yields the final momentum distributions for these initial geometries.

Kinetic energy release

Using the momentum distribution of each fragment obtained from the CES, we calculate
the kinetic energy (KE) distribution and total kinetic energy release (KER) using eq. 3.25,
as shown in Fig. 6.2(a). The molecular geometry is shown in the left panel, with each
fragment labeled accordingly; these labels are also used in the KER plots for clarity. The
KE distributions of the four C* ions are slightly different, with C2 and C4 exhibiting, on
average, higher KE than C1 and C3, which can be attributed to differences in the effect of
proton repulsion during CE. A zoomed-in view of the C* region is provided in the inset of
Fig. 6.2(a) for better comparison. From the KED in Fig. 6.2(b), we can see the KED of H™

fragmented from the C1 is the lowest, due to the lower Coulomb repulsion.

Newton diagrams

As discussed in previous chapters, another useful form of data representation for visualizing
molecular fragmentation and relative momentum correlations is provided by the Newton
diagrams. While molecules such as thiophenone (C4H,OS) naturally provide two distinct

marker fragments (O and S) to define molecular plane, 2,3-DHF lacks such features. In
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Figure 6.2: Simulated KFE distributions for 2,3-DHF Coulomb explosions.
(a) KED of C* and (b) H' from Coulomb explosion simulations of ground-state 2,3-DHF.
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Figure 6.3: Newton diagrams from CES of the ground-state 2,3-DHF.
The O momentum (not plotted) defines the x-azis, and the momentum of each Ct fragment is

used to define the momentum plane in each panel: (a) C1, (b) C2, (¢) C3, and (d) C4.

the case of 2,3-DHF, we use the momentum vector of the oxygen fragment (P, P,, P,)
to define the z-axis of the Newton diagram. To define the molecular plane (the (x,y)-
plane of Newton diagrams), we simulate various scenarios by pairing the oxygen vector
with different C* fragment momentum distributions, following the procedure introduced
in®%. This approach allows us to extract meaningful spatial momentum correlations from
all possible combinations of fragments.

In the Newton diagrams shown in Fig. 6.3, the outer four localized momentum spots

correspond to the C* ions, while the inner distributions represent the H* ions. When using

C1 or C3 to define the Newton diagram, their momentum distributions appear in the upper
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part of the (x,y)-momentum plane, with C2 and C4 in the lower part. In contrast, when
C2 or C4 is used for definition, their distributions appear in the upper part, and C1 and C3
are in the lower part.

Combined with the KEDs shown in Fig. 6.2, which indicate that C2 and C4 have higher
kinetic energies than C1 and C3, this observation offers a strategy for analyzing experimental
data: by sorting detected C* ions according to their kinetic energy, the highest-KE C™ ions

can be used to define the (z,y)-momentum plane and molecular frame.

Angular distribution

We also simulate the relative angular distribution of the ions by transforming the data
into spherical coordinates, as introduced previously in Section 2.3.2. One of the C* ion
momenta is selected to define the (z,y)-momentum plane, corresponding to the § = 0
plane in spherical coordinates. As a result, the momentum distribution of this reference C*
appears as a localized point in the polar plots shown in Fig. 6.4. By plotting the angular
distribution of H* in this transformed coordinate system, we obtain a clearer visualization of
its momentum structure compared to the Newton diagrams shown in the (x, y)-momentum
plane, allowing us to distinguish between two different “out-of-plane” H* ions (H9/HS8 or

H11/H10) associated with a single C* fragment.

6.1.1 Coulomb explosion simulation of excited-state 2,3-dihydrofuran
using ab initio multiple spawning (AIMS) simulations

In addition to simulating the ground-state geometries of 2,3-DHF generated by Newton-X°7,
we also performed CES using the ab initio multiple spawning (AIMS) trajectories calculated
by Dr. Ryan J. MacDonell (Dalhousie University). For the dynamics simulations, multi-
reference configuration interaction singles (MR~CIS) potential energies were computed on-
the-fly, employing a 4-electron in 4-orbital (4, 4) complete active space self-consistent field

(CASSCF) reference wave functions that were optimized with a 3 electronic state average.
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Figure 6.4: Three-dimensional momentum distributions of H" (a—d) and C*
(e—h) ions from CES of ground-state 2,3-DHF represented in spherical polar
coordinates.

The momentum of O (not shown) is used to define the x-axis of the Cartesian coordinates before
transformation into spherical polar coordinates, and the momentum of each CT fragment is used
to define the momentum plane: (a), (e) using C1; (b), (f) using C2; (c), (g) using C3; and (d),
(h) using C4.

166



AIMS dynamics simulations were initiated from 26 initial conditions sampled from a Wigner
distribution of the harmonic ground vibrational state of 2,3-DHF. The AIMS algorithm
represents the molecular wavefunction in a basis of multidimensional Gaussian trajectory
basis functions (TBFs) evolving on adiabatic electronic states. When a TBF encounters a
region of strong coupling, a new basis function is spawned on the coupled electronic state.
The TBF centroids evolve according to classical equations of motion, and the coefficient of
each TBF evolves according to the time-dependent Schrodinger equation. A total of 1960

trajectories were generated over the course of the simulation.

Separation and categorization of geometries obtained from the simulated tra-

jectories

To facilitate the interpretation of the CES results for the excited-state geometries of 2,3-
DHF, we categorize the structures into four distinct groups based on their geometric features:
(1) ring-opened group, (2) ring-puckered group, (3) ring-closed (non-puckered) group,
and (4) three-membered ring group.

To categorize the excited-state geometries of 2,3-DHF extracted from the AIMS calcu-

lated trajectories, we apply the following criteria:

1. Ring-open: If either the C1-O5 or C2-05 bond length exceeds 1.8 A, the geometry is
classified as ring-open. Within this group, if any of the following structural conditions

are satisfied:

e C1-C4<18A C1-C3<18A, and C3-C4 < 1.8 A,

e C2-C4<18A, C2C3<1.8A, and C3-C4 < 1.8 A,

then the geometry is further categorized as a three-membered ring group. If neither

condition is met, the geometry remains in the ring-opened group.

2. Ring-closing: If both C1-O5 and C2-0O5 distances are less than 1.8 A, and all three
carbon-carbon distances of C1-C3, C3-C4, and C2-C4 are also less than 1.8 A, the
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geometry is considered ring-closed. We further differentiate the puckering using the
dihedral angle O-C1-C2-C3 (ranging from 0° to 180°, where 180° corresponds to a

fully planar structure and 0° to a fully folded one, though the latter is rare):

e [fthe dihedral angle is less than 140°, the geometry is classified as ring-puckered.

e [f the dihedral angle is greater than or equal to 140°, the geometry is classified

as ring-closed (non-puckered).

After categorizing the geometries into distinct groups, we perform CES for each group to
compare with the experimental patterns, with an ultimate goal to track the corresponding
pathways in the UV-induced structural dynamics of 2,3-DHF. We first focus on KE distri-
butions of individual carbon ions, exploring both potential signatures of different geometries
and the possibility of exploiting the KE values for identifying a specific carbon atom and

using it for orienting the simulated Newton diagrams.

Kinetic energy release

In Fig. 6.5, we present the KE distributions of each carbon ion obtained from the CES of
all excited-state geometries of 2,3-DHF combined. The trend in average KE values across
trajectories is consistent with the ground-state CES results, where Cy and C, show slightly
higher KE compared to C; and Cs, mainly because of the two hydrogens attached to these
carbon atoms.

With the previously established categorization of the excited-state geometries of 2,3-
DHF, as the next step, we evaluate the individual KE distributions obtained from CES for
each structural group.

For the ring-opened group, illustrated in Fig. 6.6, the left panel shows one representa-
tive ring-opened geometry projected onto the (z,y)-plane. Out of a total of 12,167 geome-
tries in this group, 7,272 geometries exhibit ring opening via O-C1 bond extension, 1,614

via O—C2 bond extension, and the remaining structures involve simultaneous extension of
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Figure 6.5: KFE obtained from CES of the AIMS trajectories for all excited-
state 2,3-DHF geometries as a function of time for each C" fragment.

(a) C1, (b) C2, (c) C3, and (d) C4. Blue circles represent the KE values of individual geometry
from the trajectories, while the red dots represent the average values of the trajectories at each
time.

both bonds or additional carbon-carbon bond elongation. In this group, a larger population
of low-KE C™ ions is observed. This trend arises because the ring opening reduces Coulomb
repulsion within the carbon ring, resulting in lower KER upon explosion. However, the
difference between the individual carbon ions’ KEs, which was exploited in®* for identifying
carbon ion positions, is not pronounced, while still correlating with the number of hydrogen
atoms attached, similar to the results for the 2,3-DHF ground state shown in Fig. 6.2.

For the ring-puckered group, shown in Fig. 6.7, a total of 2,518 geometries are cat-
egorized. The left panel shows one representative geometry, where the (z,y)-projection
highlights the non-open ring structure, and the xz-projection clearly shows the puckering
feature, with the oxygen atom pointing out of the molecular ring plane. In this group, there
is a negligible population of low-KE C* ions, similar to what is observed for the ring-closed
(non-puckered) group. The latter consists of 15,245 geometries, as illustrated in Fig. 6.8.
While the geometric distinction between these two groups is apparent in the (z, z)-plane
projection, the KE distributions are very similar, making it difficult to distinguish between

them based on the KE data alone.
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Figure 6.6: Same as Fig. 6.5 but only for the ring-opened geometries from

CES of excited-state 2,3-DHF.
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Figure 6.7: Same as Fig. 6.5 but for the ring-puckered geometries from CES
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Figure 6.8: Same as Fig. 6.5 but for the ring-closed, non-puckered geometries
from CES of excited-state 2,3-DHF.
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Figure 6.9: Same as Fig. 6.5 but for the three-membered ring group from CES
of excited-state 2,3-DHF.
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Figure 6.10: Newton diagrams obtained from CES based on the AIMS trajec-
tories for different excited-state geometries of 2,3-DHF.

