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Abstract

Understanding how molecular structure evolves following interaction with light is essential for
explaining chemical reactivity and for developing strategies to control molecular transformations.
Coincidence momentum imaging of charged fragments (ions and electrons), in particular Coulomb
explosion imaging (CEI), provides a direct route to this information for gas-phase molecules by
mapping nuclear geometry and dynamics onto fragment-ion momenta. This thesis covers four
closely related research projects that span time-resolved and static CEI, high-dimensional multi-
ion coincidence combined with machine learning, and ion—electron coincidence spectroscopy.

First, ultrafast structural dynamics in diiodomethane (CHzly) are explored using an ultraviolet
(UV) pump-infrared (IR) probe CEI scheme. Momentum-resolved ion coincidence data reveal
several competing dissociation pathways, including direct C—I bond fission, three-body breakup
channels, and molecular iodine formation. Delay-dependent kinetic energy and angular observables
provide evidence for a short-lived iso-CHsls-like configuration that forms and decays on a sub-100 fs
timescale. These measurements demonstrate how time-resolved CEI can isolate weak, transient
configurations in the presence of other dominant reaction channels.

Second, static CEI is used to establish three-dimensional momentum fingerprints of molecules
relevant to ring-opening photochemistry. Strong-field Coulomb explosion of molecules such as
isoxazole, 3-chloro-1-propanol, and epichlorohydrin yields multi-ion Newton maps that encode out-
of-plane motion and angular correlations. Distinct momentum patterns associated with planar
ring, open-chain, and ring—chain structures are identified and qualitatively reproduced by clas-
sical Coulomb explosion simulations. These results show that robust structural discrimination
for medium-sized molecules is achievable with tabletop laser systems and motivate efforts toward
complete coincidence detection for these molecules.

Third, high-dimensional CEI with complete six-ion coincidence is combined with machine learn-

ing to extract structural information from complex momentum data. Dimensionality-reduction



methods and density-based clustering separate cis- and trans-1,2-dichloroethylene (DCE) isomers
directly from experimental mixtures, while supervised models trained on simulated data sets ex-
tend the analysis to additional geometries such as 1,1-DCE and transient twisted configurations.
Fight-fold coincidence data for isoxazole illustrate how complete channels sharpen angular momen-
tum and energy distributions. Together, these studies demonstrate that multi-coincidence CEI
combined with machine learning can automatically identify subtle structural differences and minor
channels from high-dimensional data.

Finally, ion—electron coincidence measurements on core-ionized methyl iodide (CH3I) at a syn-
chrotron beamline are used to connect inner-shell electronic decay to specific ionic fragmentation
outcomes. Channel-resolved Auger—Meitner electron spectra, obtained by correlating electrons with
well-defined ion channels, reveal systematic changes in band positions and widths as a function of
final charge state and hydrogen loss. Comparison of two-body and three-body kinetic energy re-
leases isolates contributions from channels involving neutral iodine fragments and highlights the
sensitivity of the low energy electron spectrum to details of the fragmentation pathway. These mea-
surements provide benchmark data for state resolved Auger decay and complement the laser-based
CEI studies by adding an explicit electronic-structure perspective.

Overall, this thesis advances coincidence momentum imaging as a structural and dynamical
probe for polyatomic molecules. Time-resolved and static CEI establish momentum space finger-
prints of transient and equilibrium geometries, high dimensional multi-coincidence measurements
combined with machine learning enable event-level molecular structure differentiation, and ion—
electron coincidence spectroscopy links core-level decay to fragmentation patterns. Together, these
approaches lay the groundwork for future efforts to image and control molecular dynamics on their

natural femtosecond timescales.
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Chapter 1

Introduction

The interaction between light and matter is a common and essential aspect of many fundamental

2

processes in nature'i?. Light drives photosynthesis in plants and bacteria, enabling solar energy

conversion and oxygen production®®, initiates the primary steps of vision through ultrafast iso-
merization of retinal in rhodopsin®®, and triggers the synthesis of vitamin D in human skin 0!,
Ultraviolet light can also damage DNA and biological tissue, requiring efficient photoprotection and
repair mechanisms'?> 4. In the atmosphere, photochemistry controls the fate of many trace gases

15 In all of these examples, at the molecular

and contributes to ozone formation and depletion
level light-induced processes are governed by coupled electronic and nuclear motion on ultrafast
timescales. Electronic excitations typically evolve on attosecond to few-femtosecond scales. Vibra-
tional motion occurs on tens to hundreds of femtoseconds, while rotational dynamics often span
picoseconds and beyond. Capturing such motion in real time requires experimental techniques
that can both initiate and probe molecular dynamics with femtosecond time resolution and high
structural sensitivity.

Time-resolved pump—probe spectroscopy provides a general framework for following photoin-
duced dynamics. In a typical experiment, an ultrafast pump pulse prepares an excited electronic or
vibrational state, and a delayed probe pulse interrogates the evolving system. Experimental devel-
opments have combined ultrafast excitation with a variety of structural and spectroscopic probes,

17;18

including time-resolved photoelectron spectroscopy '%, ultrafast electron diffraction , and x-ray

scattering. These techniques have revealed rich details of nuclear motion in isolated molecules, con-



densed phases, and biological systems. Despite this progress, directly imaging isolated gas-phase
molecules remains challenging. Diffraction-based methods work best when a large number of iden-
tically prepared molecules contribute coherently to the signal'7i1%20. Moreover, many transient
intermediates are short-lived and present only in small fractions of the ensemble. Alternative ap-
proaches that can provide structural information from single-molecule events are, therefore, highly

valuable. Coulomb explosion imaging (CEI) is one such approach and is the central experimental

tool used in this thesis.

1.1 Coulomb Explosion Imaging as a Structural Probe

Coulomb explosion imaging probes molecular structure by rapidly removing several electrons from
a molecule, the highly charged molecule explodes, causing the ionic nuclei to repel each other and
fragment. If the ionization step is fast compared to nuclear motion, the momenta of the resulting
ions carry information about the geometry at the instant of ionization?!"?%. By measuring these
momenta in coincidence, one can infer the complex structural features of the molecular system in
momentum space. CEI can be driven by strong-field laser pulses or intense x-ray pulses, making it
compatible with tabletop laser systems and large-scale light sources?? 28.

CEI experiments on small molecules demonstrated that fragment momenta can be used to

21;22;29;30 In

reconstruct three-dimensional structures and follow vibrational wave-packet motion
time-resolved implementations, this approach has been used to study bond breaking, roaming dy-
namics, and passage through conical intersections in a variety of systems!'%31i32. CEI is also well
suited for probing the structure of more complex polyatomic molecules. Coulomb explosion experi-

ments have been used to distinguish molecular structures based on their fragment momenta 2833735,

and to determine the absolute stereochemistry of chiral molecules?3%37.

The advent of x-ray free-electron lasers (XFELs) has opened a complementary regime of CEI,
where intense, ultrashort x-ray pulses remove many core and valence electrons from heavy atoms
within a molecule. Under these conditions, large organic molecules can be driven to high charge

states and fully fragmented into atomic ions®. Momentum-resolved detection of these ions provides

direct access to the instantaneous geometry of complex molecules, including all hydrogens, and can



reveal ultrafast charge redistribution and bond rearrangements during the interaction with the x-ray
pulse3 49, Such experiments highlight the potential of CEI as a structural probe for increasingly
large and complex systems.

In summary, CEI complements more traditional time-resolved methods by providing a direct
link between fragment momenta and molecular structure in the gas phase. Because CEI is sensitive
to the full three-dimensional correlation between fragments, it can distinguish different reaction
pathways, transient intermediates, and structural isomers that might be difficult to separate using

ensemble-averaged observables alone.

1.2 Structural Sensitivity, Data-Driven Analysis, and Coincidence

Spectroscopy

Molecules with the same chemical formula can exist in multiple isomeric forms that differ in con-
nectivity or three-dimensional arrangement of atoms. Even subtle changes in geometry, such as cis
versus trans configurations or differences in stereochemistry, can lead to large changes in chemical
reactivity and biological function“4?. In pharmaceutical and biological contexts, different isomers
can have very different activity because they may interact differently with chiral biological targets
(enzymes and receptors). For example, the two enantiomers of thalidomide are associated with
distinct biological effects, illustrating that one isomer can be therapeutically beneficial while an-

141, Being able to distinguish and, when possible, quantify different isomeric

other can be harmfu
and conformational populations is therefore an important goal in molecular science. CEI provides a
natural route to isomer differentiation, because different three-dimensional structures generally lead
to different fragment momentum correlations after Coulomb explosion. Experiments have shown
that structural isomers and enantiomers can produce distinct multi-ion momentum patterns that
allow their identification and, in some cases, determination of absolute configuration; for example,
CEI has been used to image the absolute configuration of a chiral epoxide?®, to directly determine
absolute molecular stereochemistry in the gas phase®’, and to distinguish geometric (cis/trans)

and conformational isomers from their multi-ion momentum correlations 333443, These results sug-

gest that CEI can serve as a structural fingerprinting tool for gas-phase molecules, even without



molecular alignment.

As the number of fragments and channels increases, however, the resulting data become high-
dimensional and exhibit complex correlations. Reliable separation of overlapping channels, identifi-
cation of rare pathways, and differentiation of similar structures benefit from automated and data-

driven analysis?%4°

. Dimensionality reduction and clustering methods developed in the machine
learning community, such as principal component analysis (PCA), t-distributed stochastic neigh-
bor embedding (t-SNE) and uniform manifold approximation and projection (UMAP), provide
powerful tools for visualizing and grouping high-dimensional data?6~4®. In this thesis, coincidence
momentum imaging is combined with such data-driven analysis to extract structural information
from complex CEI measurements. This allows us to take full advantage of the structural sensitivity
of CEL

Coincidence techniques that combine fragment-ion detection with electron spectroscopy pro-
vide a complementary type of structural and electronic sensitivity. In inner-shell photoionization,
conventional x-ray photoelectron and Auger-Meitner®® electron spectra often suffer from severe
spectral congestion because many intermediate and final states contribute within a narrow energy
range”Y . By measuring electrons in coincidence with specific ion pairs, it becomes possible to
disentangle overlapping contributions and assign decay pathways to well-defined electronic and nu-

clear final states®®.

The work presented in this thesis explores Coulomb explosion imaging as a
structural probe for gas-phase polyatomic molecules. Across the different projects, the central ques-
tions are how fragment momentum information can be used to track ultrafast structural dynamics,

to distinguish between different molecular geometries, and to connect electronic decay with specific

fragmentation outcomes.

1.3 Organization of the Thesis

The thesis is organized as follows. Chapter 2 describes the experimental setups, data acquisition,
and analysis methods used throughout the work. This includes an overview of the femtosecond laser
systems, ultraviolet sources, and vacuum chambers, as well as the ion and ion—electron momen-

tum imaging spectrometers and the basic procedures for event reconstruction and calibration®’ 9,



Chapter 3 presents the time-resolved Coulomb explosion imaging study of diiodomethane (CHslg)
using a UV pump and strong-field IR probe. It introduces the relevant photodissociation pathways
of CHsly, describes the pump—probe CEI measurements, and analyzes how the fragment momentum
distributions evolve with pump—probe delay. Particular attention is given to signatures of transient
isomer formation and to the two-body and three-body breakup channels. Next Chap. 4 exam-
ines static laser-induced CEI of molecules designed to mimic closed-ring and open-chain structures
related to typical photoproducts. Here, the goal is to establish how three-dimensional fragment mo-
mentum distributions reflect underlying molecular geometry and to demonstrate that laser-induced
CEI can distinguish between these structures in a robust way®’. Following this, Chap. 5 turns to
isomer differentiation using coincidence momentum imaging combined with data-driven analysis.
Using dichloroethylene as example, this chapter introduces the machine-learning tools employed to

46-48

cluster and classify multi-ion momentum patterns . The chapter demonstrates how these tools

can separate cis and trans isomers and identify additional structural classes in a largely automated
way, and discusses how such approaches may be generalized to more complex molecules?83435,
Chapter 6 presents the ion—electron coincidence study of CHsl at the Advanced Light Source.
Introducing inner-shell photoionization and Auger-Meitner decay in CHgzl, the chapter describes
the experimental configuration used to detect electrons and ions in coincidence. It then reports
channel-resolved electron spectra associated with different ionic fragmentation channels and inter-
prets these spectra in terms of electronic decay pathways and final charge states of the molecular
cation 505525456

The thesis concludes with a summary of the main findings and an outlook on future directions.
Possible extensions include applying CEI and data-driven analysis to larger and more flexible
molecules, combining CEI with other time-resolved probes, and exploiting advances in light sources
to achieve higher temporal and structural resolution. Together, the studies presented here highlight

the strengths of coincidence momentum imaging as a tool for visualizing and understanding light-

induced molecular transformations in the gas phase.



Chapter 2

Experimental Methods and Analysis

In this chapter, we describe the experimental methods used in this work to study photo-induced
dynamics and fragmentation of isolated gas-phase molecules. The measurements use two different
types of light sources: intense, femtosecond near-infrared pulses from a tabletop ultrafast laser and
soft X-ray pulses from a synchrotron radiation storage ring source. Fragment ions (and, when ap-
plicable, electrons) are recorded in coincidence on an event-by-event basis, enabling reconstruction
of full three-dimensional momenta and a kinematic view of molecular structure and dynamics. We
first outline the light sources and the optical layout, then describe the spectrometer, the time- and
position-sensitive detectors, and the vacuum systems. Finally, we summarize the data-acquisition
and analysis workflow used to process ion—ion and ion—electron coincidence events and retrieve

three-dimensional momenta.

2.1 Laser Sources and Optical Layout

2.1.1 Ultrafast Intense Laser System

The majority of the work presented in this dissertation uses an ultrafast laser—the Femtosecond
LAser for Multicolor Experiments (FLAME)—in the James R. Macdonald Laboratory to excite
and/or probe (ionize and fragment) molecules. The laser is based on the chirped-pulse amplification
(CPA) technique, developed by G. Mourou and D. Strickland %%:%? and awarded the 2018 Nobel Prize

in Physics, which enables amplification of broadband femtosecond pulses to mJ levels. In CPA,



femtosecond oscillator pulses are stretched to picoseconds, amplified, and then recompressed to
a femtosecond pulse duration. FLAME is a Ti:sapphire system that produces ~5 mJ, linearly
polarized pulses at 3 kHz repetition rate with a central wavelength near 810 nm (see Fig. 2.1).
The output beam of the Ti:sapphire system is split into two beam with equal pulse energy, one of
which can be used to drive an optical parametric amplifier (OPA) to produce continuously tunable
femtosecond laser pulses from the deep ultraviolet (DUV) to the mid infrared (MIR), as described
in Section 2.1.2. The other beam is typically used for strong-field ionization at the fundamental
810-nm wavelength. With a compressed pulse duration of ~25 fs, this beam is focused in the
experimental chamber to reach peak intensities on the order of ~ 10> W/cm?. FLAME is a
commercial Coherent Legend Elite DUO USX system comprising a mode-locked oscillator (Vitara)
pumped by a 532-nm CW laser (Verdi), a two-stage amplifier pumped by 527-nm pulsed lasers
(Revolution), and two independent grating compressors. A schematic layout is shown in Fig. 2.1,
and the physical layout and control hardware are shown in Fig. 2.2. The key elements for generation,

amplification, and compression are summarized below.
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Figure 2.1: Block diagram of the FLAME laser system along with some typical measurements
for each component. Broadband pulses from the Vitara oscillator are spectrally conditioned with
a Spectral Shaping Filter (SSF) and temporally stretched. The chirped seed is amplified in a
regenerative (Regen) amplifier and then in a single-pass amplifier (SPA), both pumped by green
Revolution lasers. The amplified beam is split and compressed in two independent grating-based
compressors. Typical spectra measured at different stages are shown in the top row. The bottom
row shows representative LabVIEW control interfaces for the oscillator and pump lasers, the gain
build-up in the regen cavity, and a compressed-pulse SHG-FROG trace.
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Figure 2.2: Physical layout and control hardware of the FLAME system. Major components include
the Vitara oscillator with a CW pump laser (Verdi), the Legend Elite DUO amplifier, pump lasers
(Revolution), enclosed Ti:sapphire regenerative (Regen) and single-pass amplifier (SPA) stages
with environmental control units (ECU), internal and external grating compressors, beam-delivery
optics, and synchronization and delay generator (SDG). See text for a brief description of each of
these units. Controllers used for oscillator and pump-laser control are also shown.

Oscillator and Seed

A Coherent Vitara oscillator is pumped by a 532 nm CW laser, and upon mode-locking produces
a broadband femtosecond pulse train at 75 MHz repetition rate with ~500 mW average power.
The seed beam produced by the oscillator is spectrally conditioned to suppress the center of the
spectrum using a specially coated Spectral Shaping Filter (SSF). Spectra before and after multiple
passes through the SSF are shown in Fig. 2.1. A grating stretcher imparts positive chirp, stretching

the pulses to ~120 ps for chirped-pulse amplification.