(a) ring-opened group; (b) ring-puckered; (c) ring-closed (non-puckered) group and (d) ring-closed
group.

For the three-membered ring group, shown in Fig. 6.9, a total of 1,734 geometries
are included. In contrast to the ring-opened group, where all carbon ions tend to have
rather low KE, the C1* and C3" carbon ions in the three-membered ring group display
relatively stable, slightly higher KE values. At the same time, the KEs of the other two
fragments, which initially had one hydrogen attached to them, are typically lower. This
reflects a localized structural rearrangement, where the C-O bond is typically broken at the

C2 site, and the C1 and C3 carbon atoms end up on the side of the three-membered ring

opposite the oxygen atom.

Newton diagrams and momentum distributions in 3D

As the next step, we consider the simulated Newton diagrams for each categorized geometry
group. In these simulations, the momentum vector of O" is used to define the z-axis of
the molecular momentum plane. Here we use the momentum of the C1T ion, together
with O, to define the molecular (z,y)-plane. By comparing the Newton diagrams in the
(x,y)-plane for each group, we observe that as the molecular ring structure becomes more
distorted (from ring-closed to ring-puckered, ring-opened, and three-membered ring), the
corresponding Newton diagram features become increasingly diffuse.

In the CEI experiments, the position of any detected carbon ion within the molecular
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Figure 6.11: Newton diagrams obtained from CES of 2,3-DHF based on the
AIMS trajectories for the ring-closed (non-puckered) group .

O™ momentum (not plotted) defines the positive z-axis and the momentum of different C*
fragments is used to define the momentum plane: (a) C1, (b) C2, (¢) C3, and (d) C4.

ring is initially unknown. To understand how this uncertainty would affect the Newton
diagrams, we analyze the simulated patterns where different carbon ions are used to define
the molecular plane. In Fig. 6.11, the Newton diagrams, generated from the CES of AIMS
trajectories for the ring-closed (non-puckered) group are shown, each using a different carbon
ion fragments together with the O momentum vector to define the molecular plane. Among
all options, using C1™ (which has neither the highest nor the lowest KE) to define the
molecular plane produces the clearest Newton diagram, with the carbon ion momentum
distributions appearing most localized. In contrast, using C3* or C4™", neither of which is
adjacent to the oxygen atom in the ring-closed geometry, results in somewhat less distinct
Newton diagrams.

The dependence of the Newton diagrams on the choice of the carbon ion used to define
the molecular plane is even more pronounced for ring-puckered and ring-opened geometries,
as seen in the upper panels of Figs. 6.12 and 6.13, respectively. There, the appearance of the
simulated momentum correlation patterns changes significantly depending on which specific
carbon is chosen. This reflects a pronounced non-equivalence of individual carbon ions and
the non-planar geometries of those configurations.

To avoid averaging over all these patterns in the experiment and to improve guidance

in interpreting the experimental data based on the simulated KEs, we organize the ring-
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puckered and ring-opened geometry groups according to the KE distributions of the carbon

>4, The simulated KE distributions for the ring-puckered and ring-

ions, as suggested in Re
opened groups are presented in the upper left panels of Fig. 6.12 and Fig. 6.13, respectively.
Next, for each geometry, we reorder the carbon ions according to their KE, such that C1
always represents the highest-KE carbon and C4 the lowest-KE carbon, as shown in the
lower left panels of Figs. 6.12 and 6.13. Using each reordered carbon ion along with the
momentum of OT to define the molecular plane, we plot the resulting Newton diagrams for
the ring-puckered group in Fig. 6.12(e-h). We apply the same procedure to the ring-opened
group, as shown in Fig. 6.13(e-h).

By comparing the Newton diagrams before and after the carbon ion rearrangement,
we observe that the differences resulting from the choice of reference C* used to define
the molecular plane are significantly reduced after the rearrangement. This indicates that
relying solely on the KE distribution of the C* ions to assign carbon positions for 2,3-DHF
may be problematic, in contrast to the results obtained® for furan. Furthermore, even the
distinction between the ring-opened and ring-puckered groups becomes less pronounced.
In contrast, both of these groups show clear differences when compared to the ring-closed
(non-puckered) group, where there are almost no low-momentum C* ions observed in the
Newton diagrams, as shown in Fig. 6.10(c).

In addition to Newton diagrams, we can also visualize the simulated (or measured)
momentum distributions in 3D using scatter plots for the Pz, Py, Pz momenta of each ion
fragment, as shown in Fig. 6.14. An interesting feature is observed for the ring-puckered
group: the momentum distribution of C4" exhibits an ‘X’-shaped pattern, while C2* and
C3" show two distinct localized lobes along the z-axis. This characteristic shape arises from
the puckered geometry of the molecule, where the oxygen atom points out of the plane.
Since the puckering can occur in two directions, which is either ‘up’ or ‘down’ relative to the
plane of the ring, the resulting momentum distributions reflect both types of geometries,

producing double-lobed features along the Pz axis in the C2*, C3™, and C4*" ion momentum
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Figure 6.12: Newton diagrams obtained from CES of 2,3-DHF based on the
AIMS trajectories for the ring-puckered group.

The upper row shows the Newton diagrams constructed before carbon ion rearrangement using (a)
C1, (b) C2, (c) C3, and (d) C4 as the second reference ion (in addition to OF ) for defining the
molecular plane. Panels (e-h) show the Newton diagrams after rearranging the carbon ions by their
KE, where (e) C1 is the highest KE carbon ion and (h) CJ is the lowest. The molecular plane is
defined by O and the corresponding reordered carbon ion.
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Figure 6.14: 3D momentum distribution of carbon ions obtained from Coulomb
explosion simulations of the AIMS trajectories for excited-state geometries of
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distributions.

Angular distribution

Another useful way to distinguish between structural groups is to examine the relative
angular distribution of ion momenta. As discussed earlier for the static 2,3-DHF CES (as
well as for ethylene and 2(5H)-thiophenone in the previous chapters), we transform the
momentum distributions obtained from the CES from Cartesian to spherical coordinates to
spherical polar coordinates, as shown in Fig. 6.15(a-c). The angular distribution of the C17*
carbon ion is omitted, since it is used to define the molecular plane and therefor shows no
spread in polar angle. Under this representation, the characteristic “X”-shaped structure of
C4" and the doubled-lobed features along the polar angle 6 axis of C2" and C3" become
more clearly visible in the ring-puckered group.

A notable feature observed in the angular distributions of carbon ions is the difference
in the azimuthal angle ¢ spread among the structural groups as shown in Fig. 6.15(d-f). For
the ring-closed group, the ¢ distribution of each carbon ion is relatively narrow and confined
within a small ¢ angular range. For the ring-puckered and especially for ring-opened group,
the ¢ distributions are significantly broader. Since explicit time information is available
from the AIMS simulations, in Fig. 6.16, we also plot the carbon ion azimuthal ¢ angular

distribution as a function of time for the different structural groups. For the ring-closed
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Figure 6.15: (a—c) 3D momentum distributions of C' ions in spherical polar
coordinates from CES of AIMS trajectories for excited-state 2,3-DHF; (d—f)
corresponding azimuthal angle distributions.
(a) and (d): ring-opened group; (b) and (e) ring-puckered group; (c) and (f) ring-closed (non-
puckered) group. C1 is omitted in the upper row since it is used to define the (x,y)-plane and,
thus, does not have any spread in the polar angle.
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Figure 6.16: Azimuthal angle ¢ for carbon ion momenta as a function of time
obtained from CES of the AIMS trajectories for excited-state 2,3-DHF
Azimuthal angle ¢ for carbon ion momenta as a function of time obtained from CES based on
the AIMS trajectories for excited-state geometries of 2,3-DHF : (a) ring-opened group; (b) ring-
puckered group and (c) ring-closed (non-puckered) group

group, the distribution remains relatively narrow and confined to a small ¢ angle range
for each carbon. In contrast, for the ring-opened and ring-puckered groups, the ¢ angular
distributions broaden significantly over time, with an especially pronounced increase for

the ring-open geometries. This reflects larger structural distortion and increased angular

dispersion of the carbon ion momenta as the molecular ring structure evolves with time.

6.2 Coulomb explosion imaging of UV-induced ring

conversion dynamics in 2,3-dihydrofuran

For experimental studies of UV-induced dynamics in 2,3-dihydrofuran, we employed a
200 nm pump pulse produced by fourth harmonic generation (FHG) using BBO crystals and
the PULSAR setup, as described in Chapter 3. As can be seen from the 2,3-DHF absorp-
tion spectra shown in Fig. 6.1, at this wavelength one can expect to initiate rich molecular
dynamics. As the first step towards these studies, we examined whether the NIR-induced

Coulomb explosion of 2,3-DHF could yield well-resolved structural information.
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Figure 6.17: Non-normalized Newton diagrams of the four- (a) and five-body
(b) coincidence channels shown in (z,y)-plane from IR-probed only 2,3-DHF
experiment

6.2.1 Coulomb explosion imaging of 2,3-dihydrofuran with in-
tense NIR pulses

We first employed an intense 790 nm NIR pulse to perform “static” CEI experiment on
2,3-DHF. The duration (28 fs FWHM) and the peak intensity (1.3 x 10 W/cm?) of the
NIR pulse were the same as used in the experiments on ethylene described in Chapter 4.
To visualize the molecular structure, we focused on analyzing the four- or five-body “in-
complete” coincidence channels in which the molecule is expected to be fully fragmented,
while three or four carbon ions and one oxygen ion are detected. The momentum vector of
O™ was used to define the z-axis of the molecular plane, and the first detected C* ion was
used to define the (z,y)-molecular plane. This approach yields a clear visualization of the
molecular structure, as illustrated in Fig. 6.17.