Seed Selection and Amplification

The stretched pulse train is s-polarized and injected into the regenerative (regen) amplifier stage.
The regen cavity uses polarization-sensitive optics to select and amplify a single pulse every 333 us,
thereby establishing the 3 kHz repetition rate. Only the p-polarized (horizontal) pulse circulates in
the cavity and passes through all elements. The cavity includes two Pockels cells, a half-wave plate,
a Brewster-cut Ti:sapphire crystal inside a temperature- and humidity-controlled enclosure with
Brewster windows, and thin-film polarizers. The first Pockels cell, located upstream of the cavity,
selects one stretched oscillator pulse per repetition cycle by switching its polarization from s-pol
to p-pol. The switched seed is focused by the cavity mirrors, overlaps with the green pump in the
Ti:sapphire crystal, is amplified on each round trip, and is extracted by the second Pockels cell after
15 round trips. With a round-trip period of ~10 ns, the observed amplitude build-up and extraction
are illustrated by the oscilloscope trace in Fig. 2.1. The typical average power after the regen is
~10-11 W at 3 kHz. The regen-amplified seed then drives a single-pass amplifier (SPA) pumped by
an independent Revolution laser and reaches ~18 W average power after two stages of amplification.
Temperature and humidity of the two enclosed crystal chambers are maintained by independent
environmental control units (ECUs). The ECUs circulate dry air through the crystal enclosures
and hold the temperatures at —12°C (Regen) and —10°C (SPA). The repetition rate, Pockels cells,
and green pumps are synchronized by gated delay signals from the synchronization/delay generator

(SDG), shown schematically in Fig. 2.2.

Grating Compressors

The output beam from the Legend amplifier is expanded and split 50:50 by a broadband near-
infrared (NIR) beam splitter. One branch is sent to the internal compressor and used primarily
as the pump/driver for the tunable optical parametric amplifier (OPA). The second arm is sent
to an independent external compressor and used as the NIR beam for experiments (Fig. 2.1).
Typical compressed NIR pulses at the experiment are ~26 fs with ~2.5 mJ per pulse at 3 kHz. The
pulses are characterized spatially and temporally: with a 10-11 mm beam diameter (1/€2), the pulse

duration measured by SHG-FROG 5376 is ~26 fs. Representative spectra at the oscillator, after



SSF, after the stretcher, and after amplification are shown in Fig. 2.1 (top row), and SHG-FROG

traces used to retrieve the NIR pulse duration are shown in the bottom row.

2.1.2 Tunable OPA (TOPAS-Prime with NirUVis DUV)

Tunable radiation from the visible to deep-UV is generated using a Light Conversion TOPAS-
Prime OPA with the NirUVis frequency-mixing unit (DUV extension). The ~25 fs pulse from
the FLAME laser serves as the OPA pump. White-light continuum is first produced by focusing
a small fraction of the NIR into a Ti:sapphire crystal and is then parametrically amplified by
the 800 nm pump to yield the signal (1160-1600 nm, V-pol.) and idler (1600-2600 nm, H-
pol.). Subsequent frequency conversion in the NirUVis provides second-harmonic generation and
sum-/difference-frequency mixing to reach the VIS/UV/DUV. Output beam routing is handled by
motorized crystal stages and a four-position output selector. Typical UV pulse durations out of
the OPA are ~70-80 fs with a beam diameter of ~2-3 mm. Cross-correlation measurements and
spectra for the specific UV wavelengths used in the experiments are provided in the respective

Chap. 3.

2.1.3 Synchrotron Soft X-ray Source (ALS, Beamline 10.0.1)

Soft X-ray measurements were carried out at the Advanced Light Source (ALS) at Lawrence Berke-
ley National Laboratory®’. The ALS is a third-generation storage-ring synchrotron operating at
1.9 GeV electron beam energy and high beam current, delivering tunable, high-brightness radi-
ation to over 40 specialized beamlines (Fig. 2.3). Our experiments used Beamline 10.0.1, a soft
X-ray line with a monochromator covering a photon energy range of ~17-340 eV and support-

6869 The experiments presented in this

ing high-resolution photoemission and gas-phase studies
thesis were performed when the synchrotron operated in multibunch mode (RF = 500 MHz; 2 ns
bucket spacing; ~276-320 bunches filled)”’. To accommodate the 2 ns spacing in multibunch
mode, we triggered the data acquisition on the electron time-of-flight signal, enabling unambiguous
association of ions and electrons with each event>. A roll-up endstation equipped for coincident

ion—electron momentum imaging, described in more detail in Section 2.2.2, was installed at the

10.0.1 endstation for these measurements.
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Figure 2.3: Schematic of the Advanced Light Source storage ring and beamlines. The present work
was performed at Beamline 10.0.1, a soft X-ray beamline supplying high-resolution, monochroma-
tized photons for gas-phase experiments.

2.2 Velocity Map Imaging Setup for Ion and Electron Detection

2.2.1 Kansas Atomic and Molecular Physics Apparatus (KAMP)

The KAMP (Kansas Atomic and Molecular Physics) chamber, shown schematically in Figure 2.4,
is a custom-designed, double-sided velocity map imaging (VMI) spectrometer optimized for coinci-

L and

dence measurements of ions and electrons. The apparatus, built by Seyyed Javad Robatjazi”
Shashank Pathak™ has undergone subsequent modifications, including removal of the effusive jet
and XUV spectrometer, and implementation of broadband back-focusing mirror for table-top NIR

and UV laser beams. This section provides a brief overview of the apparatus, covering vacuum,

molecular beam delivery, the VMI spectrometer, detectors, and optical focusing.

Vacuum Arrangement and Cold Molecular Beam Delivery

The KAMP system comprises multiple differentially pumped sections to maintain ultra-high vac-
uum in the main interaction chamber. A cold molecular beam source introduces gas-phase targets
via a two-stage supersonic expansion chamber. The first stage is pumped by a 1000 L/s turbo-

molecular pump, reaching 1073-10~% Torr during operation. The second stage is pumped by a
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Figure 2.4: Schematic of the KAMP chamber, showing major components including the molecular
beam source, VMI spectrometer electrodes, ion (quad) and electron (hex) detectors, spherical
focusing mirror, and the pumping cross. The NIR/UV laser enters from the front port and is
focused by a spherical mirror into the interaction region, where it intersects the molecular beam at
the spectrometer center.

700 L/s pump, with pressures typically around 1076-10~7 Torr when the molecular beam is on.
A two-stage molecular beam catcher on the opposite side of the main chamber efficiently removes
the gas load and prevents backflow. Each stage is differentially pumped, achieving base pressures
as low as 10~!! Torr. During operation, the catcher maintains pressures around 10~ Torr. The
interaction region is housed in a large cylindrical main chamber, which connects to a pumping cross
equipped with three turbomolecular pumps (two 700 L/s and one 1000 L/s). These pumps bring the
main chamber to pressures in the mid-10~!' Torr range, essential for high order multi-coincidence
detection of ions (see Figure 2.4).

Gas targets are introduced via supersonic expansion through a 30 pm nozzle mounted on an XYZ
manipulator. The high pressure of the target gas before the nozzle (typically between a few mTorr

up to a few bar) causes the gas to expand and cool, generating a molecular beam with reduced
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translational and internal energy. This collimated beam is skimmed with a 500 pm skimmer and
further collimated through a 1 mm aperture to create a narrow, cold beam (the jet temperature
was not directly measured in this work; a representative value of ~45 K has been reported for a
comparable cold-jet target in our laboratory”3) that intersects the laser focus at the center of the

spectrometer (see Figure 2.4).

Velocity-Map Imaging Spectrometer and Detectors

Building on earlier ion-imaging work, Eppink and Parker demonstrated velocity-map imaging
(VMI), in which an electrostatic lens stack focuses charged particles (ions or electrons) with equal
velocity to the same point on the detector, irrespective of the creation position of the fragments
within the interaction region®”®®. The basic VMI lens comprises three electrodes: a repeller, an
extractor, and a ground (screen) plate. The electric field in a VMI spectrometer is nonuniform,
and by adjusting the three electrode voltages, the field—and hence the equipotential surfaces—is
shaped to produce an electrostatic-lensing effect on charged-particle trajectories. For appropriate
voltage settings, ions (or electrons) with the same transverse velocity (parallel to the detector plane)

are focused to the same point on the detector plane.

1 | lon MCP -2165V |6 | Electron extractor |275V
2 | lon mesh -2200V |7 | Electron focus 1139V
3 | lon drift tube |-2000V |8 | Electron drift tube | 2000 V
4 | lon focus -864V |9 |Electron mesh 2000V
5 |lon extractor |-320V |10 |Electron MCP 70V

Figure 2.5: KAMP double-sided VMI electrode geometry and typical operating voltages used in
this work (ion-only operation). Equipotential contours (red) and simulated ion trajectories (up to
30 eV) originating from the interaction point are overlaid. Electrode numbering corresponds to the
inset table.
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In a double-sided VMI spectrometer, each side (moving outward from the interaction region)
comprises an extractor, a dedicated focusing electrode, and a field-free drift tube that projects ei-
ther ions or electrons onto their detector 7*. Because the extraction field is shared across the source
region, the ion-side extractor simultaneously acts as the electron-side repeller (and vice versa).
The focusing electrode on each side—located between the extractor and the drift region—is used to
compensate field curvature and to refocus particles created at different positions in the interaction

volume ™47,

The coupled ion/electron optics and open, shared-field geometry make simultane-
ous optimum focusing nontrivial. Figure 2.5 shows the electrode layout and the representative
equipotential lines for the KAMP VMI.

The KAMP double-sided VMI employs six gold-plated conical electrodes, enabling simultaneous
extraction and focusing of ions and electrons. The interaction region is centered between the ion
and electron extraction electrodes, with 12.5-cm drift tubes on both sides. The design, adapted
from similar spectrometers in the CAMP 757" and LAMP™® endstations at the LCLS and FLASH
free-electron lasers, enables high-resolution momentum mapping over a large solid angle (e.g., at
typical electrode biases up to +£4 kV, electrons up to ~65 eV can be imaged in full 47) "7, though
simultaneous optimal focusing of ions and electrons is inherently challenging in the shared-field
geometry. Typical operational voltage settings used for this work are shown in Fig. 2.5. Charged
particles are detected using microchannel plates (MCPs) coupled to delay-line anodes. Ions are
detected on the funnel-type MCP with a quad delay-line anode; electrons on hex side. Funnel
MCPs feature a higher open-area ratio and a funneled channel-inlet geometry, thereby reducing
backscattering, improving gain uniformity, and increasing effective detection efficiency 8. The
quad and hex DLDs measure the z-y positions of incoming particles based on timing differences
between signal pairs. A quad DLD uses two wire layers for  and y coordinates, while a hex DLD
includes a third layer to mitigate dead time and support multihit detection. The MCPs operate in

a chevron stack configuration to amplify the electron cascade, typically producing gains up to 109.

2.2.2 ALS Velocity Map Imaging (VMI) Spectrometer

Soft X-ray photoionization measurements were performed with the ALS double-sided VMI endsta-

tion. As in the KAMP spectrometer, the ion extractor simultaneously serves as the electron re-
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1 | Electron MCP 500V 6 |lonextractor |-100V
2 | Electron mesh 550V 7 |lon focus -700V
3 | Electron drift tube | 3100V |8 |lon drift tube |-2500V
4 | Electron focus 600V 9 |lon mesh -2750V
5 | Electron extractor | 100V 10 | lon MCP -2650V

Figure 2.6: ALS VMI electrode layout, representative equipotential lines, and typical operating
voltages used in this work. The electron side employs a shortened drift section to accept electrons
up to ~300 eV, while the ion side is configured for fragments up to ~25 eV per charge®.

peller and vice-versa. Each side has a focusing electrode and a drift region. The ALS VMI employs
flat-plate electrodes, and the electron side drift tube is intentionally shortened to accommodate
high-energy electrons®”2. The spectrometer is optimized for coincident ion—electron detection in
the soft X-ray regime, to capture photoelectrons and Auger-Meitner electrons up to ~300 eV while
simultaneously detecting fragment ions up to ~25 eV per charge®”. Typical operating voltages and
equipotential contours used in this work are shown in Fig. 2.6.

The endstation couples the ALS beam through the front flange onto a continuous, skimmed
molecular beam intersecting the spectrometer axis. The interaction chamber is differentially pumped

59 Microchannel

and routinely reaches base pressures in the 10~ mbar range during operation
plates (MCPs) with multihit delay-line anodes record time and position for both electrons and
ions. In standard ALS multibunch mode (2 ns bunch spacing), data acquisition is triggered on
the first detected electron®. Additional implementation details and performance benchmarks are

provided in Ref.5%72,
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Figure 2.7: Schematic of the Coulomb explosion imaging (CEI) setup. The near-infrared (NIR)
probe and tunable ultraviolet (UV) pump from the OPA are recombined collinearly and back-
focused onto a cold molecular gas jet at the center of a double-sided velocity-map imaging (VMI)
spectrometer inside the KAMP chamber. Both ions and electrons produced by the laser—molecule
interaction are detected with time- and position-sensitive detectors. Ions are detected on a funnel-
type microchannel plate (MCP) with a quad-anode readout, and electrons on an MCP with a hex-
anode readout. Measured time-of-flight and impact positions on the detectors yield high-resolution
momentum images of the fragmentation dynamics.

2.3 KAMP Pump-Probe Optical Layout

The optical layout integrates the NIR probe and a tunable OPA beam (typically in the UV), routed
collinearly and back-focused onto a supersonic molecular beam with a spherical mirror. For clarity,
Fig. 2.7 shows the spectrometer, gas jet, and focusing optics, while the vacuum chamber is not
shown.

The laser (NIR or UV) is focused at the interaction region by a spherical mirror mounted on the
rear of the chamber, on a XYZ manipulator. The back-focusing mirror, with focal length ~7.5 cm,
produces a tight focus at the spectrometer center where the beam intersects the molecular jet (see
Fig. 2.4). The beam enters via a 2 mm CaF9 window on the front port and is directed to the focus
by the mirror. NIR pulse energy is controlled with a half-wave plate and thin-film polarizer, whereas
the UV power is set with a neutral-density wheel. With ~60 mW average NIR power at 3 kHz, the
back-focused geometry yields peak intensities on the order of 10'® W/cm? at the interaction region,

suitable for strong-field ionization under ultrahigh-vacuum conditions. The pump-probe delay is
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set by a motorized delay stage in the NIR arm, which controls the NIR arrival time relative to the

UV pump, as indicated in Fig. 2.7.

2.4 KAMP Data Acquisition and Analysis

2.4.1 KAMP DAQ Hardware

A schematic of the KAMP data-acquisition (DAQ) and timing electronics is shown in Fig. 2.8. Dur-
ing normal operation, the detectors (MCP and delay-line anodes) are biased with high DC voltages
from iseg NIM high voltage modules, distributed via voltage dividers and decouplers. The transient
pulses from the MCP and delay-line anodes are decoupled from the DC-bias by an RC decoupling
network in the HV decouplers and fed to a low-noise fast amplifier (Ortec FTA820A). Amplified
pulses are discriminated by Ortec 935 constant-fraction discriminators (CFD), which produce fixed-
width pulses with timing that is largely insensitive to pulse amplitude, thereby minimizing time
walk. The 3 kHz master trigger is derived from a delayed output of the FLAME synchronizer/delay
generator (SDG). This trigger serves as a common timing reference for the VME crate and, via an
adjustable delay box, defines the acquisition window, typically ~40 ps in our measurements.

The trigger, delayed trigger, and CFD outputs from the position and time channels (z, y,
t) are digitized by a CAEN V1290N 16-channel multihit time-to-digital converter (TDC) with
25 ps LSB time bin and 52 ps full-scale range. The TDC timestamps every hit on each channel
independently within the active gate, providing arrival times for the x, y, and time-of-flight signals.
A CAEN V785N 16-channel peak-finding analog-to-digital converter (ADC) digitizes slow analog
monitors (e.g., UV/NIR photodiodes), and a CAEN V560N scaler records event rates. TDC,
ADC, and scaler data are buffered in the VME crate and transferred to the DAQ computer via
a PCI-to-VME optical link. A separate controller computer drives the motorized delay stage for
pump—probe measurements and reports the step number and stage status to the DAQ computer so
that each acquisition block is tagged with the corresponding pump—probe delay step and acquisition
occurs only when the stage is stationary. Data from the optical link and the delay step number
are written to disk as event files by the DAQ readout software. Online streams and offline files
182:83

are then sorted and visualized with SpecTc SpecTecl is a Tcl/Tk-driven event-sorting and
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Figure 2.8: Block diagram of the KAMP data-acquisition (DAQ) and timing electronics. High
voltages for the VMI electrodes and detector stacks are supplied by iseg multichannel HV units
and routed through voltage dividers to the MCP and anode assemblies. HV decouplers deliver the
required DC biases while RC networks extract the fast pulses from the MCP and delay-line anodes.
The pulses are amplified and sent to a constant-fraction discriminator (CFD), which produces
timing signals that are free of amplitude-dependent time walk. The master trigger is provided
by the FLAME SDG-a delayed copy defines the acquisition gate. Event-by-event timestamps for
each of the detector signals (MCP and anodes) are recorded by a CAEN V1290N multihit TDC
(x, ¥, TOF channels). A CAEN V785N peak-finding ADC logs auxiliary analog signals such as
photodiode power, and a CAEN V560N scaler records count rates. All VME modules are read out
through a PCI-to-VME optical bridge to the DAQ computer.

spectrum-generation framework built on an object-oriented C++ analysis layer. In SpecTcl, a
custom event processor function decodes the multihit TDC time data from the raw event words,
and applies the calibrations that convert TDC time bins into TOF and detector (X,Y’) coordinates.
The resulting parameters are visualized (from online stream or offline event files) using user-defined
spectra, including time-of-flight (TOF) distributions, 2D detector images and (X,Y)-TOF maps,
anode time-sum checks for signal validation, and multi-ion coincidence histograms such as PIPICO

and TRIPICO.