Compared to the ground-state CES of 2,3-DHF (see Fig. 6.3), the experimental data
for both channels contain significantly more background events with low-momentum carbon
ions. The distributions of the carbon ion momenta in the simulated Newton diagrams are
also more localized compared to the experimental data. While the peaks of the measured

KEDs (Fig. 6.18) agree reasonably well with the CES results shown in Fig. 6.2, the momen-
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Figure 6.18: KEDs of the four-body (a) and five-body (b) coincidence channels
of 2,3-DHF from experiment.

(a): CT + CT + Ct + 07T channel; (b): C* + Ct + Ct + Ct + OF. Both channels are from the
NIR- only measurement

tum distributions from experiment are significantly broader. Nevertheless, the experimental
Newton diagrams shown in Fig. 6.17 clearly reveal the signatures of all four carbon atoms

in the molecular ring, establishing a solid foundation for pump—probe experiments in which

a UV pulse is used to initiate the ring-conversion dynamics.

6.2.2 UV pump—NIR probe experiment on 2,3-dihydrofuran

As a next step, we employed 100 fs, 200 nm UV pulses obtained via FHG as described in
Chapter 3, as the pump pulse to induce ring conversion dynamics in 2,3-DHF. To probe the
dynamics, we employed the same NIR pulses as for the NIR only measurements described in
the previous section. In this time-resolved experiment, we focus on four-body fragmentation
channels in which three C* ions and the O" ion were detected.

For the results presented here, negative values of the pump-probe delay indicate that

the UV pulse arrives earlier than the IR pulse, while positive values correspond to the IR
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Figure 6.19: (a) Delay-dependent yield of four-body coincidence channel: C* +
Ct+Ct+O" of 2,3-DHF. (b) Parent ion (CiHsO") yield as a function of
pump—probe delay.

pulse arriving before the UV pulse. As a first step in analyzing the pump—probe dynamics,
we examine the yield of the CT +C* 4+ C* + O™ coincidence channel as a function of pump—
probe delay. As shown in Fig. 6.19(a), when the UV pulse arrive before the NIR probe,
the yield of the four-body coincident channel increases. As a reference, in Fig. 6.19(b),
we plot the delay-dependent parent ion (C4HgO™) yield. While the parent ion yield is
dominated by the cross-correlation between the UV and NIR pulses, it exhibits the opposite
trend, decreasing when the UV pulse arrives before the NIR. Similar behavior for both
channels was observed in® for furan. The increase in the coincidence channel yield can be
rationalized considering the increase in multiple ionization and fragmentation probability
because of the energy deposited by absorption of the 200 nm UV photon. Furthermore,
multiple ionization can be significantly enhanced if some molecular bonds stretch because of
the UV excitation of the molecule!'®®. At the same time, the increase in multiple ionization
and fragmentation depletes the yield of singly charged, bound parent ions, resulting in the

corresponding decrease at neagative delays in Fig. 6.19(b).
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Newton diagrams

After extracting the momentum information from the experimental data, we analyze the de-
pendence of the four-body coincidence channel on the delay between the UV pump and NIR
probe pulses. In Fig. 6.20, we present the Newton diagrams (normalized to the momentum
distribution of the O" ion) for six different pump-probe delays, ranging from —1020 fs to
+300 fs. All diagrams share the same color scale. As before, we use the momentum vector of
O™ to define the positive x-axis of the molecular reference frame, together with the momen-
tum of the first detected C* ion to fix the (x,y)-plane. Since the arrival time (and, thus,
the detection order) does not depend on the initial carbon position within the ring, this
procedure effectively averages the experimental Newton diagram over all representations
from CES shown in Figs. 6.11, 6.12 and 6.13. in Fig. 6.20.

By comparing the Newton diagrams at different delays, the most pronounced difference
is the increase in the ion yield for UV-excited molecules (i.e., at negative delays, where the
UV pump pulse precedes the NIR probe), as already observed in Fig. 6.19(a). Beyond this, it
is difficult to clearly identify any effect of the UV pump pulse on the shape of the correlated
momentum distributions. While from the 2D plots suggest that more carbon ions with low
P, and P, momenta are produced when the UV pulse arrives earlier, a quantitative analysis
of the 1D momentum projections or the KE distributions does not support this observation

beyond the level of statistical error.

Angular distributions

In order to further explore potential signatures of UV-induced dynamics in the measured
four-fold coincidence data, we consider the delay dependence of the measured angular dis-
tributions of the fragments in the molecular frame. Specifically, Fig. 6.21(a) shows the
azimuthal angular distribution ¢ of the carbon ion momentum vectors relative to the O
momentum in the four-body coincidence channel (CT+C*+Ct+0O") as function of pump-

probe delay. Fig. 6.21(b) displays the 1D projections of this distribution onto the azimuthal
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Figure 6.20: Newton diagrams of the four-body coincidence channel of 2,3-
DHF at different pump—probe delay bins.

The molecular plane is defined using the momentum vector of Ot as the x-axis, together with the
momentum vector of the first detected CT ion. Panels correspond to different pump-probe delay
ranges: (a) —960 to —900 fs; (b) —600 to —500 fs; (c) —420 to —360 fs; (d) —240 to —180 fs; (e) 0
to 60 fs; and (f) 180 to 240 fs. Both P, and P, are plotted over the range —300 to 300 a.u. in steps
of 100 a.u., and the color scale is fized for all panels shown in the bottom right. Negative delay
values indicate that the UV pulse arrives before the IR pulse (UV early, IR late), while positive
values indicate that the IR pulse arrives before the UV pulse (UV late, IR early)
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Figure 6.21: Angular distribution of the carbon ions from 2,3-DHF experiment
as a function of pump—probe delay.

(a) Azimuthal angular distribution of the three detected Ct fragments relative to the Ot momentum
vector as a function of pump—probe delay. (b) Corresponding one-dimensional angular distribution
projected onto the azimuthal angle ¢ axis at different pump—probe delays: —960 to —900 fs (blue),
—240 to —180 fs (red), 0 to 60 fs (orange), and 180 to 240 fs (purple).

angle (¢) axis at four different pump—probe delays. These results can be directly com-
pared with the CES results for angular distributions shown in Figs. 6.15 and 6.16. While
the experimental data shown in Fig. 6.21(b) resemble the average of the simulated angular
distributions for different excited-state geometries of the 2,.3-DHF (Fig. 6.15(d-f)), the dis-
tributions do not change with the delay beyond the statistical uncertainty. A clear delay
dependence that can be observed in Fig. 6.21(a) once again reflects the increase of the four-
body coincidence channel yield upon UV excitation but does not reveal any clear change in

the measured angular distribution.

6.3 Conclusion and outlook

The results presented in this chapter lay the groundwork for using CEI to study UV-induced
ring conversion dynamics in 2,3-dihydrofuran. Coulomb explosion simulations based on the
time-dependent geometries obtained using ab initio multiple spawning trajectories demon-

strate including different ring-conversion pathways, ring puckering, ring opening, and the
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formation of a three-membered ring, can be disentangled and characterized using time-
resolved CEI. However, in contrast to our recent study of UV-induced dynamics in furan®,
where sorting the detected carbon ions according to their KE enabled unique identification
of individual carbon positions in the ring-open products, for 2,3-DHF, this sorting scheme
was shown to be less successful. Consequently, the experimental Newton diagrams used a
molecular reference frame determined using a random carbon ion, which still works well
for ring-closed geometries, but may introduce ambiguity for imaging ring-opened or ring-
puckered structures.

To overcome this limitation, further analysis and data sorting routines, potentially in-
cluding a combination of fragments’ KEs, angles between carbon and oxygen momenta or
between different carbon ion momentum vectors, might need to be considered. First steps
in this direction are outlined in Ref.'#? for C;Hg isomers, which do not contain any unique
marker atoms. Furthermore, for 2,3-DHF, where the KE difference between different car-
bon fragments is largely determined by the number of hydrogen atoms initially attached to
them (see Figs. 6.2, 6.5-6.8), the angles between carbon and hydrogen ion momenta may
help identify initial carbon positions. However, such analysis will require higher-order co-
incidence measurements, which would require detecting at least two protons in addition to
carbon and oxygen ions considered in this work. Such multi-coincidence measurements will
likely become feasible soon!%’ especially with the availability of high-repetition-rate laser
and XFEL sources.

The initial experimental results presented in this chapter suggest that detailed informa-
tion about UV-induced ring conversion dynamics in 2,3-DHF could potentially be obtained
using CEI driven by intense NIR laser pulses. However, no clear structural information
has been extracted from the recorded pump-probe data. The reasons for this remain un-
clear. First, the pump-probe contrast of the experiment could have been insufficient. While
the yields of both the singly charged parent ion and four-body coincidence channel used

to characterize molecular geometry show clear delay dependence (see Fig. 6.19), the con-
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trast for both channels is about half that observed for the same channels in furan®, where
ring opening dynamics could be clearly visualized. Second, the signal-to-noise ratio of the
measured CEI patterns in combination with the lack of reliable routine for identifying ini-
tial carbon ion positions could be a limiting factor for identifying contributions from ring
opening or ring puckering processes. Thus, further analysis and follow-up experiments with
improved signal-to-background ratio are needed to achieve the ultimate goals of this study.
Improvements to the experimental setup, including better background pressure in the reac-
tion chamber, employing shorter UV pulses, and increasing the repetition rate of the laser
could provide decisive steps forward. Despite current limitations, the initial experimental
data and simulation results suggest that 2,3-DHF is a promising model system for observing

prototypical ring conversion dynamics.
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Chapter 7

Summary and outlook

This dissertation presents a detailed investigation of the applications of Coulomb explo-
sion imaging (CEI) and pump-probe methodologies for probing ultrafast molecular dy-
namics in three representative systems: ethylene, 2(5H)-thiophenone (thiophenone), and
2,3-dihydrofuran (2,3-DHF). By combining experimental data with classical Coulomb ex-
plosion simulations and time-resolved coincidence ion momentum imaging, we explore the
fragmentation behavior and structural evolution of these molecules upon ionization and
photoexcitation.

In the case of ethylene, we systematically studied complete and incomplete three-, four-,
and five-body fragmentation pathways initiated by strong near-infrared laser pulses. Despite
the known overestimation of kinetic energies (KEs) in classical simulations, the normalized
momentum correlations, visualized through Newton diagrams, show strong agreement with
experimental results. This confirms the robustness of CEI in analyzing multi-body frag-
mentation dynamics and lays a methodological foundation for future time-resolved studies
in more complex polyatomic systems. A more quantitative agreement with experiment is
achieved if the realistic potential energy surfaces for the final state of the fragmentation are
available.

More specifically, we have demonstrated the separation of the concerted and two different
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sequential channels for complete three-body breakup of ethylene. We have separated ‘cis-’
and ‘trans-fragmentation’ pathways for complete four-body fragmentation and analyzed 3-,
4-, and 5-particle coincidence data obtained from the complete atomization of the molecule.
Our results show that the latter breakup pathway would be optimal for CEI; however, for
incomplete channels, they contain significant background contributions that increase with
the number of detected protons. Complete 6-particle detection for this channel has not been
realized in this work and remains a near-future goal, which, based on recent results for other
molecules'?, is realistic to achieve.

For thiophenone, we successfully captured sub-200 fs UV-induced ring-opening dynamics
using pump—probe CEI. Analysis of two distinct four-body coincidence channels, C* +C* +
O" + ST and H* + C* + O" + ST, revealed consistent changes in angular distributions,
particularly in the momentum vector of O, indicating transitions from ring-closed to ring-
open geometries. A good agreement between these channels and supporting CE simulations
validates the structural sensitivity and temporal resolution of the technique for tracking
photo-induced chemical transformations. Further analysis of these data might enable more
specific photoproduct characterization. We have also shown that even better structural
imaging, especially for hydrogen atom positions, can be achieved using XFEL pulses to drive
CEIL However, the attempts to directly visualize the ring-opening dynamics in thiophenone
have not been successful so far, and the analysis of the time-resolved XFEL data is still
underway.

In contrast, the study of 2,3-DHF proved more challenging. Although simulations and
experimental CEI data both suggest UV-induced structural evolution, the kinetic energy
distributions of the carbon ions are too similar to allow for unambiguous assignment of
molecular geometry changes. Unlike prior studies on furan®®, where KE signatures enabled
confident identification of ring-opening dynamics, the more uniform KE profile in 2,3-DHF
complicates interpretation. Newton diagrams and angular analyses do hint at possible ring-

puckering and ring-opening behavior, but further work is needed to confirm these dynamics.
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To overcome these limitations, future analyses should integrate angular distributions
with Newton diagrams to better distinguish fragment ions in the four-body coincidence chan-
nels. Normalization to the number of events per time-delay bin will be critical for quantita-
tively assessing pump—probe effects. Experimentally, improvements such as shorter-duration
UV pulses or the use of free-electron lasers (FELs) could enhance structural sensitivity and
signal clarity.

In summary, this work demonstrates the powerful capabilities of CEI in capturing ultra-
fast structural changes across a range of molecular systems. From benchmarking methodolo-
gies in ethylene to directly visualizing UV-induced dynamics in thiophenone and exploring
complex fragmentation in 2,3-DHF, these studies collectively highlight both the promise and
the challenges of applying CEI to time-resolved molecular imaging. The insights gained here
pave the way for more refined techniques in ultrafast spectroscopy and chemical reaction
dynamics.

Looking forward, the continued development of CEI combined with ultrafast pump—probe
techniques holds great promise for exploring more complex molecular systems and reaction
pathways with both spatial and temporal resolution. To advance the current limitations
observed in systems like 2,3-DHF, future efforts should focus on enhancing fragment ion
discrimination through improved data analysis strategies, and on optimizing experimental
parameters, including the use of shorter UV pulses or alternative ionization sources like
free-electron lasers (FELSs).

Expanding CEI to study transient intermediates in larger organic and bio-relevant molecules
will not only deepen our understanding of fundamental photochemical processes, but also
open doors for designing photoactive materials, drugs, and molecular devices, guided by
real-time structural feedback. Moreover, in view of the extreme complexity and multidi-
mensionality of the CEI data demonstrated in this work, it will be very natural to employ
machine learning techniques to sort such data sets, identify and separate different struc-

tures, and assess on the level of agreement with theory. First steps recently undertaken in
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this direction in Ref.'*’, in combination with orders-of-magnitude higher repetition rates
of the JRML’s new KONZA laser and LCLS-II XFEL facility, make further developments
of ultrafast molecular imaging with multi-coincidence Coulomb explosion a very promising

research direction.
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Appendix A

Coulomb explosion imaging of
three-body and four-body complete

fragmentation of ethylene

This Appendix includes content related to Chapter. 4.

A.1 Coulomb explosion imaging of three-body com-

plete fragmentation of ethylene

A.1.1 Theoretical calculations provided

For the theoretical calculations as shown in Fig. A.1, which were done by Prof. Loren
Greenman and Dr. Paresh Modak. They calculated a two-dimensional potential energy
surface for the breakup of CoH3" into CHT, CHJ, and H* fragments. The relevant C-H
and C-C bond lengths were systematically varied without reoptimizing the remaining in-
ternal coordinates. The energies were computed at the contracted MRCI level of theory 7,

based on a CASSCF(4,8) calculation'®® and using the cc-pVTZ basis set ' in the MOLPRO

221



software package!®’. These potential energy curves were compared to Coulomb curves ex-
trapolated to large bond lengths. The effects of geometry optimization, active space size,

and state-averaged excited-state treatments were also considered, but are not shown. For the
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Figure A.1: Theory Calculation of potential energy surface of triply-charged ethylene ob-
tained from Dr. Paresh Modak and Prof. Loren Greenman.

The first plot shows the Coulomb energy overlaid on the actual potential energy surface (PES),
including both a full view and a close-up of the Franck—Condon (FC) region. The second plot
displays the PES alone, focused on the FC region.

relaxation energy calculations, which were carried out by Dr. Paresh Modak, the methods
he used are described below:

To assess the impact of geometry relaxation on the electronic structure of the multiply
charged ethylene molecule, multic-onfigurational self-consistent field (CASSCF) calculations
were performed by our collaborator. The calculations employed the augmented correlation-
consistent polarized valence triple-zeta (aug-cc-pV'TZ) basis set and a complete active space
(CAS) comprising five electrons in five orbitals, denoted as CAS(5,5). The energies of
four electronic states—ground state (GS) and three excited states (Ex1, Ex2, Ex3)—were

evaluated under different geometrical constraints.
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Case 1: Fixed rcy at Franck—Condon (FC), rcc — oo In this case, the C-H bond
length (rcp) was fixed at its Franck-Condon (FC) value, while the C-C bond (rc¢) was set
to an asymptotically large value of 16.42 A. The relaxation energy, defined as the difference

between the unrelaxed and relaxed geometries for each state, was computed:

State GS Ex1 Ex2 Ex3
Relaxation Energy (eV) 1.961 1.113 1.922 0.546

Case 2: rcy = 8.38 A, roc = 16.67 A Here, both the C-H and C-C bonds were fixed at
asymptotically large separations. The corresponding relaxation energies for the four states

were much smaller, indicating minimal structural relaxation at large interatomic distances:

State GS Exl Ex2 Ex3
Relaxation Energy (eV) 0.014 0.051 0.057 0.002

Case 3: Fixed rcc at FC, reg = 16.15 A In this configuration, the C-C bond was
kept at its Franck-Condon value while rcy was extended to a large value. The calculated

relaxation energies are as follows:

State GS Exl Ex2 Ex3

Relaxation Energy (eV) 0.478 1.200 0.672 0.860
These calculations provide insight into how geometry relaxation influences the electronic
structure across different molecular configurations. In particular, the significant energy
differences observed in Cases 1 and 3 reflect the localized nature of the electronic states
when only one bond is dissociated, while Case 2 suggests nearly negligible relaxation when

the molecule is fully dissociated.

A.1.2 Concerted breakup and experimental data

We show the three-body experimental data in Fig. A.2, and we plot the non-normalized

Newton diagrams of experimental data shown in Fig. A.3. Fig. A.4 shows the separated
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concerted breakup experimental data compared with Coulomb explosion simulation using
the non-normalized Newton diagrams and KERs. Fig. A.5 (a) shows the gate used for the

separated concerted breakup experimental data.
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Figure A.2: Native frame analysis of ethylene experimental data of three-body fragmenta-
tion.