2.4.2 Event Building and Momentum Reconstruction

Figure 2.9 summarizes the end-to-end pipeline from SpecTcl event files to calibrated fragment

momenta, and visualizing other experiment specific observables. After hardware readout and online
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sorting in SpecTcl, events from the offline event files are exported as a compact binary stream.
Each event contains the analog monitor (ADC1), the pump—probe delay step, number of hits, and
position and time-of-flight (z, y, t) for all detected ions and electrons. The binary is parsed in a
Python workflow to produce two tables: (i) a per-event hit table with columns z, y, and ¢ for up

to 16 ions (ion-only mode), and (ii) the second table containing the delay and ADC values.

SpecTcI Binary Python -
Event file
enstimn (e IO rormaee

Momentum
calibration

d

v, = flx;)

v, = fly)
Vg = f(TOFJ

_i*

Figure 2.9: KAMP analysis workflow. Event files are exported from SpecTcl to a binary format and
read in Python to build dataframes. For events with at least n ion hits, all ( ) combinations are
formed, gated in the fragment TOF windows, and filtered by TOF-coincidence. SIMION voltages
are optimized to match the experimental TOF mass—charge slope, then velocity calibrations v, (z),
vy(y), and v, (TOF) are derived from simulated trajectories. Fragment momenta are reconstructed
to generate KER, angular, and yield observables used throughout this thesis.

We first select events consistent with the desired number of fragments detected. For an n-
ion channel, we require events with > n ion hits and enumerate all ( ) hit combinations within
each event. For each item from the combination, the arrival time ¢; of every ion is filtered by a
broad TOF window TOF; assigned to that fragment, which removes combinations that include
empty slots or ions from out-of-channel species. Ton TOF coincidence maps (PIPICO, TRIPICO or
higher coincidence maps) are then used to gate kinematically allowed combinations and suppress
random /false coincidences.

Because the VMI extraction field is intentionally nonuniform, analytic inversion from (z, y, TOF)
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to initial momentum is not available. Instead, we model the exact VMI geometry and the operating

voltages in SIMION®* and derive empirical calibration functions that map detector observables to

the initial velocity components”™ ™. This approach follows established practice for double-sided
VMI spectrometers®72.
Experiment SIMION
9000 9000
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Figure 2.10: Experimental and SIMION time-of-flight calibration. Linear TOF vs. \/m/q slopes
are matched by adjusting the drift-tube voltage in simulation. Agreement of slopes validates the
effective extraction field used for trajectory calculations.

Before extracting calibration functions, the simulated voltages are tuned (primarily the drift-
tube value) so that the simulated TOF vs. y/m/q slope for reference fragments matches the exper-
imental slope, as shown in Fig. 2.10. This step aligns the effective extraction field in simulation
with the experiment to first order®’.

With the voltages mapped, ions are launched from the interaction region with a grid of transverse
and longitudinal kinetic energies that span the experimental range, similar to the ion trajectories
shown in black in Fig. 2.5. The motions of charged particles in the x, y and z directions can
be assumed to be decoupled from each other. In this case, the simulations can be performed
using SIMION independently in each initial-velocity direction. For each species, simulated detector
positions and time-of-flight are fitted with second-order polynomials to obtain v, = fz(x), vy =
fy(y), and v, = fi(t)™7. Cylindrical symmetry implies equivalent mappings in x and y barring
any small alignment corrections. An exemplary fit function for v, and v, from x position on the
detector and the time-of-flight from SIMION simulation is given in Fig. 2.11.

For each gated hit combination in an event, the calibrated relations yield v,, vy, and v, which
are converted to momentum via p = mv. The resulting per-event ion momenta form the basis

for all downstream observables, including kinetic-energy release (KER), pairwise and many-body

20



vx=0.0015 X? + 0.5614 X + 0.1166 v;=-0.0000 ToF? + 0.2818 ToF -367.5199

1754 = C*¥ 17.5 = C*
15.0 - 15.0 4
12.5 12.5 1
£ 10.01 Z 10.01
E E
7.5 1 7.5 -
< &
5.0 1 5.0 1
2.5 2.5 -
0.0 1 0.0 1
0 5 10 15 20 25 30 1760 1780 1800 1820 1840 1860 1880 1900
X (mm) ToF (ns)

Figure 2.11: SIMION-based velocity calibration for a representative fragment (C* shown). Left:
transverse calibration v, vs. x with quadratic fit. Right: longitudinal calibration v, vs. TOF with a
quadratic fit about TOF.. These mappings are obtained with the electrode geometry and voltages
that reproduce the experimental TOF slope.

angular correlations, correlation analyses, and delay-resolved distributions.

2.5 Electron Imaging, Abel Inversion, and Energy Calibration

The electron spectrometer is operated in velocity—map imaging (VMI) mode, where the transverse
velocity distribution of the emitted electrons is projected onto a position-sensitive detector. For
the analysis of the two-dimensional detector images, we apply Abel inversion techniques® under
the assumption of cylindrical symmetry around the spectrometer axis. The electron images are
centered and circularized with the centering tools provided by the PyAbel Python package, using
both convolution and center-of-mass methods as cross checks®”.

The Abel inversion is performed with the BASEX method implemented in PyAbel®*80. The
resulting distribution is then angularly integrated to obtain a one-dimensional radial intensity profile
I(r), which corresponds to the electron kinetic energy distribution. This procedure is similar to
that described for the coincidence velocity-map imaging spectrometer used in earlier work at the
ALS%?. Representative examples of the circularized images, inverted images, and the corresponding
radial distributions are shown in Fig. 2.12. To convert detector radius to electron kinetic energy, we
recorded calibration data using neon gas and soft X-ray photons between 55 and 145 eV. At each

photon energy, photoelectron images were measured for the well-known Ne 2p and 2s photolines.
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Figure 2.12: Electron image processing and Abel inversion used for the energy calibration with
neon using 115 eV synchrotron X-ray photons. The upper panels show a representative circularized
electron image (left) and the corresponding Abel inverted image (right). The lower panels show
the radial electron intensity distributions obtained before (left) and after (right) Abel inversion.
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Figure 2.13: Left: Electron kinetic energy calibration using neon 2p and 2s photolines measured
with synchrotron X-ray photons scanned from 55-105 eV in 5 eV steps and from 115-145 eV in
10 eV steps. The symbols show the known kinetic energies of the Ne 2p (blue) and 2s (green)
photoelectrons plotted versus the corresponding detector radius extracted from the Abel inverted
images. The red curve is a third-order polynomial fit used to convert detector radius to electron
kinetic energy. Right: Representative Abel-inverted radial spectrum converted to kinetic energy at
hv = 115 eV showing the Ne 2s and 2p peaks (dashed vertical lines) and the 2p full width at half
maximum (FWHM) corresponding to AE/E =~ 0.070.
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After circularization and Abel inversion, the peak positions in the radial distributions were extracted
by fitting Gaussian profiles. The known kinetic energies of the Ne 2p and 2s electrons were plotted
as a function of the corresponding detector radii, and a third-order polynomial was fit to this
energy-radius relation (see Fig. 2.13) A representative Abel-inverted spectrum at hv = 115 eV is
shown in the right panel of Fig. 2.13. The Ne 2p peak at F =~ 95.39 eV has AEpwum ~ 6.67 eV,

corresponding to an energy resolution of AF/E ~ 0.070 under the calibration conditions.

2.6 Classical Coulomb Explosion (CE) Simulation

Coulomb explosion (CE) simulations are used to interpret coincidence momentum images by prop-
agating nuclei as classical point charges on a purely repulsive potential. In the high charge state
limit relevant to this work, Coulomb repulsion dominates over bonding and other interactions, be-
cause the nuclei experience strong pairwise repulsive forces from multiple localized positive charges
on a femtosecond timescale. So a simple classical model reproduces momentum—angle correlations

robustly, even though fragment kinetic energies (KEs) are often overestimated %%:87:88,

Initial Geometries and Ensemble Preparation

Ground-state equilibrium neutral geometries are first optimized using a quantum chemistry package
and used as the reference for sampling initial nuclear configurations. Two ensemble—generation

strategies are employed in this thesis:

e Wigner sampling of vibrational ground state. Ground-state normal modes are com-
puted, and initial conditions are drawn from Wigner®® phase-space distributions via Newton-

X991 "and the resulting geometries and momenta seed the Coulomb explosion propagation.

¢ Gaussian geometry randomization with initial KE. Each atomic position is displaced
by a three-dimensional Gaussian (typical standard deviation ~ 0.25 A), and a small total KE
(e.g., 500 meV) is randomly partitioned among atoms. This practical choice reproduces the
experimentally observed width of the momentum distributions by capturing broadening from

nuclear motion during ionization, laser-imparted KE, and a spread over ionic states%%:8%.
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For statistics, we typically sample ~10,000 geometries per molecule. For the dynamics simulation in
pump—probe cases in this thesis, the neutral molecule is propagated along the reaction coordinate,
and the instantaneous positions and velocities at a given delay then define the initial conditions for

CE simulation.

Forces and Equations of Motion

In the simulation, we assume the following: (i) point charges at nuclear positions, (ii) a purely
Coulombic repulsive potential, (iii) instantaneous, vertical ionization at ¢ = 0, with each atom i
assigned a final charge ¢; ¢ and zero or modest initial velocity, and (iv) complete breakup into the
ions detected for the chosen channel.

Each nucleus i is treated as a classical point charge of mass m; and charge g¢; s, located at r;(t).
At t=0, we begin the propagation from the sampled r; o and v; o.

The equations of motion are
mi¥i(t) = Fi(r;(t),t) = Y _Fij(t) (2.1)
J#i

_ U a)g()
Ao [|ri(t) — x5 (1)]]

0 5 (ri(t) — ;1)) (2.2)

Numerical Propagation

We propagate the classical nuclei by solving the coupled first—order system for positions and veloc-

ities. For each fragment ¢, we evolve
ri(t) = vi(t) (2.3)
miVi(t) = > Fi(t) (2.4)

J#
with Fy; given by Eq. (2.2), and initial conditions r;(0) = r; ¢ taken from the sampled geometry
and 1;(0) = v;o (either zero, Wigner—sampled, or drawn from the small added-KE distribution
noted above).

Fragment position and velocity are stacked into a state vector y(t) = (rl, ce TN, VL, ,VN).

Eqgs. (2.3)—(2.4) define y = f(y). The coupled ODEs are propagated using an explicit Runge-Kutta
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scheme (RK45) until velocities reach asymptotic values, typically tens of ps. All simulations in this
thesis were implemented in Python using NumPy“? vectorized force evaluations over all pairs (i, )
for efficiency, and solve_ivp()“? for time propagation. We employ fine steps during the early,
high—acceleration phase (few fs step size) and progressively larger steps thereafter, integrating
until the velocities converge to asymptotic values (typically tens of ps). Numerical diagnostics
include conservation of total momentum and monitoring of the instantaneous Coulomb potential
plus kinetic energy. For each trajectory, the asymptotic velocities v;(00) give the final momenta
p; = m;v;(co) and kinetic energies K; = $m;||v;(00)||? for each fragment. The total kinetic-energy

release (KER) and angle correlations are computed from the set {K;, p;}.

Summary

In summary, this chapter established the experimental and computational tools used throughout
the thesis. We described the coincidence VMI spectrometer and DAQ workflow used to reconstruct
three-dimensional fragment momenta from multihit timing and position data. We also introduced
the classical Coulomb-explosion simulation framework that maps assumed charge configurations and
initial geometries onto the measured observables, such as fragment momenta, KER, and angular
correlations. With these tools in place, the next chapter applies time-resolved CEI in a UV-
pump/NIR-probe scheme, using delay-dependent KER and momentum-correlation observables to

extract ultrafast structural dynamics and to search for transient structural signatures.
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Chapter 3

Imaging Transient Molecular
Configurations in UV—-Excited CH»I5
by Time—Resolved Coulomb

Explosion Imaging

Femtosecond structural dynamics of diiodomethane (CHazly) triggered by ultraviolet (UV) pho-
toabsorption at 290 nm and 330 nm are studied in this chapter using time-resolved coincident
Coulomb explosion imaging driven by a near-infrared probe pulse. We map the dominant single-
photon process—the cleavage of the carbon—iodine bond producing a rotationally excited CHsl
radical—and identify additional contributions from the three-body (CHg 4 I+ 1) dissociation and
molecular iodine formation channels, which are primarily induced by multiphoton absorption. We
demonstrate the presence of a weak reaction pathway involving short-lived transient species re-
sembling iso-CHsls-like geometries with a slightly shorter I-I separation than in the ground-state
CHslIy molecule. These transient configurations, isolated through specific momentum-correlation
conditions among three ionic fragments, form within approximately 100 fs after the initial photoex-
citation and decay within the next 100 fs.

This chapter is adapted from our work titled ”Imaging transient molecular configurations in UV-
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excited diiodomethane” published in The Journal of Chemical Physics®®.

3.1 Motivation and Overview

UV-induced photodissociation reactions of halogenated alkanes are significant sources of reactive
halogens, which have a considerable impact on environmental and atmospheric chemistry. Iodine,
one of the halogens, plays diverse roles in chemistry, serving as a fundamental element in human
health and bio-chemistry, a useful catalyst in organic synthesis??, and a major contributor to the
destruction of ozone molecules?. Due to its strong absorption of sunlight in a broad range of UV
wavelengths, dilodomethane (CHsls), a polyhalogenated alkane, is a major source of highly reactive
iodine molecules influencing tropospheric chemistry and the marine boundary layer?°.

Numerous studies have been published on the UV-induced photochemistry of CHsls, which have
reported the primary cleavage of one of the C-I bonds and the formation of CHyI and I(*Pg /2) or
I*(?P, /2) photoproducts?” 9. Using ions generated by a (2+1) resonance enhanced multiphoton

100 measured the translational kinetic energy distributions of both

ionization process, Xu et al.
I(2P3/2) and I*(QPI/Q) fragments in the wavelength range of 277-305 nm and concluded that the
CHal co-fragment is produced with significant internal excitation, with approximately 80% of the
total available energy being partitioned into the internal energy of the CHsl fragment.

Reid et al. 191102 Jater drew attention to the importance of isomerization of halogenated alkanes
into iso-haloalkanes upon UV absorption as a major pathway leading to the production of molecular
halogens. The photoisomerization of CHsls to iso-CHsls has been reported to be an extremely

20;103,104 - Qipce it has been

efficient process upon UV absorption in the solution phase and in cages
suggested that the dominant isomerization mechanisms in these studies are driven by the interaction
with solvent molecules or cage, it is helpful to examine the process in isolated gas-phase molecules,

105 yeported observing photoisomerization of CHslp in

free from such interactions. Borin et al.
the gas phase upon 330 nm UV excitation by probing it with femtosecond transient absorption.
The delayed rise in the transient absorption of CHsls at 380 and 612 nm, approximately 35-90 fs

after UV excitation, was attributed to the creation of a short-lived iso-CHsIy. A recent ultrafast

electron diffraction (UED) study, where Liu et al.'” directly mapped the C-I cleavage upon 266 nm
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excitation, quantified the resulting increase of the C-I and I-I separations, and observed signatures
of the rotation of the CHsl radical after the C—I bond cleavage, but did not mention any observation
of iso-CHsIy formation.

Direct C-l Cleavage H
ks g lonic

Fragments
Detected in
Coincidence

“
A 2+
I, Formation ‘
Np 2+
S : o

3-body Dissociation

IR
& ‘ ‘ Probe
Olfs N T

L1 |1 e
Pump-probe Delay

Transient iso-CH, |,

CH,l,

Figure 3.1: Sketch depicting the pump—probe process and the different reaction pathways after
photoexcitation of CHyly (left) by the ultraviolet (UV) pump pulse. The products and possible
intermediates (middle) are ionized to a fivefold final charge state by the intense near—infrared (NIR)
probe pulse, and the ionic fragments are detected in coincidence.