All events of the HY + CH™ + CHy"t fragmentation channel are plotted as (a-b) Newton diagrams
measured in coincidence. For (a), the momentum of CHy" is normalized to 1, pointing to the P,
axis (orange arrow),and the relative momenta of HY and CHT fragment ions are plotted in the
upper and lower half. For (b), the momentum of H" is normalized to 1, pointing to the P, axis
(orange arrow), and the relative momenta of CH™ and CHy™ fragment ions are plotted in the upper
and lower half. (¢). N(KERg_cu, ©u—cu, cm,) and the black box is marked to be the sequential
breakup via CHY + CHyt fragmentation (d). N(KERcH_cH,, OcH-CcH,, 1) distributions for
three-body fragmentation channel HY + CHY + CHyt The black box is marked to be the sequential
breakup via HY + CoH3t (e). Kinetic energy distribution of each fragment ion detected H™, CHT,
CHy™, and the sum of total KER.

A.1.3 Sequential breakup and experimental data

Fig. A.6 shows the original version of Fig. 4.7(a) and (c), before background subtraction

and without applying any selection conditions. The scaling ratios applied to the momen-
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Figure A.3: Newton diagrams for three-body concerted breakup of ethylene experimental
data.

(a) and (c) the relative normalized Newton diagrams measured in coincidence in linear scale color
map. For (a), the momentum of CHy"™ is normalized to 1, pointing to the P, azis (orange ar-
row),and the relative momenta of H™ and CH' fragment ions are plotted in the upper and lower
half. For (d), the momentum of H' is normalized to 1, pointing to the P, axis (orange arrow),
and the relative momenta of CH™ and CHy™ fragment ions are plotted in the upper and lower half.
(b) and (e) the relative non-normalized Newton diagrams measured in coincidence in linear scale
color map. (c) and (f) the relative non-normalized Newton diagrams measured in coincidence in
log scale color map. For (b)and(c), the momentum of CHa™ is pointing to the P, axis (orange
arrow),and the relative momenta of H" and CH' fragment ions are plotted in the upper and lower
half. For (e)and(f), the momentum of H' is pointing to the P, axis (orange arrow), and the
relative momenta of CHT and CHo™" fragment ions are plotted in the upper and lower half.
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Figure A.4: Separated three-body concerted breakup of ethylene experimental data and
Coulomb explosion simulation comparison.

(a)-(c) Separated concerted breakup events from experimental data. (d)-(f) Coulomb explosion
Simulation of concerted breakup channel. (a)(b)(d)(e) are the relative non-normalized Newton
diagrams and (c) is the kinetic energy release of experimental data, (e¢) KER from the Coulomb ex-
plosion simulation for concerted breakup using Wigner distribution at 60K of ground state ethylene
optimized at the BSLYP /aug-cc-pVDZ level of theory with total KER ratioed to calculated Coulomb
explosion KER of 16.5¢V (to match the experiment KER)

tum distributions from the Coulomb explosion simulations were determined by matching the
simulated kinetic energy releases (KERSs) to the calculated energy differences of different po-
tential surfaces (PESs). Specifically, each ratio was computed as the square root of the ratio
between the simulated kinetic energy release (from two-body CES) and the corresponding

calculated energy differences as shown in Table A.1:

Sequential breakup via CHj + CHj
Fig. A.7 shows the non-normalized Newton diagrams version of Fig. 4.9.
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Figure A.5: Three-body concerted breakup of ethylene experimental data separation.
N(KERcH -cH,, OcH-CH,, u)distributions for three-body fragmentation channel for (a) all HT +
CH" + CHy"' events, the black box are the selected region for gating out the concerted events , (b)
the selected concerted events and (c) the KER for the complete HY + CH™ + CHy™ fragmentation
channel of the selected concerted events. (d)-(f) Relative Newton diagrams of the Ht + CH" +
CHyt fragmentation channel of the selected concerted events.

Breakup channels

1st step KER sim

1st step PES diff

1st step ratio

2nd step KER sim

2nd step PES diff

2nd step ratio

via CHj + CHJ
via HT + CZH?r

19.435 eV
17.745 eV

11.679 eV
11.941 eV

1.29
1.219

19.75 eV
9.75 eV

4.751 eV
2.527 eV

2.008
1.964

Table A.1: Ratios used in different sequential breakup channels in two-step CES of ethylene.

First, we investigated the two-body breakup channel CHy + CHJ as a preliminary step
in analyzing the sequential fragmentation pathway via CH3" + CHJ. The experimentally
obtained kinetic energy distribution for this two-body breakup shows a kinetic energy release
(KER) of approximately 5.865 eV per fragment (both ions have the same KER due to equal
mass), as shown in Fig. A.8, yielding a total KER of 11.73 eV. This value aligns well with
our theoretical calculation, which predicts a total energy release of 11.678755 eV.

The theoretical energy corresponds to an energy release of 9.7175 eV (14.8247-5.10727)
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Figure A.6: PIPICO maps of two-body fragmentation of ethylene used for analyzing the
sequential breakup channels.

The regions of the PIPICO map for (a) HY + CoH3" and (b) CHy + CH3" channels. Green crosses
mark the centers of the time-of-flights (TOFs).

from the C-C bond stretching, from the equilibrium bond length of 1.32 A to 150.92 A,
with the C-H bond length fixed at 1.08 A. A relaxation energy of 1.96125 eV, calculated
by Dr. Paresh Modak (using rcg = FC, with a C~C bond distance of 16.42 A), is summed
to obtain the final theoretical KER.

In the theoretical model, first step simulation corresponds to a near-asymptotic config-
uration where the C—H bond distance rcy remains near its equilibrium value (i.e., the
Franck—Condon point), while the C-C bond is significantly stretched, reaching rcc =
150.92 A releasing kinetic energy as shown in Fig. A.9. This configuration reflects the
dissociative nature of this CH3™ + CHJ sequential fragmentation pathway.

To model the sequential dissociation channel yielding CH2" and CHJ, a two-body
Coulomb explosion simulation is performed in the first step by assigning charges of +2
and +1 to the two CHy fragments, respectively. The resulting three-dimensional momen-

tum vectors are scaled by applying the square root of the energy ratio, such that the kinetic
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Figure A.7: Three-body sequential fragmentation of ethylene

and experimental data analysis.
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(a)-(c) Separated CHo*T 4+ CH, ™ sequential breakup events from experimental data. (d)-(f)
Coulomb explosion Simulation of sequential breakup channel via CHy?* + CHy*. (a)(b)
and (d)(e) are the relative non-normalized Newton diagrams. (c) and (f) are the kinetic
energy distributions from experimental data and Coulomb explosion simulation respectively.
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Figure A.8: Separated three-body sequential fragmentation channel of ethylene experimental
data via CHJ + CH3" intermediate.

N(KERy_cu, On_cu, cu,) distributions for three-body fragmentation channel for (a) all H™ +
CH" + CHy™ events, the black box are the selected region for gating out the sequential events, (b)
the selected sequential events and (c) the KER for the complete H" + CH" + CHy* fragmentation
channel of the selected sequential events. (d)-(f) Relative Newton diagrams of the H" + CH' +
CHyt fragmentation channel of the selected sequential events.

energy release (KER) from the Coulomb repulsion between CH3" and CHJ after propagat-
ing for 50 ps matches the total energy release of 11.678755 eV, as predicted by quantum
chemical calculations. The scaled momenta define the velocities of the fragments at a sep-
aration time of 50 ps. From this point onward, the CH; fragment is assumed to continue
with constant velocity (i.e., without further interaction), while the CH3" fragment undergoes
random rotation and subsequent fragmentation in the second step.

In the second step, the CH3" fragment is assumed to undergo random rotation about
its center of mass before Coulomb exploding into H* and CH*. We sampled 21 random
rotation angles uniformly distributed in the interval (0,27]. At the instant of the second

breakup, the +2 charge is redistributed to the centers of mass of the resulting fragments,
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@  C-Cbond distance

and a second Coulomb explosion simulation is performed. The momentum vectors of the
second-step products are scaled to match a total KER of 4.75507 eV, as predicted by quan-
tum chemical calculations. This energy release corresponds to the scenario of the energy
difference calculated from the PES, where the C—H bond stretching with the C-C distance
is fixed at 150.92 A (in which C-C bonds are stretched in the first step).

This energy release 4.7507 eV (5.10727-0.3566) corresponds to the potential energy dif-
ference on the potential energy surface (PES), where the C-H bond is stretched (C-H bond
stretch from the equilibrium bond length of 1.08 A to 75.88 A) while the C-C distance
is fixed at 150.92 A (the C—C bond was already stretched during the first step) as shown
in Fig. A.10. In the second step, the CH3" fragment is assumed to undergo random ro-
tation (there are different types of rotations shown in Figs. A.12- and A.14. The discrete
distribution from the Native frame plots in the simulations of CHj + CH3" is due to only
21 angles chosen for sampling the simulation) about its center of mass before undergoing
Coulomb explosion into Ht and CHT. We sampled 21 random rotation angles uniformly
distributed over the interval (0,27]. At the moment of the second breakup, the +2 charge

is redistributed to the centers of mass of the resulting fragments, and a second Coulomb ex-
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Figure A.10: Energy difference from PES of triply-charged ethylene of C—H bond extension
with C-C bond already extended to 150.92 A. 1D projection of Fig. A.1.

plosion propagating up to 1000 ps is performed. The momentum vectors of the second-step
products are scaled to match a total kinetic energy release (KER) of 4.7507 V.

The final momenta of CHT and HT are computed as the vector sum of the scaled mo-
mentum of the second-step fragments (from the Coulomb explosion of CH3") and the scaled
momentum of the rotating CH3" fragment from the first step. That is, both steps are
individually scaled to match their respective energy releases before summation. The final
momentum of the CHJ fragment is taken directly as the scaled momentum from the first
step, since it undergoes no further fragmentation.