Here, we employ Coulomb Explosion Imaging (CEI), a powerful method for determining the
geometric structure of gas-phase molecules, to investigate the structural dynamics of CHzly upon
UV photoabsorption. CEI has been shown to be a useful tool in identifying molecular isomers>>
and conformers3* of polyhalogenated alkanes and other organic molecules®?, and even imaging the

87:106

complete structure of halogenated alkanes and ring molecules384360  When used as a time-

resolved method in a pump-probe scheme, laser-induced CEI can measure wave-packet dynamics,
visualize vibrational motion, and image photodissociation with high temporal resolution 230107113
In particular, CEI provides multidimensional data crucial for identifying any transient structural

changes in the molecule upon UV excitation, often with the help of simple classical modeling and

computations.
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Figure 3.2: Room-temperature absorption cross section of CHsly (black circles)!? with the
measured UV pump spectra centered at 290 nm (blue) and 330 nm (magenta) overlaid. Horizontal
dotted lines mark the approximate cross sections at the two pump wavelengths.

In this chapter, we study the ultrafast structural dynamics of diiodomethane upon UV exci-
tation, specifically at 290 nm and 330 nm, using ionization and Coulomb explosion by an intense
strong-field near-infrared (NIR) probe pulse. Excitation at both 290 nm (4.28 e¢V) and 330 nm
(3.76 V) can access several excited states that adiabatically lead to CHoI+1(*Pj/9) dissociation.
Excitation at 290 nm can also access states leading to CHoI+I*(?P;4 /2) dissociation !4, A schematic
of the pump—probe experiment and the different reaction pathways after UV photoexcitation is
shown in Fig. 3.1, and Fig. 3.2 shows the room—temperature UV absorption cross section with the
measured pump spectra overlaid. As seen in Fig. 3.2, the 290 nm pump spectrum overlaps the peak
of the CHsls absorption band, whereas the 330 nm spectrum samples a region of smaller cross sec-
tion. Accordingly, we expect higher overall signal and broader state access at 290 nm and reduced
yields at 330 nm which we use primarily to enable comparison with the transient—absorption work

by Borin et al.'%®

. The primary objective is to explore possible signatures of the intramolecular
photoisomerization process in CHsly, guided by the findings reported by Borin et al.'%>. We ana-
lyze the delay-dependent angular correlations between the momenta of the ions, the total kinetic

energy release (KER), and the kinetic energies (KE) of individual ionic fragments to differentiate
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the possible photoisomerization channel from the direct two-body breakup channel that leads to
CHoI +1 (or I*) products. We also identify the three-body (CHg + I+ 1) dissociation and the Iy

formation channels, which primarily occur after the absorption of multiple UV photons.

3.2 Methods
3.2.1 Experimental
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“e ™. lon

- Detector

. (x,y,ToF)
(position and time sensitive)

Ti-Sapphire Laser
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Figure 3.3: Schematic of the pump—probe setup and the coincident ion momentum imaging system.
The diagram depicts the propagation of the ultraviolet (UV) pump and near—infrared (NIR) probe
pulses into the experimental chamber. Both pulses are collinearly directed and focused onto a
cold supersonic molecular jet containing diiodomethane. The setup is integrated with a double—
sided velocity map imaging (VMI) spectrometer, operated in multi-ion coincidence mode. Ions
are detected in coincidence using a time—and position—sensitive detector comprising a microchannel
plate (MCP) and a delay line anode assembly. It should be noted that in this particular experiment,
the electron detector is not utilized.

General CEI/VMI details and data processing are covered in Chapter 2; we summarize only
experiment—specific parameters here for completeness. Figure 3.3 illustrates the experimental setup
for the UV-pump and NIR-probe CEI experiment. The 3 kHz Ti:sapphire system delivered near-
Fourier-transform-limited NIR probe pulses (26 fs FWHM, 810 nm), and the OPA provided ~70-

80 fs UV pumps at 290 and 330 nm, with pulse energy up to 15 pJ. The UV and NIR beams were
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recombined and sent collinearly through a 1-mm calcium fluoride (CaFg) window into the vacuum
chamber, then focused by a 75 mm spherical mirror with UV-enhanced aluminum coating, into
a cold supersonic CHsly jet. Diiodomethane, which is liquid at room temperature, is introduced
into the vacuum chamber as a supersonic molecular beam expanded through a 30-um nozzle using
helium at 3 psig as carrier gas, which is collimated by a skimmer with a 500-uym diameter opening.
The differential pumping stages in the molecular beam, separated from the interaction chamber by
a 700-um aperture, and a beam dump comprising of two differential pumping stages ensure that
the base vacuum in the interaction chamber stays around 1070 mbar when the molecular beam
is operating. We scanned the pump—probe delay with 15 fs steps up to 800 fs and 100 fs steps
thereafter, reconstructed fragment momenta from time—and position—sensitive detection, and used

multi—ion coincidence to select specific fragmentation channels.

3.2.2 Coulomb Explosion Simulation

To guide the search for a possible isomer and identify the different reaction channels, we performed
classical Coulomb explosion simulations for the molecular geometries corresponding to the CHzly
equilibrium geometry, the iso-CHsls, and the C-I bond cleavage pathway including rotation of
the CHsl intermediate. The simulations, explained in detail in Methods Sec. 2.6, are based on
solving Newton’s equations of motion for three point charges located at the positions of the carbon
and iodine atoms. To match the experimental observables, the CHs fragment was kept intact.
It is treated as a point particle in the simulations. The ionization and fragmentation process
induced by the probe pulse was assumed to be instantaneous (i.e., for CH;‘ + 12T 4+ I?T channel,
instantaneously breaking both C-I bonds and resulting in a charge q=1 on the carbon atom and
q=2 on each of the two iodine atoms), and the repulsion between the three fragments was treated
as purely Coulombic.

The optimized structures of the molecule in the equilibrium geometry of the neutral electronic

-
105" For each case, an ensem-

ground state and the isomer geometry were taken from Borin et al.
ble of 5000 geometries was generated by randomly varying the initial atomic positions within a
radius of 0.1 A around the equilibrium geometries and the initial velocities by up to 2x10~* a.u.,

respectively. These parameters were chosen empirically in order to approximately match the width
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of the fragment kinetic energy and momentum distributions observed in the experiment. In the
simulation for the dissociation channel, a rotational period of ~300 fs (obtained experimentally for
the two-body dissociation into CHsl + I following UV absorption and C-I cleavage, was used for
the CHsl intermediate, and the translational KEs used for the ion pairs were obtained from the

experimental asymptotic KER for the respective channels.

3.3 Probe—only Characterization and Channel Selection

The intense NIR probe pulse ionizes both, the unpumped and the photoexcited molecules, resulting
in multiple channels with different final charge states and different ionic fragments. In this section,
we present spectra obtained with the strong-field NIR probe pulse alone (UV blocked) to establish
the probe-only contributions. Figure 3.4 shows the ion time-of-flight (ToF') spectrum, with peaks
corresponding to different ionic fragments produced by the strong-field NIR pulse. Figure 3.5
shows the detector hit position along the molecular beam axis. The various islands correspond to
the different ions produced after ionization by the probe pulse, and rings indicating larger fragment
momenta from Coulomb explosion with a coincident ionic partner. The observed offset (slanted
dashed black line) reflects the velocity of the molecular jet and helps distinguish target ions from
background. The peaks corresponding to the different ions are indicated with red vertical lines and

labeled based on their respective mass-to-charge ratios.
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Figure 3.4: TIon time-of-flight (TOF) spectrum generated by strong—field ionization of CHaly
molecule with the NIR pulse only, i.e., without UV pulse. The red vertical lines indicate the
calculated ToF for the indicated ions with zero kinetic energy. Peaks are labeled based on their
respective mass—to—charge ratios.
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Figure 3.5: Ton time—of-flight (TOF) spectrum as above but including the detector hit position
along the X (molecular beam) direction. The color bar indicates the counts per bin on a log color
scale. The offset in X, indicated by the diagonal dashed line, is due to the velocity of the molecular
beam, which helps separate ions generated by the ionization of molecules in the beam from those
from residual gas.
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Figure 3.6: Photoion—photoion—photoion coincidence (TRIPICO) yield generated by strong—field
ionization of CHals molecule with the NIR pulse only. The different coincidence islands correspond
to distinct fragmentation channels accessible under probe—only conditions. The color scale rep-
resents the counts per bin in log scale. This highlights the various coincident breakup pathways
available and provides the basis for identifying the specific probe channel for UV—induced dynamics.

Figure 3.6 displays the three-ion coincidence (TRIPICO) spectrum under probe-only condi-
tions. This highlights the various accessible coincidence channels generated by the NIR pulse and
shows the different fragmentation pathways that can be probed by the strong field. Fragmentation

channels that are complete can be distinguished from other channels by the sharp lines—the char-
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acteristic signature of momentum conservation. Selecting a narrow region around these lines yields
events belonging to those momentum-conserved channels. This minimizes the contamination from

false coincidences and background ions.
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Figure 3.7: Newton plots of the (a) CHy + IT + I, (b) CHy + I?* +1F, and (c) CHJ + I2* + I?F
coincidence channels for ionization by the NIR pulse alone. The momenta are normalized to the
magnitude of the CH2+ fragment, and the reference frame is chosen such that the CH;r momentum is
aligned along the x—axis, with the zy plane defined by the first detected iodine ion in each channel.
The circular features in [(a) and (b)] are clear indications of sequential breakup.
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Figure 3.8: Ion yield as a function of KER and angle between the momentum vectors of the
two iodine ions for (a) CHy +IT +1I*, (b) CHJ + 1> +1* and (c¢) CHJ + I?* + I?* coincidence
channels, again for ionization by the NIR pulse alone. The first two channels exhibit strong se-
quential breakup contributions, consistent with rotational excitation of the intermediate fragments.
In contrast, the CHéF + I?* + I?* channel shows minimal sequential character, making it the most
suitable fragmentation channel for probing pump—-induced dynamics.

Figures 3.7 and 3.8 show the Newton plots and the KER versus I-I momentum angle distribu-
tions, respectively, for the three dominant three-body fragmentation channels involving emission of
two iodine fragments, with total final charge states of three, four and five: CH2+ + It 417, CH;r +
I>* + It and CHEL + I?T 4+ 12+, The first two exhibit strong contributions from sequential breakup,
evident from the circular features (Figs. 3.7(a) and (b)) associated with formation and rotation of
an intermediate CHsl fragment. In contrast, the CH; + I2* 4 I?T channel in Fig. 3.7(c) displays
a purely concerted breakup without significant contribution from sequential breakup. This is also
evident in Fig. 3.8, where the (a) three- and (b) four-fold channels show a tail from the main lobe

extending to large angles. This behavior is consistent with sequential fragmentation, where rotation
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of the intermediate fragment broadens the I-I momentum angle toward larger values. By contrast,
the five-fold channel (CH;r + I?* 4 I?*) shows minimal contributions from sequential breakup, with
yield confined to a narrow range of I-I momentum angles centered near 150°. Sequential fragmen-
tation introduces rotational excitation of the intermediate fragments, which obscures the signatures
of pump-induced dynamics and complicates the identification of weaker competing pathways. We
therefore select the CHéF + I?T + I?* channel as the most suitable probe of the UV-induced dynam-
ics, with the probe-only analysis establishing the baseline for interpreting the UV-pump/IR-probe

results.

3.4 UV-—pump/NIR-probe Dynamics at 290 nm

While the main objective in this chapter is to investigate the transient photoisomerization of di-
iodomethane (CHsly) after UV photoabsorption, the majority of the photoexcited molecules un-
dergo direct dissociation following C—I bond cleavage, and the first task is therefore to identify the
signatures of these competing reaction pathways. We begin with the 290 nm dataset, which has
higher UV absorption cross section for CHyIy ™ compared to 330 nm. This wavelength provides
the highest signal-to—noise in our measurements, allowing us to establish the analysis pipeline and
benchmarks for transient—geometry identification. In what follows, we track the evolution of the
CH;‘ + I?* 4 I?T channel as a function of pump-probe delay and use the associated angle-resolved
and fragment-resolved observables to separate any contributions from iso—-CHgyls-like signatures
from other channels.

Figure 3.9 introduces the KER-delay map—ion yield as function of the KER and the pump-
probe delay. Three distinct features are visible in Fig. 3.9(a): (i) a horizontal band in the KER
range between 30 and 40 eV, which corresponds to the Coulomb explosion of bound (i.e. non-
dissociating) molecules that may or may not have absorbed a UV photon and that were five-fold
ionized by the probe pulse; (ii) a curved feature whose KER decreases with increasing pump-probe
delay and which emerges from the horizontal band near time-zero, reaching a KER of approximately
15-18 eV at a delay of 2 ps and 9-14 eV at a delay of 13.5 ps (see Fig. 3.9(b)); and (iii) another

curved feature whose KER decreases even faster than that of feature (ii), reaching a KER of
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Figure 3.9: (a) CH}L + 12t 4+ I?* ion coincidence yield as function of pump-probe delay and KER.
Positive delays correspond to the NIR probe pulse arriving after the UV pump pulse. A step size of
15 fs and 100 fs was used for delays up to and beyond 800 fs, respectively. (b) KER spectra of the
same coincidence channel recorded at a fixed delay of 13.5 ps. The data shown here were recorded
at a pump wavelength of 290 nm. The equivalent plots for this and all the following figures with
the data recorded at 330 nm are shown in Sec. 3.5. The vertical dashed line at 300 fs in panel (a)
indicates the experimentally obtained rotational period of the CHsl fragment.

approximately 8-10 eV at a delay of 2 ps and 1-5 eV at a delay of 13.5 ps, at which point the KER
no longer changes with delay. Features (ii) and (iii) originate from the molecules that dissociated
upon UV photoabsorption, with feature (i) corresponding to two-body dissociations into CHsl
and I or CHy and Iy, while feature (iii) corresponds to direct three-body dissociation by the UV
pulse into CHo, I and I. While these assignments can be made with good confidence based on the
asymptotic KERs of both channels, further insights and confirmation are obtained when inspecting
the angular correlation between the momentum vectors of the ionic fragments”.

Figure 3.10 summarizes how new structures emerge upon UV excitation. At negative delay
[Fig. 3.10(a)], the probe-only distribution forms a compact island, as seen in Fig. 3.8(c). As the
delay becomes positive (UV-early/IR-late) [Fig. 3.10(b)], events with similar KER spread to larger
angles, and by 60-150 fs [Fig. 3.10(c)] a pronounced large-angle population appears together with a
growing low-KER band. With increasing delay [Fig. 3.10(d)], these low-KER features separate into
discrete blobs that mirror the two decaying bands in the delay-KER map [Fig. 3.9(a)]. By 1.5-2.0 ps

[Fig. 3.10(e)], the lower-KER contributions associated with dissociation and I3 formation are clearly
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Figure 3.10: Delay-sliced snapshots of the CHJ + I>T + I?T yield as a function of total KER and
the I?*-I?T momentum angle at representative pump-probe delay windows. (a) Probe-only baseline
(negative delay) shows a single localized island. (b) At short positive delays, a shoulder at similar
KER extends toward larger angles. (c) By 60150 fs, this large-angle contribution strengthens and
a low-KER band appears, resembling an extension of the probe-only population. (d) With further
delay, distinct blobs emerge that correspond to the two decaying branches seen in the delay-KER
map (Fig. 3.9). (e) At long delays (1.5-2.0 ps), the lower-KER distributions associated with two-
and three-body dissociation and Is formation separate clearly, while the high-KER shoulder has
disappeared. (f) In the asymptotic delay slice, the features are well separated into the characteristic
regions associated with bound-molecule Coulomb explosion, two- and three-body dissociation, and
I formation.

resolved from the high-KER island. In the asymptotic-delay slice [Fig. 3.10(f)], the regions are well
isolated, paving the way for the long-delay analysis.

Figure 3.11(a) shows the coincidence ion yield at the asymptotic delay of 13.5 ps as a function
of the KER and the angle between the momentum vectors of the two iodine dications. The most
intense feature at a KER of 30-40 eV (with a smaller side-peak between 20-30 eV) and relatively
well defined (I**, I?*) angle centered around 150° (marked by the black ellipse in Fig. 3.11(a))
stems from the Coulomb explosion of bound molecules in or near their equilibrium geometry, as
confirmed by the data taken without the UV pulse present shown in Fig. 3.8. At a KER of
approximately 15 eV (red ellipse), an angularly broad feature spanning 60-180 degrees in the (121,
I?T) angle can be attributed to C-I cleavage and dissociation into CHal + I induced by a single-
UV-photon absorption. The broad spread in angle results from high rotational excitation of the

CHal fragment due to the torque imparted from the C—I bond cleavage, as also observed in other
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Figure 3.11: (a) CHj + I?* 4+ I?* ion coincidence yield as a function of KER and angle between
the momentum vectors of the two iodine dications for a fixed pump—probe delay of 13.5 ps. Four
clearly separated components can be distinguished: a high-KE peak and a lower-KE spot both
located at large I;LIQF opening angles, corresponding to two different contributions with similar
I-T momentum-space angles. The former is associated with a shorter I-I distance in the Coulomb
explosion, while the latter corresponds to an increased I-I separation. In addition, a low—KE spot
at small I; fI; angles is attributed to three-body breakup, and a broad band at larger KER values
points to Coulomb explosion of bound molecules. (b) Simulation results for the neutral equilibrium
geometry, iso—~CHsaly equilibrium geometry, and several dissociation channels.