In the second step from the Coulomb Explosion Simulation (CES), we tested several
rotational scenarios (as shown in Fig. A.11, Fig. A.12, Fig. A.13, Fig A.14, and Fig. A.15)
and found that the best agreement with experimental data is achieved when the intermediate
fragment undergoes fully random rotation about a random axis passing through the center
of mass of CH3™.

The resulting Newton diagrams, shown in Fig. 4.9, successfully reproduce the experi-
mental features. The black box in Fig. 4.4(a) corresponds to the same gating condition used

to isolate the sequential breakup events via CH5" + CHJ. The simulated Newton diagrams
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exhibit good consistency with the experimental data, successfully reproducing the features
of the random rotational dynamics of CH3" following the initial two-body breakup.

For the three-body sequential fragmentation observed in the experimental data, a dis-
tinct feature can be extracted from the N(KERy_cn, Ou_cn, cn,) distribution, where a
characteristic band extends along the Oy_cn, cn, axis. By applying a gate to this region,
we isolate events that exhibit clear signatures of sequential fragmentation, which become
more evident under Newton diagram representations.

To distinguish this channel, we note that the rotation angle © between the CH—CH,
fragment pair and the H' is not strongly correlated with the KERcy_cn,. The angular
distribution of © spans nearly the entire range from 0° to 180°, indicative of random rotation
of the intermediate species prior to breakup. Due to the finite detection efficiency of the
microchannel plate (MCP) detector, event statistics are reduced near the angular edges.

By applying a gating condition along the sharp linear feature, as shown by the black
box in Fig. 4.4(a)—where KERy_cn ranges from 3.4 to 6.1 eV and ©y_cn, cn, spans 0°
to 180°—we successfully isolate the sequential fragmentation pathway via CH3" + CHJ, as
illustrated in Fig. 4.2.

Fig. A.15 shows the same simulation as Fig. A.13 but with 100 different angles sampledd
with randomly chosen 1/10 of geometries of Fig. A.13 where it’s sampledd with 21 different

angles.

Sequential breakup via H* 4 CoH5"

The sequential fragmentation channel H* + C,H3 " is assumed to exhibit the same relative
kinetic energy release (KER) to the hydrogen fragment as observed in the concerted breakup
channel. In this mechanism, the H atom is first ejected from the molecule, and after a time
delay, the remaining CyHj fragment undergoes free rotation and spatial roaming before
breaking apart. As a result, this sequential channel is modeled with increased angular

freedom in the relative angle ©cy_c,, 1.
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Figure A.11: CES of three-body fragmentation of ethylene via CHf + CHy" sequential
breakup.

(a)-(c)Relative Newton diagrams of the H + CHY + CHy™ fragmentation channel from the
Coulomb explosion simulation of C’HéF + CH%Jr sequential breakup with a random rotation axis.
(d) NNKERy—cu, ©On—cH, cm,) distributions for three-body fragmentation channel: Ht + CH'
+ CHy' from the Coulomb explosion simulation of CH; + CH§+ sequential breakup. (e) the
NKERcH-cH,, OcH-CH,y, 1) distributions for three-body fragmentation channel: HY + CH' +
CHy™ from the Coulomb explosion simulation of C'HéF + CH§+ sequential breakup. (f) KER from
the Coulomb explosion simulation of CH; + CH§+ sequential breakup.

To isolate this sequential breakup pathway, we applied a gating condition on the same
KER window used for the concerted breakup—specifically, KERcy_cpn, ranging from 5.35
to 6.35 eV—and an angular range of ©cy_cn,, u spanning 0° to 180°. This gating, indicated
by the black box in Fig. 4.4(b), allows us to distinguish the sequential breakup channel
H* + CoH3", which reflects the broader angular distribution arising from the rotational mo-
tion of the intermediate fragment. For the dissociation channel yielding H* + C,H3", we
also separate the simulation into two corresponding two-body breakup processes. The ex-
perimentally obtained kinetic energy distribution for this two-body breakup shows a kinetic

energy release (KER) of approximately 11.37 eV, as shown in Fig. 4.7. This value is slightly
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Figure A.12: CES of three-body fragmentation of ethylene via CHf + CHy" sequential
breakup with different rotation in the second step vl.

(a)-(c)Relative Newton diagrams of the H + CHY + CHy™ fragmentation channel from the
Coulomb explosion simulation of CHéF + CH§+ sequential breakup with second step rotate ac-
cording to an axis which is going through the COM of C’H%+ and perpendicular to plane made
up by the wvectors pointing from the COM of CH§+ to the COM of CH and H fragments. (d)
NKERy_cH, ©Ou_cH, cH,) distributions for three-body fragmentation channel: H"™ + CHT
+ CHy' from the Coulomb explosion simulation of CH;r + CH§+ sequential breakup. (e) the
NKERcH-cH,, OcH-CH,y, 1) distributions for three-body fragmentation channel: HY + CH'Y +
CHs™ from the Coulomb explosion simulation of CH;r + CH%+ sequential breakup. (f) KER from
the Coulomb explosion simulation of CH;r + C’H%+ sequential breakup.

lower than our theoretical prediction, which yields a total energy release of 11.9414 eV.

The theoretical energy of 11.9414 eV consists of a Coulomb energy release of 12.4197 eV
(calculated as 14.8257 eV minus 2.4050 eV as shown in Fig. A.17) from C-H bond stretching,
where the bond length increases from the equilibrium value of 1.08 A to 75.88 A, while
the C-C bond length is fixed at its equilibrium value of 1.32 A. A relaxation energy of
0.47829 eV, calculated by Dr. Paresh Modak (using rcc = FC, with a C—C bond distance
of 16.15 A), is subtracted to obtain the final theoretical KER.
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Figure A.13: CES of three-body fragmentation of ethylene via CHy + CH5' sequential
breakup with different rotation in the second step v2.

(a)-(c)Relative Newton diagrams of the H + CHY + CHy™ fragmentation channel from the
Coulomb explosion simulation of CH; + CHSJr sequential breakup with second step rotate according
to an axis which is going through the COM of C’H%Jr and perpendicular to the C-C bond which
is pointed from COM of CH%“L to COM of C’HQJF. (d) NkERy _cys OH—CH, CH, distributions for
three-body fragmentation channel: HW + CH" + CHy™ from the Coulomb exzplosion simulation of
CHQ|r + CH%Jr sequential breakup. (e) the N(KERcH_cH,, OcH-CH,, i) distributions for three-
body fragmentation channel: H" + CHT + CHy™ from the Coulomb explosion simulation of CH;'
+ C’HSJr sequential breakup. (f) KER from the Coulomb explosion simulation of CHQ+ + CH%Jr
sequential breakup.

In the first-step simulation, we explored different lengths of propagation time for the
two-body breakup channel H* + CoH3".

In the theoretical model, first step simulation corresponds to a near-asymptotic config-
uration where the C—C bond distance r¢e remains near its equilibrium value (i.e., the
Franck—Condon point), while the C-H bond is significantly stretched, reaching rcc =
75.88 A and releasing kinetic energy. This configuration reflects the dissociative nature
of this H* 4+ CoH2" sequential fragmentation pathway.

To model the sequential dissociation channel yielding H* and CoH3", a two-body Coulomb
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Figure A.14: CES of three-body fragmentation of ethylene via CHy + CH;' sequential
breakup with different rotation in the second step v3.

(a)-(c)Relative Newton diagrams of the H + CHY + CHy™ fragmentation channel from the
Coulomb explosion simulation of CH; + CHSJr sequential breakup with second step rotate according
to an axis which is parallel to the C-C bond which is pointed from COM of C’H%+ to COM of CH;.
(d) N(KERy—cH, Ou—cH, cu,) distributions for three-body fragmentation channel: H" + CHY
+ CHy™ from the Coulomb explosion simulation of CH; + C’H§+ sequential breakup. (e) the
NKERCch’HQ? OcH-cHy, o distributions for three-body fragmentation channel: HT + CHVY +

CHyt from the Coulomb explosion simulation of C’H;r + C’Hg+ sequential breakup. (f) KER from
the Coulomb explosion simulation of C’H;r + CH§+ sequential breakup.

explosion simulation is performed in the first step by assigning charges of +2 to the CoHj
and +1 to the H fragment. The resulting three-dimensional momentum vectors are scaled by
applying the square root of the energy ratio such that the kinetic energy release (KER) from
the Coulomb repulsion between H** and C2H§+ after propagating for 50 ps matches the to-
tal energy release of 11.5118 eV, as predicted by quantum chemical calculations. The scaled
momenta define the velocities of the fragments at a separation time of 50 ps. From this
point onward, the H" fragment is assumed to continue with constant velocity (i.e., without

further interaction), while the CoH3" fragment undergoes random rotation and subsequent

237



2 6 8 2 [140
15 80 ab ot 7 1.5 120
H+ *‘:\k‘ +
0; 60 2 XCH ° 1 /-H+ b
- 0. > = 0.5
o S + o i 5n . ! feo
s - CH, 40 © ° { H* a3 O N CH 60
= .05 % = 05 CH.*
3 2
R 40
2 45 20
1 -2
-2 -1 0 1 2
{f) rel. PX

110" 2000

1500 |

counts

1000

500 U
= 10° M
10 15 20 25 0 25 L \

> 5 10 15 20
KERy.cx (eV) KERcH-cH, (eV) o5 w0 15 2

KE leV

0

Figure A.15: CES of three-body fragmentation of ethylene via CHy + CH5' sequential
breakup with different rotation in the second step v2 with more sampling angles.

N(KERp_cH, Ou—cu, cu,) distributions for three-body fragmentation channel for (a) all H +
CH"™ + CHy™ events, the black box is the selected region for gating out the sequential events , (b)
the selected sequential events and (c) the KER for the complete H" + CH™ + CHy" fragmentation
channel of the selected sequential events. (d)-(f) Relative Newton diagrams of the H" + CH'T +
CHy™t fragmentation channel of the selected sequential events.

fragmentation in the second step.

In the second step, the CoH3" fragment is assumed to undergo random rotation about
its center of mass before Coulomb exploding into CH* and CHJ. We sampledd 21 random
rotation angles uniformly distributed over the interval (0,27]. At the instant of the second
breakup, the +2 charge is redistributed to the centers of mass of the resulting fragments,
and a second Coulomb explosion simulation is performed. The momentum vectors of the
second-step products are scaled to match a total kinetic energy release (KER) of 2.5267 eV,
as predicted by quantum chemical calculations.

This energy release corresponds to the potential energy difference calculated from the

potential energy surface (PES), where the C-C bond is stretched while the C-H distance is
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Figure A.16: Three-body sequential fragmentation of ethylene via HY + CyHs*" : simula-
tion and experimental data comparison.

(a)-(c) Separated HY + CyH3** sequential breakup events from experimental data. (d)-(f) Coulomb
explosion Simulation of sequential breakup channel via CHy?>T + CHyt. (a)(b) and (d)(e) are the
relative non-normalized Newton diagrams. (c) and (f) are the kinetic energy distributions from
experimental data and Coulomb explosion simulation respectively.
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Figure A.17: Energy difference from PES of triply-charged ethylene of C—H bond extension,
C-C bond stays in Franck-Condon point. 1D projection of Fig. A.1.

fixed at 75.88 A (the C-H bond was already stretched in the first step).

The total calculated energy release of 2.5267 eV consists of a Coulomb energy release
of 2.0484 eV (obtained from 2.4050 eV minus 0.3566 eV as shown in Fig. A.18), which
corresponds to the potential energy difference when the C-H bond is stretched from its
equilibrium length of 1.08 A to 75.88 A, while the C-C distance is held fixed at 150.92 A
(already stretched during the first step). An additional relaxation energy of 0.47829 eV,
calculated by Dr. Paresh Modak (using rcc = FC, with a C-C bond distance of 16.15 A),
is added to obtain the final theoretical KER.

In the second step, the CoH3" fragment is assumed to undergo random rotation about
its center of mass before undergoing Coulomb explosion into CH* and CH;. We sampledd
21 random rotation angles uniformly distributed over the interval (0,2x]. At the moment
of the second breakup, the +2 charge is redistributed to the centers of mass of the resulting
fragments, and a second Coulomb explosion propagating up to 1000 ps is performed. The
momentum vectors of the second-step products are scaled to match a total kinetic energy
release (KER) of 2.5267 eV.

The final momenta of CH™ and CH; are computed as the vector sum of the scaled

240



(b) | rcc=1.32 A

a Energy=2.4050eV
@ R, =75.88 Gl
CH :
o Coulomb Potential Calculated
° EMRCI -
_— f\z ~~
— (c)

rCC=150.92 A
Energy=0.356619eV

X 150.92
Y 0.356619

v

~

ol L a—
160

C-C bond distance (ang) = * = -

Figure A.18: Energy difference from PES of triply-charged ethylene of C—C bond extension
with C-H bond extended already to 75.88 A. 1D projection of Fig. A.1.

momentum of the second-step fragments (from the Coulomb explosion of CoH3") and the
scaled momentum of the rotating CoH3" fragment from the first step. That is, both steps
are individually scaled to match their respective energy releases before summation. The
final momentum of the H* fragment is taken directly as the scaled momentum from the
first step, since it undergoes no further fragmentation.

The resulting Newton diagrams, shown in Fig. 4.10. The gating condition used to iso-
late the sequential breakup pathway events via H* 4+ CoH3" is shown as the black box in
Fig. 4.4(b).

The final simulation results for the sequential dissociation pathway via H* + CoH3 ', as
shown in Fig. 4.10, demonstrate good consistency with experimental observations of this
isolated sequential fragmentation channel. However, the simulated kinetic energy (KE)
distributions of CHT and CHj are lower than the experimental values. This discrepancy
arises from the scaling factor used in the second step, where the predicted KERcy_cm,
is 2.5267 eV, which is smaller than the experimentally observed value. Additionally, the
simulated KE of H is higher than that observed experimentally.

Nonetheless, the relative Newton diagram in Fig. 4.10 clearly exhibits features character-
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istic of sequential fragmentation, including extended momentum tails that follow the initial
two-body breakup of H* + C,H3t. These tails result from the spatial rotation of the CoH3*
fragment during the delay between fragmentation steps.

Fig. A.19, Fig. A.20, Fig. A.21, Fig. A.22, Fig. A.23, and Fig. A.24 are the different
simulations for sequential breakup via different propagation time in the first step of H*
+ CoH2' two-body Coulomb explosion simulation. These final simulation results of these

different propagation times in the first step are not scaled.
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Figure A.19: CES of three-body fragmentation of ethylene via HY + CyHi" sequential
breakup with initial propagation time at 1 ps.

(a)-(c) Relative Newton diagrams of the HT + CH" + CHy' fragmentation channel from the
Coulomb explosion simulation of H™ + CQH§+ sequential breakup of 1 ps propagation time after
two-body Coulomb explosion. (d) N(KERy_cH, ©n—cH, cH,) distributions for three-body frag-
mentation channel: H" + CHY + CHy™ from the Coulomb explosion simulation of HY + C2H§+
sequential breakup. (e) NNKERcH_cH,, OcH-cH,, i) distributions for three-body fragmentation
channel: H™ + CHY + CHyt from the Coulomb explosion simulation of HY + CQH§+ sequential
breakup. (f) KER from the Coulomb explosion simulation of H™ + CQH32+ sequential breakup.
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Figure A.20: CES of three-body fragmentation of ethylene via H™ + CyH:" sequential
breakup with initial propagation time at 100 fs.

(a)-(c) Newton diagrams of the H™ + CH" + CHy" fragmentation channel from the Coulomb
explosion simulation of H" + 02H32+ sequential breakup of 100 fs propagation time after two-body
Coulomb explosion. (d) N (KERy_cu, Ou—cH, cu,) distributions for three-body fragmentation
channel: HY + CHY + CHyt from the Coulomb explosion simulation of HY + CoHz't sequential
breakup. (e) the N(KERcH_cH,, OcH-CH,, H) distributions for three-body fragmentation channel:
HY + CHT + CHy" from the Coulomb explosion simulation of H + CaHa' sequential breakup.
(f) KER from the Coulomb explosion simulation of HY + CQH§+ sequential breakup.

A.2 Coulomb explosion imaging of four-body complete

fragmentation of ethylene

A.2.1 Theoretical calculations provided

As shown in Fig. A.25, an energy difference of approximately 1 eV is observed between the
cis- and trans-fragmentation pathways as shown in Fig. A.25, with the trans-fragmentation
lying lower on the potential energy surface. This calculation is carried out by Dr. Paresh

Modak (Kansas State University).
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Figure A.21: CES of three-body fragmentation of ethylene via H™ + CyH:" sequential
breakup with initial propagation time at 300 fs.

(a)-(c) Newton diagrams of the H™ + CH" + CHy" fragmentation channel from the Coulomb
explosion simulation of H" + CQH32+ sequential breakup of 300 fs propagation time after two-body
Coulomb explosion. (d) N(KERy_cH, ©n—cH, cH,) distributions for three-body fragmentation
channel: HY + CHY + CHyt from the Coulomb explosion simulation of HY + CoHz"t sequential
breakup. (e) the N(KERcH_cH,, OcH-CH,, ) distributions for three-body fragmentation channel:
HY + CHT + CHy" from the Coulomb explosion simulation of HT + CaHa' sequential breakup.
(f) KER from the Coulomb explosion simulation of HY + CQH§+ sequential breakup.

A.2.2 Experimental data and simulation

Here we show the normalized and non-normalized Newton diagrams of four-body cis- (in
Fig. A.28 and in Fig. A.27) and trans- (in Fig. A.28) fragmentation pathways. Fig. A.29
shows the four-body experimental data for 2000 V voltage difference along the spectrometer.
Fig. A.30 shows the angular acceptance of 2000 V and 4000 V data sets. To analyze the
angular acceptance distribution of each fragment ion, we plot the angular distribution of
the detected ion fragments with respect to the laser polarization axis, alongside the corre-

sponding kinetic energy distribution, using data from the four-body complete fragmentation
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Figure A.22: CES of three-body fragmentation of ethylene via H™ + CyH:" sequential
breakup with initial propagation time at 500 fs.

(a)-(c) Newton diagrams of the H™ + CH" + CHy" fragmentation channel from the Coulomb
explosion simulation of H" + CQH32+ sequential breakup of 500 fs propagation time after two-body
Coulomb explosion. (d) N(KERy_cH, ©n—cH, cH,) distributions for three-body fragmentation
channel: HY + CHY + CHyt from the Coulomb explosion simulation of HY + CoHz"t sequential
breakup. (e) the N(KERcH_cH,, OcH-CH,, ) distributions for three-body fragmentation channel:
HY + CHT + CHy" from the Coulomb explosion simulation of HT + CaHa' sequential breakup.
(f) KER from the Coulomb explosion simulation of HY + C2H§+ sequential breakup.

channel of each data set.
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Figure A.23: CES of three-body fragmentation of ethylene via H™ + CyH:" sequential

KERcH-cH, (eV)

breakup with initial propagation time at 700 fs.