Two additional features, each of them with approximately half the number of events as in the
red ellipse discussed above, are prominent in Fig. 3.11. First, a rather localized spot peaked at
a KER slightly below 20 eV and an (I?*, I?*) angle close to 180° (green ellipse) can be uniquely
attributed to Iy formation after UV excitation (i.e., dissociation into CHg + I3) since both the KER
and the back-to-back emission of the two iodine ions are consistent with a Coulomb explosion of I5.
Second, a clearly separated contribution at low KER (blue ellipse) is attributed to the UV-induced
three-body dissociation into CHy + I + 1. Both of these features result mainly from multi-photon
excitation by the UV pulse. This assignment is based on (i) the energy required to trigger three-body
dissociation (4.8 - 5 eV114121) (i) earlier experimental work that reported rather low quantum
yield of I elimination upon single-photon excitation!?!, and (iii) on the observed dependence on
the UV power. The log-log analysis, as shown in Fig. 3.24, reveals that the C-I dissociation
yield scales linearly with pump intensity (slope ~ 1), consistent with a one-photon absorption
process. In contrast, the molecular Is formation and the CHy 4+ I + I three-body fragmentation
scale nonlinearly (slope =~ 2), showing two-photon character.

The results of the classical Coulomb explosion simulations for the neutral ground-state geometry
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and the iso-CHzly equilibrium geometry are shown in Fig. 3.11(b), along with the simulation results
for the CHoI + I, CHs + Iy and CHy + I + I dissociation channels at 13.5 ps pump-probe delay.
Apart from overestimating the measured KER, most likely due to the assumption of a purely
Coulombic potential, the simulated results qualitatively match the experimental observations for
all channels, validating the use of these simulations in identifying the observables corresponding to
the possible formation of the isomer.

Although the simulations show a subtle difference in the KER of the equilibrium geometry
and the isomer, this distinction can be expected to be much less pronounced in the experiment,
where a significant spread in the KER is observed even when no UV pulse is present. However, the
simulations also predict that the Coulomb explosion of the isomer will lead to some ion yield at
larger angles between the (I2*, I2*) momenta than those realized by the Coulomb explosion of the
equilibrium geometry. In the experiment, essentially no events are observed with (I2*, I>*) angles
larger than 160° when no UV pulse is present as seen in Fig. 3.8(c), but a transient signal with high
KER is observed in this region for pump probe delays between 0 and 250 fs, Fig. 3.10. By selecting
only those events in the experimental data where the (I?*, I?T) angle is larger than 160°, we can
thus almost completely suppress the contribution from molecules in the equilibrium geometry.

However, from the experimental data, it is evident that the three dissociation pathways—(i)
CHsI-I two-body dissociation with CHal rotation, (ii) CHa-I-1 three-body dissociation and (iii)
molecular I formation—could also contribute to the region with the (I?*, I2*) angle larger than
160° (at least at large delays), as seen in Fig. 3.11(a). Contributions from these pathways need to be
filtered out to identify possible signatures of isomerization to CHsI-I. The simulations in Fig. 3.12
show that after the Coulomb explosion, the sum of the KEs of the two I>* fragments is larger
for the iso-CHsls molecules than that of the CHals molecules that undergo direct dissociation into
CHsl and I through C-I cleavage. Furthermore, in the cases of three-body dissociation or molecular
iodine formation, the KE of the methyl ion decreases rapidly with pump-probe delay as the CHs
fragment quickly moves away from the two iodine atoms or the Is molecule. Therefore, the sum
of the KEs of the two I?* fragments and the KE of the CHy fragment can serve as additional
parameters to discriminate the different channels.

Since it is very likely that any isomer-like geometries, were they to be formed as predicted by
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Figure 3.12: Coulomb explosion simulations of CHsls for the following molecular geometries: the
ground-state equilibrium geometry, the iso—geometry, and three states along the C-I dissociation
pathway. Panel (a) shows the dependence of the I; KE sum on the I;-I] angle, while panel (b)
presents the corresponding one—dimensional distributions. The color bars report the normalized
counts per bin in each case using a power-norm color scale. These simulations suggest that large
I;r—Igr angles are more likely for the iso—geometry than for the equilibrium geometry, whereas
contributions from C-I dissociation cover a broader range of KE sums and angles.

1.195 would be visited quickly due to the large amount of internal energy deposited into

Borin et a
the molecule by the UV photon, we will concentrate our search on the smaller delays below 1 ps,
where the isomer-geometry should appear as an additional contribution in the region corresponding
to the bound molecules. However, we have also searched for larger pump-probe delays, but have
not found any statistically significant indications of isomer-like geometries at larger delays.

In Fig. 3.13, the KE distribution of the methyl cation (CHJ) is shown as a function of the
pump-probe delay up to 800 fs and only for those events where the (I>*, I?*) angle is larger
than 160°. Based on the reasoning outlined in the previous paragraph, we can conclude that the
events with quickly decreasing KE, below the blue line in Fig. 3.13, correspond to either CHa-I-1
three-body dissociation or molecular iodine formation. The events above the blue line at 13 eV
mainly correspond to dissociation of CHaly into CHol and I (with subsequent rotation of the CHol
fragment) as well as any possible formation of iso-CHsla, with only spurious contributions from the

three-body dissociation and molecular iodine formation pathways at small delays below 200 fs. The

choice of 13 €V as the boundary is motivated by the experimental data, where a distinct separation
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Figure 3.13: Kinetic energy of the CH2+ fragment as a function of the pump—probe delay with only
those coincidence events shown where the angle between the two I?T momentum vectors is greater
than 160°. The region below the blue line, at 13 eV kinetic energy of methyl cation, corresponds
to the events from CHy—I-I three-body dissociation and molecular Iy formation pathways (see the
text). The region of interest, above 13 eV, is where any events from photoisomerization following
UV excitation would appear, along with the contribution from two—body dissociation producing I
(or I*) and rotationally excited CHal.
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Figure 3.14: Delay-integrated (<300 fs) kinetic energy distribution of the CH; fragment from
the CHy + I?* + I?* coincidence channel, gated on I>*-12* momentum angles larger than 160°.
The distribution shows a dip that separates the decaying low—KE band from the higher—KE island
observed in the 100-200 fs region (see Fig. 3.13). The dashed line at 13 eV corresponds to the
upper edge of this dip and is used as the threshold to distinguish between these two contributions.

is observed between the decaying low-KE band and the high-KE island in the 100-200 fs region as
seen in the delay—integrated yield of the CH;r as a function of kinetic energy shown in Fig. 3.14.

Although the constant 13 eV horizontal line in Fig. 3.13, intersects other features at later delays,
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our analysis focuses only on the early-delay (<300 fs) region, so those intersections do not affect

the conclusions.
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Figure 3.15: (a) Coincidence ion yield as a function of pump-probe delay and KE sum of the two
I+ fragments, for only those events where the angle between the two I?* momentum vectors is
greater than 160° and the KE of the CHéF fragment is greater than 13 eV (above the blue line in
Fig. 3.13). The two regions of interest are described in the text. (b) Projection of the coincident
ion yield in panel (a) on the KE axis, with unpumped reference shown as a black dotted line. (c)
Projection of the coincident ion yield in the green ROI on the pump-probe delay axis (green),
compared to 330 nm (blue).

Next, we select only those events with kinetic energy of CH; ionic fragment above 13 eV from
Fig. 3.13 and plot the sum of the KEs of the two iodine fragments as a function of pump-probe delay
in Fig. 3.15(a). The plot reveals two contributions: an intense feature with a KE sum between 10
and 17 eV (marked by the red rectangle), and a much weaker feature at a higher KE sum, marked
by the green rectangle, which contains approximately 7% of the events in the intense feature. The
projection in panel (b) reveals that these two contributions are shifted toward lower (solid line,
red section) and higher energies (solid line, green section), respectively, compared to the KE sum
of the unpumped molecules (black dotted line). The integrated yield inside the green region of
interest as a function of the pump-probe delay is shown as green line in Fig. 3.15(c). Based on

the simulations shown in Fig. 3.12(b), we assign the events with the higher KE sum to molecular

42



0.20+

T oegl T
(b) ‘ :.(: z: E: = Experiment

P | G:i 'n,i ] == Low KE Fit: p=4.56, 0=0.46

Fit coeffs —0.15- m™ N == High KE Fit: p=3.04, 0=0.22
laa = +0.0001 | | ZO i
a3 =-0.0077 E !
|a2 = +0.2540 i
al = -3.8666 i
- {a0 = +26.9142] :
“ L : J |
Mty 1
"o, ]
S i
. |
xxxxx — !

B S
T T T 1 . - -1 T -T —_ .
15 20 25 30 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
KE 12+ + 12* (eV) -1 Distance (A)

Figure 3.16: (a) Calibration curve obtained from Coulomb explosion simulations with varied I-1
separations, showing the correlation between the kinetic energy sum of the two I?* ions and the
underlying I-I distance. (b) Estimated I-I distance distributions derived from the experimental
data in Fig. 3.15 using the calibration in panel (a). A Gaussian fit to the peak with high KE sum
yields a shortened I-I distance of ~3.04 A, while the Gaussian fit to the peak with low KE sum
yields an extended I-T distance of “4.56 A. The dashed line denotes the I-T distance in the neutral
ground equilibrium CHgls geometry.

geometries resembling the iso-CHsly structure predicted by Borin et al. '

, which have a slightly
smaller I-I distance than geometries resulting from the dissociation of CHsls.

To quantify the change in the I-I distance, we calibrate the relationship between the KE sum of
the two I?* ions and the I-1 distance using Coulomb explosion simulations with varied I-I distances.
The I-1 distances and the KE sums of the two I?* fragments obtained from the simulation are
fitted with a polynomial, as shown in Fig. 3.16(a). Applying this calibration to the experimental
data yields an estimated I-T distances of ~3.0 A for the events with high KE sum and ~4.6 A
for the events with low KE sum [Fig. 3.16(b)], compared to ~3.58 A in the ground equilibrium
geometry. Fig. 3.15(c) shows that the occurrence of these iso-CHslo-like structures peaks at a delay
of approximately 120 fs and quickly decays again on a similar time scale. Analysis of the pump-
probe data recorded at a pump wavelength of 330 nm, following the exact same steps as described
above (see Sec. 3.5 later in the chapter), yields the blue dashed line in Fig. 3.15(c), which shows
the same behavior as the data at 290 nm except for possibly a subtle shift towards slightly longer
delays, which is at the borderline of statistical significance for the present data set.

To further demonstrate the time dependence of the iso-CHsIs-like contribution, Fig. 3.17 presents
selected snapshots of the delay-dependent CH;L + I?* + I2% coincidence yield as a function of the

total KER and the angle between the momenta of the two I?T ions. The events associated with

the two rectangular regions in Fig. 3.15 are overlaid as green and red scatter points to emphasize
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Figure 3.17: Delay-sliced snapshots of the coincident ion yield as a function of the total KER
and the angle between the two I>T ion momenta for the events shown in Fig. 3.15(a). The iso-like
(green) and the dissociation-like (red) regions of interest (ROIs) are overlaid.

the iso-CHsls-like contributions. The figure shows that this transient feature is confined to a nar-

row temporal window and disappears at later delays, consistent with the dynamics discussed in

Fig. 3.15.
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Figure 3.18: Energy sharing between the two I?T fragments, integrated over the pump-probe delays
shown in Fig. 3.15, for only those events where the angle between the two I?* momentum vectors
is greater than 160° and (a) the KE of the CHJ fragment is greater than 13 eV (above the blue
line in Fig. 3.13); or (b) the KE of the CHJ fragment is less than 13 eV (below the blue line in
Fig. 3.13). The red and green rectangles in panel (a) correspond to events originating from the
respective rectangular regions in Fig. 3.15.

Additional information on the geometry of the transient species can be obtained by considering
the energy sharing between the two detected I?* fragments, as shown in Fig. 3.18. Symmetric

geometries, such as the original CHsls geometry, or any molecules excited to symmetric vibrational
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Figure 3.19: Energy-sharing ratio between the two I?* fragments, defined as the normalized dif-
ference between the kinetic energies of the two 1>t ions. For symmetric energy sharing, this ratio
is expected to peak near zero, while asymmetric energy sharing produces broader distributions
shifted away from zero. The blue curve corresponds to the IR-early events, where the distribution
peaks near zero, indicating symmetric energy sharing consistent with the symmetric ground equi-
librium geometry. The orange curve corresponds to the events shown in Fig. 3.18(a), where the
distribution is shifted and broadened around a peak near 0.5, revealing asymmetric energy sharing
characteristic of these geometries. This comparison supports the interpretation of Fig. 3.18 that
the iso-CHsly-like contribution is associated with asymmetric fragmentation dynamics.

modes, would lead to equal energy sharing, whereas strongly asymmetric geometries such as the
predicted iso-CHsly species, would lead to a pronounced asymmetry in the energy sharing. The
gated events that survive both filters—large I>*-12" momentum angle and high CHJ energy—
exhibit distinctly asymmetric energy sharing between the two I?* ions, as shown in Fig. 3.18(a).
This is further illustrated in Fig. 3.19, where the energy-sharing ratio between the two I?* fragments
is shown. While IR-early events peak sharply near zero, indicating symmetric sharing, the gated
events of Fig. 3.18(a) yield a broadened distribution centered near 0.5, confirming their asymmetric
character and supporting the assignment to iso-CHjly-like geometries. In contrast, Fig. 3.18(b)
shows that symmetric geometries dominate when the CHJ energy is low, corroborating our assign-
ment of these events to the Iy formation channel.

To complement the two—dimensional energy—sharing maps in Fig. 3.18 and the one—dimensional
ratio in Fig. 3.19, we present Dalitz plots, which compactly encode the three-body energy parti-
tioning for the CHJ + 12T + I?* channel (Fig. 3.20). Panel 3.20(a) shows simulations for the three
representative geometries used in Fig. 3.12: the ground-state equilibrium structure, an iso-CHsls

equilibrium geometry, and a C-I dissociation geometry constrained to the iso angle. In the Dalitz
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Figure 3.20: Dalitz plots for the CHJ + I?* + I?* channel from simulation (a) and experiment
(b). The color bars represent the bin counts (normalized to the max count) using power-norm
color scale. The simulation shows contributions from the three sets of geometries used in Fig. 3.12.
Panel (b) shows the experimental Dalitz plots corresponding to IR-early events, and the two gated
regions marked by the red and green boxes in Fig. 3.15. The insets show ball-and-stick models of
the corresponding molecular geometries.

representation, symmetric geometries such as the ground—state equilibrium CHsls cluster near the
horizontal center, reflecting equal momentum sharing between the two I?T fragments. By contrast,
the simulated iso—-CHsl, and C-I dissociation geometries populate off-center islands, indicating
asymmetric iodine configurations. Comparison of the two off—center clusters further shows that the
CH2+ fragment carries a smaller fractional energy in the iso geometry than along the C-I dissociation
path, consistent with a shorter I-I distance in the iso-CHzly configuration. Panel 3.20(b) displays
the experimental Dalitz plots for similar selections: the NIR—early events, which reflect Coulomb
explosion of the unperturbed ground—state geometry, and the two gated regions marked by the red
and green boxes in Fig. 3.15. As discussed above, these gates separate high—and low—KE sums of
the I2* ions for events with large I-I momentum angles and high CH; kinetic energy, correspond-
ing to iso—like and C-I dissociation—like contributions, respectively. For the high— and low—KE
sum events, the iodine fragments are sorted by kinetic energy to enable direct comparison with
the simulations. The experimental clusters fall at positions that qualitatively match the simulated
islands, reinforcing the assignment of the gated populations to iso—CHzlz-like and dissociation—like
geometries and highlighting the asymmetric energy sharing characteristic for the events with high

CHJ kinetic energy in Fig. 3.15(a).
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3.5 330 nm UV-excitation Dynamics

Having established the geometry—sensitive signatures at 290 nm, we now repeat the analysis at

105 and assess similarities and

330 nm to compare with the transient—absorption study of Borin et al.
differences in the transient—structure observables identified at 290 nm. Although 330 nm wavelength
lies at a smaller absorption cross section than 290 nm (see Fig. 3.2), the overall phenomenology
closely mirrors the 290 nm results: the same set of long—delay (10 ps) components is present, and

the iso-CHslo—like selection appears in the same early—time window. Where the datasets differ is

primarily in relative yields and clarity of certain delay—sliced structures, as detailed below.
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Figure 3.21: (a) Coincidence yield of the CH; + 12t + I?* channel as a function of pump-—probe
delay and total KER at 330 nm. Right panel: KER spectra at delays of 2 ps (blue) and 10 ps (red).
(b) CHy + I?* + I2* ion yield as a function of the KER and angle between the momentum vectors
of the iodine ions at an asymptotic delay (10 ps). The color bar gives the intensity in counts per
bin, plotted using power-norm scale. The colored ovals mark the same contributions as described
at 290 nm.

The delay-KER map at 330 nm [Fig. 3.21(a)] displays the same three distinct contributions
observed at 290 nm (Fig. 3.9): a horizontal band attributable to Coulomb explosion of bound
molecules, a two—body band whose KER decreases with delay, and a more rapidly decreasing three—
body contribution, although this band is noticeably weaker here than at 290 nm. The coincidence
ion yield as a function of the total KER and the I?T-I?* momentum angle at an asymptotic delay
of 10 ps [Fig. 3.21(b)] shows the same set of regions identified at 290 nm (Fig. 3.11). Relative to
290 nm, the three-body and I» formation components are reduced in yield, consistent with the
smaller absorption cross section at 330 nm (Fig. 3.2) and with fewer pathways accessing higher
lying states that favor multiphoton channels.

Following the 290 nm workflow, we select large I?T-I?* momentum angles (> 160°) and apply
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Figure 3.22: (a) Yield of the CHy + I** + 12 coincidence channel plotted as a function of
pump-probe delay and the kinetic energy of the CHJ fragment, shown only for those events where
the angle between the iodine ion momentum vectors is greater than 160° as in Fig. 3.13. The vertical
lines indicate a time interval of “300 fs, corresponding to the rotational period of the neutral CHol
radical formed after UV excitation and C—I bond cleavage. (b) Ion yield as a function of the kinetic
energy sum of the two I?T ions and the pump-probe delay, for events with the I-I momentum
angle greater than 160° and kinetic energy of CH; greater than 13 eV, similar to Fig. 3.15. (c)
Coincidence ion yield of the CH;r + I?* + I?* channel as a function of the kinetic energy sharing
between the two iodine ions, analogous to Fig. 3.18. The color bar indicates the normalized counts
per bin on a power scale

the same CH;r kinetic-energy threshold chosen from the delayed, angle-gated kinetic energy spec-
trum (Fig. 3.14). The CHJ KE versus delay at 330 nm [Fig. 3.22(a)] shows well-separated rotational
islands without the diffuse band seen at 290 nm (Fig. 3.13). This cleaner pattern is consistent with
a simpler dissociation manifold at 330 nm, where fewer competing pathways predominantly lead to
two-body dissociation into CHal + I, producing a rotationally excited CHsl fragment. Under the
same large-angle gate, the islands occur at delays when the CHsl fragment has rotated so that the
projected I-I axis is near linear, consistent with the large I-I momentum angle.

Following the analysis steps from 290 nm and selecting events where the kinetic energy of the
CH;r ion is greater than 13 eV, the yield as a function of the I?*-1?* KE sum and pump-probe delay
[Fig. 3.22(b)] exhibits the same features emphasized at 290 nm (Fig. 3.15). The high-KE sum yield
peaks near the same 100-150 fs timescale as at 290 nm, within our temporal resolution, and decays
thereafter. As in the 290 nm case, we interpret the high—-KE sum region—events inside the green
rectangles in Fig. 3.22 panels (b) and (c)—as the signature of transient iso-CHaIy-like geometries,
while the low—KE sum contribution tracks dissociation—like events that share large momentum
angles but arise from longer I-1 separations. The weaker overall intensity of the high-KE sum

shoulder at 330 nm falls in line with the smaller absorption cross section at this wavelength.
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Overall, the 330 nm dataset reinforces the conclusions drawn from the 290 nm analysis. First,
the same long-delay components are present at both wavelengths and occupy the same regions
in KER-angle space. Second, the large I-I momentum angle, higthE(CH;) selection isolates a
weaker population with higher I?*-I?* kinetic energy sum and asymmetric iodine energy sharing,
consistent with transient iso-CHsalo—like geometries. Differences between the wavelengths are pri-
marily attributable to lower overall yield—especially for the three-body and I formation channels—
at 330 nm and to cleaner rotations seen in KE(CHJ) versus delay plots. These differences likely
reflect the smaller absorption cross section at 330 nm and the access at 290 nm to higher-lying

electronic states that open multiple dissociative pathways leading to CHsl + I or I* fragments.

3.6 UV Power Dependence
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Figure 3.23: CHJ + I?* + I?* ion yield as a function of KER and angle between the momenta
of the iodine ions for two different powers of the 290 nm UV pulse. The color scale represents the
normalized counts per bin (power scale)

This section presents the UV power dependence of fragment yields extracted from different
regions of the KER versus I-I angle distributions at asymptotic pump—probe delays. To quantify
photon orders for the main fragmentation pathways, we evaluate coincidence yields as a function
of the average UV power. Figure 3.23 shows KER versus I-I momentum angle maps at two
exemplary 290 nm pump powers, illustrating the representative gated regions used for the power
scaling analysis. The narrow I-I momentum angle region (black ellipse) corresponds to Coulomb
explosion of bound molecules, the two—body band region (in red) at intermediate KER corresponds
to C—I dissociation, and the large I-I angle features in green isolates the Iy formation channel

and the blue low KER band corresponds to three-body C—I-I breakup. These regions are defined
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Figure 3.24: Coincidence ion yields of different channels as a function of power of the 290 nm
(a) and the 330 nm (b and ¢) UV pulses. The linear fits in the double logarithmic plot of yield
vs average UV power give a rough estimate of the order of the UV—excitation process: a slope of
approximately 1 corresponds to a single-photon process, a slope of approximately two to a double—
photon process.

consistently with the selections used earlier in the 290 nm and 330 nm analyses (cf. Figs. 3.11 and
3.21), and the yields are integrated at long pump-—probe delays where the components are well
separated.

Figure 3.24 summarizes the power dependence in double-logarithmic form. Panels 3.24(a)
and 3.24(b) show the slopes extracted for the same KER-angle regions at 290 nm and 330 nm,
respectively, using the asymptotic—delay gates described above. For both excitation wavelengths
(290 nm and 330 nm), the log—log fits to the integrated yields show that the C-I dissociation
channel scales with a slope of approximately one, consistent with a one-photon absorption process.
By contrast, the molecular Iy formation and the three-body C—I-I fragmentation channels display
slopes closer to two, indicating that these channels are predominantly populated through two—
photon absorption. Panel 3.24(c) reports the power scaling for the yields of the low-KE sum and
high-KE sum regions, with gates defined analogously to the 290 nm and 330 nm kinetic energy

sum maps (Figs. 3.15 and 3.22). Both the high and low KE sum regions exhibit slopes near one,
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consistent with single—photon excitation underlying the transient iso-CHgls-like selection (high KE
sum) and the dissociation—like selection at large angles (low KE sum). Taken together, the KER—
angle snapshots at two UV powers and the log-log scaling of integrated yields establish a clear
distinction between single— and two—photon processes and further validate the channel assignments

made in the analysis.

3.7 Summary and Outlook

In this chapter, we applied time-resolved three-body Coulomb explosion imaging (CEI) to study
UV-induced photochemical dynamics of gas—phase CHsly at 290 nm and 330 nm. Beyond the
dominant two—body dissociation into CHsl + I following C—I bond cleavage, we identified weaker
channels corresponding to I formation and three-body breakup (CHg + I + I), which are consistent
with multiphoton excitation under our conditions. Most notably, the analysis of delay—dependent
KER~-angle patterns and iodine energy—sharing distributions reveals a short-lived population with
iso—CHslIo—like geometries that forms within ~100 fs after photoexcitation and decays within the
next ~100 fs. Within experimental uncertainties, the relative yield as well as the formation and
decay times of these iso-like configurations are similar at 290 nm and 330 nm, suggesting a weak
dependence on the excitation wavelength. At the same time, power—law scalings of gated yields
support a single-photon origin for the dissociation—like and iso—like selections, whereas I formation
and three-body breakup exhibit two—photon character, providing an internal consistency check on
the channel assignments.

It is important to emphasize the scope and limitations of these conclusions. The mapping from
nuclear configuration space to fragment momentum space in CEI is not unique'??, and therefore
different geometries can, in principle, generate similar momentum-space signatures. Consequently,
the present data cannot definitively establish whether the observed process should be labeled “iso-
merization,” nor can CEI alone identify the instantaneous electronic state when the molecule adopts
iso-like geometries. With the geometric constraints imposed jointly by the KER—-angle distribu-
tions, iodine energy sharing, and their delay evolution, we consider iso-CHsyla-like geometries to

k105

be the most likely explanation for the observed signatures, consistent with earlier wor . Since
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the strong—field ionization probability depends on both electronic state and geometry and thereby
prevents a reliable branching—ratio determination, it appears that the observed iso-CHsls-like pop-
ulation is only a small fraction of the photoexcited ensemble. These considerations help rationalize
why complementary ultrafast structural probes with limited signal-to—noise or temporal resolution
may not readily resolve such fleeting configurations, as in prior gas-phase UED work!”. Whether
or not the process observed should be termed ”isomerization” cannot be decided from the experi-
mental data alone, and also depends on the exact definition of ”isomerization” one chooses to use.
Given the short time that the molecules spend in the isomer-like geometry, which is less than the
timescale of the rotation of the CHsl fragment that is produced by direct C—I bond cleavage, the
process might be better described as a transient passage through isomer-like geometries rather than
an actual trapping in the potential well of the isomer, and a definitive classification will require
careful theoretical modeling.

In summary, the CHaly UV—pump/NIR-probe CEI measurements reveal an ultrafast passage
through iso-CHslo—like geometries whose timing and qualitative features are consistent across
290 nm and 330 nm excitation. While CEI alone cannot unambiguously classify the process as “iso-
merization,” the combined geometric constraints from our observables support the iso-CHsls—like

interpretation and delineate clear experimental targets for future theory—experiment comparisons.
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Chapter 4

Single-Pulse Coulomb Explosion

Imaging of Ring and Chain Structures

In this chapter, we present the results of a static, single-pulse CEI study that differentiates ring,
open-chain, and ring-chain molecular structures of several halogenated hydrocarbon molecules con-
sisting of 9 atoms using a tabletop near-infrared (NIR) strong-field probe and coincidence ion
momentum imaging.

This chapter adapts and extends material from our article published in Physical Review Letters,
titled “Differentiating Three-Dimensional Molecular Structures Using Laser-Induced Coulomb Ez-

plosion Imaging” 0.

4.1 Overview and Motivation

Coulomb explosion imaging (CEI) with x-ray free-electron lasers (XFELs) is a powerful method

for obtaining detailed structural information on gas-phase planar ring molecules®®. Compared

with diffraction methods, CEI provides excellent temporal resolution and strong sensitivity to light

atoms while directly encoding three-dimensional geometry in fragment-momentum correlations?!.

However, the low count rate of multiparticle coincidence measurements has led most time-resolved
CEI studies to focus on two- and three-body fragmentation 19:23:25-27:123-126 © A a result, while CEI

24;29;107;127-130

has been highly successful in imaging small molecules , only limited structural infor-
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mation has been obtained for larger systems. Building on advances in high-repetition-rate sources,
multi-hit detectors”™, and new data analysis methods, Boll et al. showed that partial coincidence
measurements can recover structural information for planar-ring molecules with approximately ten
atoms?>®.

Here we establish static, molecule-specific three-dimensional momentum fingerprints using table-
top, strong-field CEI for both planar and nonplanar systems. Prior demonstrations of complete
structural imaging with tabletop sources were limited to small systems, notably five-atom targets
with detection of all fragments in coincidence®”®7. In this chapter, we present a general approach
to using strong-field CEI to probe the three-dimensional molecular structure of photochemical
products, creating a baseline for subsequent time-resolved studies. As illustrated in Fig. 4.1, a
prototypical ring-opening reaction can produce vibrationally hot ring-closed molecules as well as
several ring-opened products. Ring-opened products are typically open-chain and ring-chain struc-
tures, with the latter containing a smaller, highly strained ring. For example, upon absorbing a
266 nm photon, the heterocycle thiophenone can form open-chain (ketene) or ring-chain (episul-
fide) photoproducts or return to the ring-closed geometry®. Similar photoproducts are predicted

131132 and oxazole'3%134 Distinguishing these products in a time-resolved measurement

for furan
remains challenging. We perform static CEI measurements on three photoproduct analogues—
isoxazole (planar ring), 3-chloro-1-propanol (open chain), and epichlorohydrin (ring-chain) — to

provide well-defined structural benchmarks for later dynamics studies.

4.2 Isoxazole: Closed-ring Planar System

We first examine the closed-ring planar example of isoxazole. The molecule consists of a 5-member
ring with three carbon atoms, one nitrogen, and one oxygen atom, with one hydrogen attached
to each carbon atom. In the ideal case, a strong-field laser pulse ionizes all atoms so that the
subsequent Coulomb explosion encodes the molecular geometry in the fragment momenta. A rep-

resentative complete breakup of isoxazole is

C3H3NO — C0H) ¢ 4 cld) L gt g+ 4 HF + NP 4 ol (4.1)
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Isoxazole 3-chloro-1-propanol (S)-(+)-Epichlorohydrin
C;H;NO C;H,Clo C;HsCIO
% ring-chain
:3 ; ring-puckered
ground excited :/.\}
state state open-chain rlng closed

Figure 4.1: Top row: ball-and-stick models of the three molecules studied in this work: isoxazole,
3-chloro-1-propanol, and epichlorohydrin. Bottom row: schematic of a light-induced ring-opening
reaction (modeled after the UV-induced ring opening of oxazole [32,33]). Isoxazole, 3-chloro-1-
propanol, and epichlorohydrin mimic the structures of the ring-closed, open-chain, and ring-chain
products, respectively.

where the superscripts denote the final charge states of the atomic ions. We show that by detect-
ing only a subset of the atomic ions—specifically a four-fold coincidence channel—the structural
fingerprint of the molecule can be inferred. For isoxazole, we select events where both N* and O™
are detected, along with at least one HT and one C™.

Figure 4.2 shows the Newton plots constructed from the four-fold (H*, C*, N*, OT) coincidence
channel. The molecular frame is rotated such that the OT momentum defines +x and the NT
momentum lies in the upper zy plane, and the CT and H' momenta are plotted in this frame.
Although only one CT and one H' are required per event, distinct localized maxima for the three
carbons and the three hydrogens appear in the xy projection, matching the neutral equilibrium
geometry. When more than one carbon or hydrogen ion is detected, multiple 4-fold events are
created by taking all combinations of (HT, C*, N* O%) from the detected ions. For visualization,
the C* and H counts are multiplied by three because only one of the three carbons (or protons) is
plotted per Nt*—O™ pair. The third and fifth columns in Fig. 4.2 show classical Coulomb-explosion
simulations using the neutral equilibrium geometry. The neutral geometry (Table 4.1) is optimized
at the B3LYP/aug-cc-pVDZ level using Gaussian'®®, and the ensemble of initial geometries is
generated via thermal Wigner sampling using NewtonX ?%91,

The C*, N*, and O" time-of-flight (TOF) regions partially overlap. Specifically, C* ions flying
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Figure 4.2: Measured and simulated CEI patterns of isoxazole. The first column shows the ball-and-
stick model views of isoxazole in three principal planes. The plots in the second and fourth columns
are projections of the measured fragment-ion momenta (Newton plots) from the (H*, C*, Nt OT)
4-fold coincidence channel onto these three principal planes. The first, second, and third rows are
the xy plane, zz plane, and yz plane, respectively. For each event, the coordinate frame is rotated
such that the O momentum points along the = axis (poy, = po,. = 0) and the N* momentum
lies in the upper zy plane (pn, > 0; py,» = 0). The momenta of C* and HT are plotted in this
coordinate frame. No background was subtracted. The color bars represent the number of counts
per bin on linear scales. All momenta are normalized to the OT momentum (|po| = 1, not shown).
Newton plots of HT and C* show localized spots corresponding to the three carbons and three
hydrogens of isoxazole. For laser shots where more than one carbon or hydrogen ion was detected,
multiple 4-fold coincidence events were created by making all possible combinations of the detected
(H*, CT, Nt , O") fragments. For data visualization, the C™ counts are multiplied by three since
only one of the three carbon ions is plotted for each nitrogen and oxygen ion that is plotted. The
third and fifth columns show the results of classical Coulomb explosion simulations for the neutral
molecule in its equilibrium geometry.

away from the detector (longer TOF) overlap with N* ions flying toward the detector (shorter
TOF), and there is additional overlap between N and OT in a similar fashion. Because the
channel is kinematically incomplete, strict momentum gating cannot be applied to fully suppress
false coincidences and background. Therefore, species selection uses a combination of TOF and
position-versus-TOF windows. We apply a “half-moon” cut that keeps only the right halves of the
NT and O TOF peaks to avoid overlap with carbon and with each other, and we use position-TOF

gates to remove diffuse background, as shown in Fig. 4.3.
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Table 4.1: Equilibrium geometry of isoxazole optimized at the B3LYP /aug-cc-pVDZ level.

isoxazole ‘
Index | Atom X y zZ
1 C -3.38504 | 1.85456 | 0.00000
2 C -1.99880 | 1.62072 | 0.00000
3 C -1.89721 | 0.25412 | 0.00000
4 H -1.19389 | 2.33914 | 0.00000
5 N -4.08579 | 0.71797 | 0.00000
6 H -3.91694 | 2.79554 | 0.00000
7 O -3.13814 | -0.29474 | 0.00000
8 H -1.07633 | -0.44730 | 0.00000
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Figure 4.3: Time-of-flight spectra and position-versus-time-of-flight distributions for isoxazole four-
fold events. The selection windows for HT, C*, N*, and O™ are indicated, including the half-moon
cuts on the N* and OT peaks used to avoid overlap with carbon fragments and with each other.