(a)-(c) Newton diagrams of the H- + CH" + CHy" fragmentation channel from the Coulomb
explosion simulation of H" + 02H§+ sequential breakup of 700 fs propagation time after two-body
Coulomb explosion. (d) N(KERy_cH, ©u—cH, cH,) distributions for three-body fragmentation
channel: HY + CHY + CHyt from the Coulomb explosion simulation of HY + CoH2t sequential
breakup. (e) the NNKERcH-cH,, ©cH-CH,, i) distributions for three-body fragmentation channel:
HY + CHT + CHy" from the Coulomb explosion simulation of H + CaHa ' sequential breakup.
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(f) KER from the Coulomb explosion simulation of HY + CQH§+ sequential breakup.
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Figure A.24: CES of three-body fragmentation of ethylene via H™ + CyH:" sequential
breakup with initial propagation time at 50 ps.

(a)-(c) Newton diagrams of the H- + CH" + CHy" fragmentation channel from the Coulomb
explosion simulation of H™ + 02H§+ sequential breakup of 50 ps propagation time after two-body
Coulomb explosion. (d) N(KERy_cH, ©u—_cH, cH,) distributions for three-body fragmentation
channel: HY + CHY + CHyt from the Coulomb explosion simulation of HY + CoH2t sequential
breakup. (e) the NNKERcH-cH,, ©cH-CH,, i) distributions for three-body fragmentation channel:
HY + CHT + CHy™ from the Coulomb explosion simulation of H + CaHa ' sequential breakup.
(f) KER from the Coulomb explosion simulation of HY + CQH§+ sequential breakup.
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Figure A.25: Theory calculation of quadruply-charged ethylene potential energy surface.

1D cut of potential energy surfaces as a function of C-C bond distance calculated using different
method combined with comparison. This calculation is carried by Dr. Paresh Modak (Kansas State

University).
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Figure A.26: Newton diagrams of four-body cis-fragmentation of ethylene using CES.
(a)-(c) are the non-relative Newton diagrams, the selected CH' ion fragment momentum used to

define the Py-azis is not plotted. (d)-(f) are the relative Newton diagrams, the selected CH" ion
fragment momentum is plotted as a unit vector.
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Figure A.27: Modified Newton diagrams of four-body cis-fragmentation of ethylene from
CES with different definitions of the momentum plane.

(a)-(c) show the non-normalized Newton diagrams, while (d)—(f) show the corresponding normal-
ized relative Newton diagrams. The momentum planes are shown as follows: (a) and (d) xy-plane,
(b) and (e) xz-plane, and (c) and (f) yz-plane of the molecular frame.
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Figure A.28: Modified Newton diagrams of four-body trans-fragmentation of ethylene from
CES with different definitions of the molecular momentum plane.
(a)—(c) show the non-normalized Newton diagrams, while (d)-(f) show the corresponding normal-
ized relative Newton diagrams. The momentum planes are shown as follows: (a) and (d) xy-plane,
(b) and (e) xz-plane, and (c) and (f) yz-plane of the molecular frame.
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Figure A.29: Newton diagrams of four-body complete fragmentation of ethylene (experi-

mental data for 2000 V voltage difference along the spectrometer).

(a)-(c) are the non-relative Newton diagrams, the selected CHT ion fragment momentum used to
define the P, axis is not plotted.(d)-(f) are the relative Newton diagrams, the selected CH" ion
fragment momentum is plotted as a unit vector.(g) Kinetic Energy Release of the four-body complete
fragmentation channel from the experiment.
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Figure A.30: Detected ion fragments acceptance: angular distribution from four-body com-
plete fragmentation of ethylene experimental data.
(a)-(d) experimental data for 2000 V voltage difference along the spectrometer; (e)-(h) experimen-
tal data for 4000 V voltage difference along the spectrometer
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Appendix B

Appendix B

This appendix includes content related to Chapters 3 and 5.

B.1 Appendix for Chapter 3

B.1.1 XFROG traces from third harmonic generation

The 400 nm cross-correlation signal from the XFROG trace from the experiment on thio-
phenone in Section 5.2, shown in Fig. B.1 in Appendix B.1, was used to characterize and
optimize the prism-pair compressor in order to achieve the shortest possible third-harmonic
pulse. The minimum calculated pulse duration for the 266 nm THG pulse was obtained

when the prism position was near X = —13 (arb. units).

B.2 Appendix for Chapter 5

H* + C* + O* + St Coincidence fragmentation channel

For further confirmation of pump-probe signal of thiophenone ring opening observed in

Chapter 5, we also analyzed another four-body coincidence channel in addition to C* +
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Figure B.1: Prism compression of third harmonic generation
Scanning the XFROG traces by varying the separation between the two prisms. The X value shown
1s in arbitrary units, representing the relative scanning distance.
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Figure B.2: Newton diagrams of O momentum distributions at different pump-probe
delays from HY + CT + OT + ST coincidence channel of thiophenone experimental data.

(a) UV-IR delay: 400-500 fs (UV early, IR late). (b) UV-IR delay: 300-400 fs (UV early, IR
late). (c¢) UV-IR delay: 200-300 fs (UV early, IR late). (d) UV-IR delay: 100-200 fs (UV early,
IR late). (e) UV-IR delay: 0-100 fs (UV early, IR late). (f) IR-UV delay: 0-100 fs (UV late,
IR early). (g) IR-UV delay: 100-200 fs (UV late, IR early). (h) IR-UV delay: 200-300 fs (UV
late, IR early).
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Figure B.3: Quantified yield of O momentum distribution projections from HT + CT +
Ot + ST coincidence channel of thiophenone experimental data.

(a) Raw yield of the CT + CT + O" + ST channel as a function of pump—probe delay, using a
25 fs time step. (b) Average relative angle of (OF, ST) at each pump—probe delay. (c) Normalized
angular projections distribution relative angle of (O%, ST) from experimental data at pump-probe
delay intervals of —300 to —275fs, 0 to 25fs, 50 to 75fs, and 175 to 200fs. The gray line is at
¢ = 260°. (d) Integrated and normalized OT yield from (c) as a function of UV-IR pump—probe
delay, grouped by angle: the orange curve corresponds to 360° — ¢ < 260° (¢ > 100°), representing

ring-open configurations; the blue curve corresponds to 360° — ¢ > 260° (¢ < 100°), representing
ring-closed configurations.
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C*T + O*" + St channel discussed in Section 5.2.2, namely the HT + C* 4+ O™ +S* channel.
Following the same analysis protocol described previously in Section 5.2.2, we examined
the relative OT momentum angular distributions at various pump-probe delays. As shown
in Fig. B.2, we observe a consistent trend: when the UV pulse arrives earlier, the O%
momentum distribution becomes increasingly broad, indicating the onset of ring-opening
dynamics. This broadening diminishes in the UV-late/IR~early regime, where the IR pulse
precedes UV excitation and thus ionizes the molecule in its ground-state configuration before
UV triggering conversion dynamics.

To quantify the pump-probe effect in this channel, we performed angular projections
of the normalized relative Ot momentum distributions, using the same definition of the
azimuthal angle ¢ and the counterclockwise reference frame defined as 360° — ¢, consistent
with the analysis of the CT + C* + O 4+ S* channel, as shown in Fig. B.3(a). In this
analysis, blue curves correspond to UV-early delays, while red curves represent IR-early de-
lays. The normalized yields are presented in Fig. B.3(c), separated into two angular regions
corresponding to ring-open configurations (360° — ¢ < 260°) and ring-closed configurations
(360° — ¢ > 260°). The observed similar angular shift effect further supports our previous
findings: when the UV pulse precedes the IR probe, the normalized yield of ring-opened
structures increases, while the yield associated with ring-closed structures decreases.

The integrated yields are presented in Fig. B.3(b), and we observe the same trend as
in the analysis of the previous coincidence channel. Specifically, the transition between
ring-closed and ring-open configurations of thiophenone triggered by UV photons occurs
predominantly within the first 200 fs when the UV pulse arrives early. This cross-channel
consistency reinforces the robustness of our interpretation and further demonstrates the ef-
fectiveness of pump—probe Coulomb explosion imaging as a powerful technique for capturing

ultrafast structural dynamics in photoexcited molecules.
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Figure B.4: 2D map of angular distribution of relative O momentum yield of thiophenone
experimental data.

Linear scale of Fig. 5.1/ (a) H" + CT + O" + St channel: 2D map of the angular distribution
of relative O momentum as a function of pump—probe delay. (b) C* + Ct 4+ O + St channel:
2D map of the angular distribution of relative O momentum as a function of pump—probe delay.
The white arrows indicate the ring-opening transition region.
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B.3 Acronyms

2,3-DHF
thiophenone
AIMS
AIMD
CASSCF
CE

CEI
CES
COLTRIMS
FEL

FC

fs, ps, ns
JRML
KE
KED
KER
MRCI
PES
PIPICO
THG
TOF
TRPES
TSH
UED
XPS

2,3-dihydrofuran

2(5H)-thiophenone

Ab Initio Multiple Spawning

Ab Initio Molecular Dynamics

Complete Active Space Self-Consistent Field
Coulomb Explosion

Coulomb Explosion Imaging

Coulomb Explosion Simulation

Cold Target Recoil Ion Momentum Spectroscopy
Free-Electron Laser

Franck-Condon

Femtosecond, picosecond, nanosecond
James R. Macdonald Laboratory

Kinetic Energy

Kinetic Energy Distribution

Kinetic Energy Release

Multi-Reference Configuration Interaction
Potential Energy Surface
Photolon-Photolon Coincidence

Third Harmonic Generation
Time-of-Flight

Time-Resolved Photoelectron Spectroscopy
Trajectory Surface Hopping

Ultrafast Electron Diffraction

X-ray Photoelectron Spectroscopy
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