Figure 4.4 shows the two-dimensional TOF-coincidence map for the four-body channel and
representative Newton plots with and without the N* /O™ half-moon gates. The coincidence map
is plotted as the TOF of the first fragment (H") versus the sum of the TOFs of the other three

fragments. Because only the right halves of the NT and OT peaks are selected, filtered events
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lie predominantly above the black cross due to the larger TOF sum in the vertical-axis. In the
lower panels, the momentum image with gating is much cleaner, showing clear structures, whereas

limited structural information is visible without gating.

without gating with gating
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Figure 4.4: Left panels: TOF-coincidence map and Newton plots for isoxazole without half-moon
gating on NT and O*. Right panels: the same with half-moon gates applied, demonstrating
improved channel purity and clearer momentum features. The color bars correspond to counts per
bin on a linear scale.

4.2.1 Correlated Out-of-plane Fragment Motion

For planar molecules, the projection onto the molecular plane (e.g., the zy plane for isoxazole in
Fig. 4.2) is often sufficient to visualize the overall layout. However, our experimental and theoretical
analysis of the other two planes (xz and yz) reveals a broad out-of-plane component that reflects
the distribution of geometries in the initial neutral ensemble mapped by the explosion. The middle
carbon, C(2) in Fig. 4.5, exhibits a smaller out-of-plane momentum spread than the other two
carbons in the yz projection, as shown in bottom row of Fig. 4.2. This arises from the choice of
reference ions used to define the reference frame and from atom-specific correlated motion in the
normal modes. Because the frame is defined event-by-event, such effects depend on the chosen
reference and are straightforward to examine in simulations.

In panel (a) of Fig. 4.5, the molecular plane is defined by the planar equilibrium geometry, and
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Figure 4.5: Correlation analysis for isoxazole out-of-plane components. Panels (a) and (b) show
the out-of-plane momentum distributions for the three carbons in the original molecular frame and
in the chosen reference frame defined by Ot and N, respectively. The middle carbon appears
narrower in p, due to correlated motion with the O and N* reference ions. Panels (c¢)—(e) show
the correlation coefficients of the carbons with the reference ions and the two normal modes that
exhibit strong out-of-plane motion.

each atom is allowed to move in-plane and out-of-plane according to the normal modes. For each
geometry in this ensemble of vibrating molecules, we simulate the Coulomb explosion and plot the
p, components of the carbon-ion momenta with respect to the original molecular plane. In this
representation, all three carbons exhibit similar out-of-plane spreads.

In panel (b), we repeat the analysis but define the molecular plane event-by-event using the
momenta of O and N, consistent with the experimental results in Fig. 4.2. In this case, the out-of-
plane momentum distribution of the middle carbon C(2) remains narrow, whereas the distributions
of C(1) and C(3) are broader relative to panel (a). This reflects that, in relevant normal modes,
the motion of C(2) is correlated with the motion of nitrogen and oxygen, so p,(C(2)) is more likely
to lie close to the plane defined by p(NT) and p(O™).

To quantify these correlations, we compute the correlation coefficients between p,(CT) and
p-(NT) and between p,(C") and p,(O™), shown in panel (c) of Fig. 4.5. C(2) shows small positive
correlations, indicating that its p, tends to vary in the same direction as p,(NT) and p,(O™). C(1)
and C(3) show strong negative correlations with p,(NT) or p,(O™), indicating that their p, tends

to vary in the opposite direction. Thus, when p(N*) and p(O™) are chosen to define the event
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frame, the out-of-plane momenta for C(1) and C(3) broaden relative to C(2).

A qualitative inspection of the normal modes shows two modes with strong out-of-plane motion
of N and O, as illustrated in panels (d) and (e) of Fig. 4.5. In the first mode, the middle carbon,
C(2), moves in the same direction as N and O, which yields similar variations in their p, components.
In the second mode, C(2) moves with N but opposite to O, partially canceling the correlation. This
frame-dependent narrowing of C(2) is a direct signature of correlated normal-mode motion and
highlights why full three-dimensional analysis and explicit frame definitions matter even for planar
systems. These observations indicate that even single-pulse IR data (i.e., without a pump—probe
scheme) contain information about correlated motion between atoms in the molecule, consistent

with recent x-ray-induced CEI studies on 2-iodopyridine '36.

4.3 Experiment—simulation: Agreement and Discrepancies (Isox-

azole)

We now assess how a classical Coulomb—explosion model reproduces the measured momentum
fingerprints for isoxazole. Here we restrict ourselves to qualitative features relevant for structure
inference, while the detailed explanation of the simulation workflow and parameters are documented
in the Methods chapter Sec. 2.6. In brief, the model assumes instantaneous ionization of the neutral
molecule to atomic ions, followed by point-charge repulsion, with initial geometries sampled from
a thermal Wigner distribution of the ground equilibrium. As in prior CEI studies, we find that the
model reproduces angular correlations that encode geometry, whereas the absolute momenta and
21;24;107;127

kinetic energies are systematically larger in simulation than in experiment

Table 4.2: Comparison of peak momentum and kinetic energy for the 4-body channel in experiment
and simulation shown in Fig. 4.6. Ratios are simulation-to-experiment values.

Ton Momentum (a.u.) || Kinetic Energy (eV)
Sim. | Exp. | Ratio || Sim. | Exp. Ratio
H* 146 108 1.35 79 42 1.88
C*t 317 | 275 1.15 31 21 1.48
N+ 396 | 345 1.15 42 29 1.45
Of || 384 329 117 34| 24 1.42

Figure 4.6 shows the ion momentum and kinetic energy spectra for the four detected species.
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Figure 4.6: Isoxazole momentum and kinetic energy distributions for the four—fold channel (HT,
C*t, N*t, O"). Top row: experiment. Bottom row: classical CE simulations using the neutral
equilibrium geometry and thermal Wigner sampling. Left: atomic ion momentum magnitudes.
Right: kinetic energy spectra. The simulations reproduce the relative ordering of the fragment
momenta but overestimate absolute values, especially for H™.

The experimental spectrum exhibits broad, partially overlapping momenta distributions for carbon,
nitrogen, and oxygen, while the proton distribution shows a long low-energy tail. The simulation
yields higher absolute values for the fragment momenta and larger kinetic energies, most promi-
nently for H*. This behavior is consistent with earlier studies and is commonly attributed to
limitations of the point-charge model with a purely Coulombic potential, including instantaneous
charging and the absence of bond-softening or other non-Coulombic forces during the initial phase

of the explosion 242%128

The peak values of the distributions for simulation and experiment are
tabulated in Table 4.2. The simulated momenta are larger by about 35% for H* and by 15% for the
heavier ions (C*, N*, OT). Similarly, the simulated kinetic energies are larger than the experimen-
tal values by approximately 90% for protons and 45% for the heavier fragments. A complementary
channel-to-channel comparison—contrasting the 4-fold with the 5-fold and with the complete 8-fold
channels—is presented in Sec. 4.6. Because structural information in CEI is carried most robustly
by angle between momenta pairs, we next compare angular correlations.

Figure 4.7 shows proton and carbon angular distributions in the reference frame used throughout
this chapter, with # along p(O™") and p(NT) lies in the upper xy plane. The two-dimensional maps
(top and middle rows) reveal well-localized bands in azimuthal angle and cos(#) and show qualitative
agreement between experiment and simulation.

One-dimensional azimuthal projections (bottom row) highlight that peak positions and separa-

tions are reproduced. While the experimental distributions have well separated peaks, the distribu-
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Figure 4.7: Angular correlations for isoxazole in the OT-N™ recoil frame. The color bars indicate
the counts per bin on a linear color scale. Top: experimental distributions of azimuthal angle
and cos(polar angle) for H* (left) and C* (right). Middle: corresponding classical-simulation
maps. Bottom: one-dimensional azimuthal projections comparing experiment (solid) and sim-
ulation (dashed). The positions of the angular maxima agree well, establishing that the model
correctly encodes the heavy—atom topology even when absolute momenta differ.

tions are broader and overlap significantly. The simulated peaks are narrower, which we attribute
to the low initial temperature (low kinetic energies) assumed for the thermal-Wigner ensemble.
This underscores another limitation of the model. The agreement in peak angles underpins the use
of the classical model as a geometric guide and justifies relying on angular fingerprints for struc-
ture discrimination, while treating absolute kinetic energies with some caution. The robustness of
angular correlations explains why the four—fold channel already provides a clear ring fingerprint in
Fig. 4.2. In the next section, we turn to the nonplanar targets, where the same analysis framework

yields distinct two—dimensional fingerprints for the open—chain and ring—chain topologies.
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4.4 Nonplanar Molecules: Open-chain and Ring-chain Systems

We now analyze two nonplanar molecular analogues that mimic ring-opened photoproducts:

chloro-1-propanol (open-chain) and epichlorohydrin (ring-chain).

3-

The TOF and position-TOF

spectra for the two molecules are shown in Fig. 4.8. These chlorine-containing molecules pro-

vide clean TOF separation of CT, OT, and Cl™ and therefore do not require the half-moon gating

used for isoxazole in Fig. 4.3. This simplifies fragment selection for the coincidence channels.
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Figure 4.8: Time-of-flight and position—TOF spectra with channel-selection windows for 3-chloro-
1-propanol (left panels) and epichlorohydrin (right panels). Fragment ions do not overlap in time-
of-flight, so half-moon cuts are not used.

The experimental momentum images in Fig. 4.9 are obtained from the (C*, C*, O, CI")
4-fold coincidence channel. As in the isoxazole case, we compare experimental projections with
classical CE simulations. The optimized neutral geometries are given in table 4.3. The frame of
reference for 3-chloro-1-propanol is set by the momentum vectors of CIT and O (z- and xy-reference
ions, respectively); the C* ions are plotted in this frame. For epichlorohydrin, the momentum of
CI" is along the z-axis, and the zy-plane is defined by the first detected C* ion since the O
momentum is often nearly back-to-back with the CI* momentum. Because the three carbons

are not distinguished experimentally, the zy-reference C can be any of the three carbon sites in

epichlorohydrin. Therefore, we sum all three simulation patterns obtained by fixing C1* along the
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Table 4.3: Equilibrium geometries optimized at the B3LYP /aug-cc-pVDZ level.

(a) Equilibrium geometry of 3-chloro-1-propanol.

(b) Equilibrium geometry of epichlorohydrin.

’ 3-chloro-1-propanol ‘ ’ epichlorohydrin
Index | Atom X y z | | Index | Atom X y z
1 Cl 1.81375 | -0.44317 | -0.11624 1 Cl 1.90603 | 0.22967 | -0.03337
2 (0] -2.09120 | -0.56939 | 0.57725 2 O -2.06694 | -0.52063 | 0.00520
3 C -0.54867 | 1.01743 | -0.32061 3 C -0.77103 | -0.10592 | -0.46384
4 C 0.58777 | 0.69071 | 0.63709 4 C -1.66573 | 0.85322 | 0.19592
b C -1.46011 | -0.15824 | -0.64254 ) C 0.38643 | -0.73097 | 0.26711
6 H -1.15328 | 1.80802 | 0.15313 6 H -0.67399 | -0.06702 | -1.55264
7 H -0.14451 | 1.42965 | -1.25576 7 H -1.47679 | 1.13817 | 1.23410
8 H -2.21666 | 0.15805 | -1.37985 8 H -2.21539 | 1.57929 | -0.40708
9 H -0.87530 | -0.98471 | -1.07563 9 H 0.58739 | -1.74602 | -0.09132
10 H 1.15158 | 1.58739 | 0.91084 10 H 0.21379 | -0.74172 | 1.34755
11 H 0.22564 | 0.18531 | 1.53653
12 H -2.56556 | -1.39408 | 0.42512
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Figure 4.9: Two-dimensional momentum projections and classical-simulation overlays for the non-
planar targets: (left) 3-chloro-1-propanol and (right) epichlorohydrin. For 3-chloro-1-propanol, C*
projections are shown with C1* along z and OT defining the zy plane. In the zy projection, one
carbon is hidden behind the chlorine. The curvatures in carbon features in the real space are also
evident in the momentum space, both in the experiment and simulations. For epichlorohydrin,
C™T projections are plotted in a frame with CIT along x and the first-detected C* defining the zy
plane. Localized carbon maxima evident in the experimental momentum images (middle column)
are reproduced qualitatively by the classical CE simulations (right blocks). The color bars indicate
the counts per bin on a linear scale.
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z-axis and in turn, choosing each carbon to define the zy plane.

Figure 4.9 shows that even for nonplanar molecules with low symmetry, the ion-momentum
distributions remain localized and well separated, providing a clear correspondence between the
real-space equilibrium molecular geometry and the momentum-space CEI patterns. In 3-chloro-1-
propanol, the distinct backbone curvatures exhibited by the three carbons in the yz— and xz—planes
in real space are mirrored by the arc-like C* features in momentum space. Classical simulations
reproduce the angular separations and the overall curvature. Epichlorohydrin exhibits a ring—chain
fingerprint that is distinct from both the ring and the open-chain cases. In the chosen frame, well-
localized CT maxima and a compact OT island are observed across the different 2D projections.
These localized patterns are reproduced qualitatively in the simulations, and their separations
provide a robust discriminator from the open-chain topology, which shows broader arcs and a
connecting band. The curvature and band structure of the carbon features provide immediate

visual cues to separate open-chain from ring—chain geometries in the two-dimensional projections.

4.4.1 Temperature Broadening and Conformer Specificity in 3-chloro-1-propanol

The experimental momentum distributions for 3-chloro-1-propanol, as in Fig. 4.9, exhibit diffuse
stripes connecting the C™ momenta. This behavior is reproduced in the simulations by increasing
the temperature of the initial ensemble by a few hundred meV (3000 K), shown in Fig. 4.10.
Raising the effective temperature produces diffuse stripes connecting the C* momenta, similar
to the experimental patterns. We attribute this as a broadened initial vibrational ensemble of
molecular geometries. This observation suggests that these stripes could be attributed to vibrational
excitation that happens during the strong-field ionization process (e.g., via Raman excitation),
spanning different geometries induced by different vibrational modes.

Open-chain and ring-chain structures have single bonds that are able to rotate, leading to the

1377141 " The conformer naming follows

existence of multiple conformers with low-energy barriers
Refs. 137139 Figure 4.11 shows that individual conformers with similar energies but different ge-
ometries generate distinct, conformer-specific momentum patterns. The relative positions of the

CT arcs and their curvature differ among the conformers.

Overall, a three-dimensional analysis that considers projections on all three principal planes
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Figure 4.10: Effect of a hotter (3000 K) initial ensemble on 3-chloro-1-propanol Coulomb explosion
simulations. Projections shown for the same channel (C*, C*, OF, CIT) as in the experiment.
Raising the effective vibrational temperature broadens the distributions.
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Figure 4.11: 3-chloro-1-propanol conformer sensitivity. Simulated momentum images for several
low-energy conformers show distinct patterns when plotted with C1I* momentum along the z axis
and the momentum of O™ ion oriented to lie in the xy plane. The color bars indicate the counts
per bin on a linear scale.

is essential for nonplanar molecules, where any single projection provides only partial information
about the structure. To this end, in the next chapter we place all three systems on equal footing

by reconstructing three-dimensional scatter plots.
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4.5 Three-dimensional Momentum Representation

We now compare the three targets by plotting their three-dimensional (3D) fragment-momentum
distributions in the reference frames defined above. Figure 4.12 presents 3D scatter plots for
isoxazole, 3-chloro-1-propanol, and epichlorohydrin in panels (a)—(c), corresponding to the (CT,
Ct, Nt O"), (Ct,C*, 0", CIt), and (CT, C*, OT, CI") 4-fold coincidence channels, respectively.
The C*, N*, and O ions are shown in purple, blue and red, respectively, to distinguish them from

the grayscale projections.
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Figure 4.12: 3D scatter plots showing the normalized measured momenta of individual ions from
(a) isoxazole, (b) 3-chloro-1-propanol, and (c) epichlorohydrin from the (a) (C*t, C*, Nt OY),
(b) (C*, C*t, OT, CIT), and (c) (CT, C*, OF, CIT) 4-fold coincidence channels. C*, N and O
ions in 3D scatter plots are shown in purple, blue and red, respectively, to distinguish them from
projections shown in gray scale. The position of each data point is determined by its normalized
momentum, while its color corresponds to the density. In (a), the recoil frame is rotated such that
the momentum of O (so-called z-reference ion) is set as the unit vector along the z axis, and the
momentum of NT (referred to as xy-reference ion) is in the upper zy plane. The momenta of other
ions are plotted in this coordinate frame. The x- and zy-reference ions are C1* and O in (b), and
CI* and the first-detected C* in (c). The az-reference ion is not plotted in any panel. We also do
not plot the xy-reference ion in the p.—p, and p.—p, projections since they are simply intense lines
along p, = 0.

Each species exhibits a distinct 3D momentum fingerprint. Together with the three principal-
plane projections, the 3D scatter plot resolves ambiguities by displaying features that overlap in
one projection but separate cleanly in another, and it makes the out-of-plane structure apparent.
In Fig. 4.12, panel (a) appears as a thin, near-planar cluster, panel (b) shows curved carbon
bands, and panel (c) forms a compact structure with a distinct carbon and oxygen lobes. These

qualitative differences are visible at a glance in three dimensions and are consistent with the detailed
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two-dimensional analyses given in the preceding sections. This result is noteworthy because the

open-chain and ring-chain targets are less rigid than planar ring molecules.
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Figure 4.13: Acquisition-time build-up of the 3D momentum signatures for the same channels as
in Fig. 4.12. Panels show representative reconstructions after progressively longer integrations for
each molecule. Characteristic features emerge rapidly and then sharpen with statistics, indicating
that the structural discrimination relies on angular localization rather than on high-count kinetic-
energy detail.

To document practicality and quantify data requirements, we examine how these patterns build
with acquisition time at a 3 kHz repetition rate. Figure 4.13 provides representative event rates
and data accumulation for the three targets. Characteristic 3D features emerge rapidly and then
sharpen with statistics within one to a few hours. With a 3 kHz laser, clear 3D structures can be
obtained within tens of minutes for epichlorohydrin (ion count rate ~6.5 kHz), on the order of an
hour for isoxazole (~5 kHz), and within a few hours for 3-chloro-1-propanol (~1.9 kHz), the latter
limited by the sample’s lower vapor pressure. Commercially available intense femtosecond lasers
with higher repetition rates (e.g, 100 kHz) can significantly reduce the required acquisition time,
opening the possibility of obtaining these structures as a function of pump-probe delay on practical

timescales.

4.6 Higher Coincidence and Complete Coincidence Channels

We now examine how channel completeness affects the inferred structure for isoxazole by compar-
ing a kinematically incomplete coincidence (4-fold) with higher-coincidence channels (5-fold and

the complete 8-fold channel). The goals are twofold: first, to test whether incomplete channels re-
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cover the same structural information and second, to highlight qualitative advantages of complete

detection that motivate the next chapter.

4.6.1 Four-body vs Five-body Coincidence in Isoxazole

Figure 4.14 contrasts Newton plots and TOF-coincidence maps for the (C*, CT,C*T Nt OT) 5-fold
channel (top) and the (CT,CT,N* OT) 4-fold channel (bottom). While the TOF coincidence maps
(right column) show a sharper feature in the 5-fold channel and an order of magnitude fewer in
statistics than the 4-fold channel, the Newton plots for both channels are similar: the nitrogen and
three carbon hotspots appear in the p,p, projection in the reference frame fixed by O" and N*
momenta. These observations indicate that the additional C* detected in the 5-fold events does
not alter the geometry and that the 4-fold channel has sufficient information encoded to infer the

molecular structure.
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Figure 4.14: Isoxazole channel comparison. Top row: (CT,C*T C* N* OT) 5-fold channel. Bottom
row: (CT,CT ,NT OT) 4-fold channel. Newton plots show similar spatial fingerprints, indicating a
common underlying final state. The color bars correspond to counts per bin on a linear scale. Right
columns: Ion TOF coincidence maps for the 5-fold and 4-fold channels with the selected region in
white. The color bars show the counts per bin on power-norm scale.

A comparison of kinetic energy spectra and azimuthal-angle distributions is given in Fig. 4.15.
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Figure 4.15: Comparison between the kinetic energy (left) and azimuthal angle (right) distributions
obtained from the 4-fold (C*,C* ,N* OT) (solid) and the 5-fold (C*,C*,CT, N, O") (dotted)
coincidence channels. The kinetic energy distribution of each fragment is normalized by its area
under the curve. The distribution of azimuthal angle is normalized to its maximum value.

For all the ions the kinetic energy distributions from the 4-fold and 5-fold channels coincide after
normalized by individual area under the curves. Likewise, the carbon azimuthal distributions show
the same peak positions and separations. These similarities support that the 4-fold and 5-fold
events originate from the same final state, with 4-fold events occurring when one carbon ion is not
detected for those events. This reinforces using kinematically incomplete coincidence for structural

fingerprinting, while also showcasing the benefits of complete detection discussed below.

4.6.2 Complete Coincidence

We next compare the (HY, CT N* O%) 4-fold channel with the complete 8-fold channel in which
all atomic ions are detected in coincidence. For this comparison we adopt a different molecular
reference frame that uses the sum and differences of the fragment momenta: the x axis is chosen
along vector difference of the p(O™) and p(NT) momenta and the zy plane is defined by their sum.

Figure 4.16 shows the resulting Newton plots and the corresponding azimuthal-angle histograms.
In the complete channel, fragment lobes are distinct and clearly separated from background. In
contrast, in the 4-fold channel the eight atomic features can be identified but exhibit greater
overlap and background contamination. This is emphasized greatly in azimuthal angle distributions,
panel (c) in Fig. 4.16, where the C* peaks are very well separated for the complete channel but
exhibit significant overlap in the 4-fold channel. Panel (d) compares the kinetic-energy spectra
for the 4-fold and complete 8-fold channels. Peak positions and overall shapes are essentially

identical for all species; the 8-fold curves are slightly narrower with reduced wings, consistent

70



500 16 )
| 400 ZDD—(b)H-_; ViR 14 2.00- (c) . Ht
0O 1 N* o* - C*
5 200 5 10 ) ] . Nt
© © g 5 1.751 ] . 0%
= 100 = [ o
6 L 1
Q ‘ 2 o0 ch. " 1
: ‘ 4 1501 g .
,zoo-{a). o , —2004 2 1
y : ! ! ' T T T T T 0 o
=200 -100 0 100 200 -200 -100 0 100 200 = 1
px (a.u.) Py (a.u.) -r% 1.25 3 .
(d) TR A A
0057 o] g1
g vee O e}
Q 0.04- — | Y g5
o —_ ’
© —_— Nt
¢ — o
= 0.02- 0.504
[C]
£
[=] - J
= 0.01 0.25
0.00F ; ; e . 0.00 : : ; . : |
0 10 20 30 40 50 0 45 ) 90 135 180 225 270 315 360
KE (eV) Azimuthal Angle (degrees)

Figure 4.16: Comparison of isoxazole four-ion and eight-ion channels. Newton plot for the 4-fold
(H*, C*, N*, O") channel in panel (a) and for the complete 8-fold channel in panel (b), plotted
in the reference frame defined by the difference and sum of OT™-NT momentum vectors. The color
scales represent the number of counts per bin in linear scale. (c¢) Azimuthal-angle distributions
for HT, C*, N*, and O comparing the 4-fold (dashed) and 8-fold (solid) channels; the complete
channel yields narrower, better-separated peaks (notably for C*). (d) Kinetic-energy spectra for
the same species and channels (4-fold: dotted; 8-fold: solid), each curve normalized with the area
under the curve. Together, the complete channel sharpens correlations and reduces ambiguities
relative to the kinematically incomplete 4-fold case.

with the removal of background/false-coincidence contributions in the complete channel. Together
with the angular agreement in panel (c), this supports the interpretation that the 4-, 5-; and 8-
fold channels originate from dissociation of the same eight-fold charge state, with events from the

lower-coincidence incomplete channels occur, when one or more fragments are not detected.

4.7 Conclusion

Single-pulse CEI with tabletop lasers yields distinct, localized three-dimensional momentum fin-
gerprints for planar and nonplanar molecules, even when only a subset of fragments is detected
in coincidence. A simple classical model captures the angular correlations that encode geometry

while overestimating kinetic energies, and the combination of careful gating with supplementary
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diagnostics preserves channel purity. These results establish practical, laboratory-scale structure
discrimination for ring-closed, open-chain, and ring-chain molecules and provide a platform for
extended analyses that benefit from complete channels and advanced analysis methods.

The 4-fold and 5-fold isoxazole channels yield consistent angular fingerprints, indicating a com-
mon final state. Complete 8-fold coincidence detection offers several practical advantages in addi-
tion to the visual appeal. First, momentum conservation can be enforced event-by-event, strongly
suppressing false coincidences and background contamination. Second, the ambiguity among iden-
tical fragments can be removed, enabling unambiguous multi-ion correlations and cleaner training
for data-driven analysis. These considerations motivate the use of complete channels in the next
chapter, where we employ machine-learning methods that exploit higher-dimensional correlations

for fast and robust structural discrimination.
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Chapter 5

Structure Identification of
Dichloroethylene Isomers from
Multi-Coincidence Coulomb Explosion

Imaging Using Machine Learning

We report complete six-body Coulomb explosion imaging (CEI) of 1,2-dichloroethylene (1,2-DCE)
in the gas-phase using a strong-field ionization probe and a velocity-map imaging spectrometer.
We demonstrate that the complete 6-fold coincidence channel provides background-free, event-level
structural fingerprints that allow automatic differentiation of cis and trans isomers using machine
learning (ML). We acquire full three-dimensional momenta for the (H*, H*, C* C*, CI*, CIT)
coincidence channel and analyze the resulting high-dimensional momentum patterns using readily
available machine-learning tools for dimensionality reduction and density-based clustering. We use
a random-forest classifier to show the most informative observables for identifying the signatures
of different molecular configurations. Extending the analysis to simulated geometries of cis- and
trans-1,2-DCE, and further including twisted-1,2-DCE and 1,1-DCE, we show that a supervised
model trained on simulations transfers well to experimental data.

This chapter is from our Nature Communications article “Exploiting correlations in multi-coincidence
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Coulomb explosion patterns for differentiating molecular structures using machine learning”4?

5.1 Motivation and Overview

CEI is a powerful technique for tracking time-dependent molecular motions when coupled with
ultrafast light sources?%?2. When the probe radiation can break all the bonds and fully dissociate
the molecule into atomic ions, all resulting ions are detected in coincidence. In such cases, for every
single shot, CEI yields information potentially sufficient to determine the absolute structures of

36:37 " and provides molecular frame information. In

polyatomic molecules, including enantiomers
the previous chapter, we have demonstrated that CEI can image detailed 3D structures of gas-
phase molecules by leveraging coincidences from a subset of ions. However, this method faces
challenges when signals of interest are weak or contaminated by background noise. While complete
coincidence enforces strict momentum conservation to suppress false coincidences and background
contamination, detecting all ionic fragments resulting from the complete breakup of the molecule
in coincidence is experimentally challenging.

Another current limitation of CEI applications for polyatomic molecules stems from the in-
herent complexity and multidimensionality of the data. Coincident CEI—whether performed in
complete or incomplete mode—relies on analyzing the 3D momentum vectors of all detected ions.
As the number of detected fragments increases, especially when pump-probe time delays are in-
cluded 39199143 the parameter space grows rapidly. Observables defined and visualized by conven-
tional human-driven analysis typically sample only a narrow portion of this space, leaving much of
the correlated structural and dynamical information unexplored.

Building on the previous chapter’s demonstration of complete-coincidence CEI, Section 4.6, we
now focus on intermediate-sized molecules and address the challenges in analysis, posed by the re-
sulting higher-dimensional data. We present a new analysis framework based on machine learning
(ML) to help interpret the high-dimensional data from multi-coincidence CEI. We demonstrate that
ML algorithms can efficiently recognize and exploit momentum-space patterns and correlations cor-
responding to distinct molecular geometries. Furthermore, we introduce a quantitative approach to

determine which features in the high-dimensional CEI data are the most critical for differentiating
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similar structures. As molecular size increases, momentum correlations grow combinatorially more
complex, making ML particularly well suited for handling such datasets. By leveraging the readily
available ML toolbox, we establish an automated and scalable analysis framework to differentiate
isomer structures using multi-coincidence CEI. Although isomers share the same molecular formula,
their structural differences lead to distinct physical and chemical properties that affect their be-
havior. For example, in pharmacology, small structural changes can result in dramatically different
biological effects, as exemplified by the enantiomers of thalidomide, where one form is therapeutic
and the other harmful'**. Differentiating isomers is a critical subject of investigation across multi-

ple fields, including chemistry, pharmacology, biochemistry, and materials science %4416 CEI has
previously been used to image chiral®6:37:147149 " geometric isomers33:3%5%150:151 " and conformer 3
configurations of molecules.

In this chapter, we investigate the isomers of dichloroethylene (DCE). First, we present CEI
of 1,2-DCE, where the molecule fully dissociates into six atomic ions, and the full 3D momenta
of all fragments are detected in coincidence. Second, using unsupervised learning, we demonstrate
that coincident CEI data can be automatically separated into distinct clusters corresponding to
different isomers on an event-by-event basis. Third, we employ supervised learning to determine
which projections in high-dimensional CEI data are most important for distinguishing isomeric
structures and similar configurations that can arise during photochemical reactions. The methods

developed here pave the way for time-resolved investigations of larger molecular systems with all-

atom imaging and automated data interpretation.

5.2 Complete Six-Ion CEI of cis- and trans-1,2-DCE

For cis- and trans-1,2-DCE irradiated by a strong near-infrared laser field, the detector-plane ion
images and ion yield as a function of time-of-flight and vertical position on the detector (Y-TOF
maps) are shown in Fig. 5.1. The spectra exhibit prominent fragment signals from H*, C*, and CIT,
with vertical dashed lines drawn to indicate these ion species, along with other major fragments
produced by the ultrafast laser pulses. Multiple chlorine isotopologues (3*Cl1/37Cl) contribute to

nearby features in the TOF axis. Exemplary “complete” CEI channels of cis-1,2-DCE spanning
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total final-state charges from 6 to 14 are illustrated by time-of-flight coincidence maps in Fig. 5.2.
Sharp lines indicate the different kinematically-complete, momentum-conserved specific fragmenta-
tion channels, and the multiple tracks within each panel arise from different chlorine isotopes. Taken
together, these coincidence selections highlight the range of accessible high—charge-state channels

and the improved background suppression achieved by enforcing momentum conservation.
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Figure 5.1: Comparison of experimental ion imaging data for cis- and trans-1,2-dichloroethylene
(1,2-DCE). Panels (a) and (b) show the detector-plane XY ion images integrated over all time-of-
flight (TOF) values for the cis- and trans-1,2-DCE isomers, respectively. Panels (c) and (d) display
the corresponding Y-TOF maps, i.e., ion yield as a function of TOF and vertical position on the
detector, for cis- (¢) and trans-1,2-DCE (d). Vertical dashed lines mark the major fragment ion
species, and color represents intensity on a logarithmic scale.

In the remainder of this section, we focus on the all-singly-charged six-body channel (HT,
H*, C*, C*, CI*, CI™) used for our machine-learning analysis throughout. We next examine
Newton maps and corresponding angular observables for this channel before turning to the ML-

based dimensionality-reduction and classification results.
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Figure 5.2: Time-of-flight coincidence maps of exemplary “complete” CEI channels. The numbers
on the top indicate the total charge of the final state. The color bars report the bin counts using a
power-norm color scale. Multiple lines in each panel correspond to channels with different isotopes
of Cl ions.

5.2.1 Newton Maps and Classical CE Simulations

Figures 5.3 and 5.4 show Newton plots for the complete (H*, H*,C*, C*, CI", C1") channel for
cits and trans isomers, respectively, together with classical CE simulations. For the cis-DCE, the
reference frame is defined by the momenta of the two CI* ions: vector difference between the two
CI™ momenta unit vectors points along the p, axis and the bisector between them lies in the upper
pepy plane. The CT and HT ions plotted in this frame. In this ¢rans-DCE case, the momentum
vectors of the two C1* ions are nearly back-to-back, making their vector sum and consequently the
pzpy plane less well-defined, leading to an obscured ion momentum image as shown in Fig. 5.5.
To mitigate this, we define the p,p, plane for trans-DCE using the vector difference between the
momenta of the two CT ions. The resulting momentum image reveals distinct, well-separated
features corresponding to each atomic fragment. This is a clear example demonstrating that one
frame of reference is not necessarily suitable for all different molecular structures. One needs to
combine different representations to elucidate different reaction dynamics.

The maxima in the momentum distributions of the chlorine, carbon, and hydrogen ions are well-
localized, encoding the structure information of the underlying molecular geometry. Figures 5.3(b)
and 5.4(b) present the results of classical Coulomb explosion simulations, assuming point charges,
43;60

purely Coulombic potential, and instantaneous ionization The simulations begin with the

neutral molecule in its equilibrium geometry. The equilibrium geometries used in the simulation
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Figure 5.3: (a) Measured and (b) simulated CEI patterns (Newton plots) of cis-DCE from the
(HT,H*,Ct,C+ 35 C1T,%5 CIT) 6-fold coincidence channel. The insets show ball-and-stick model
views in the molecular plane. For each event plotted here, the coordinate frame is rotated such that
the vector difference between the two CI™ momenta unit vectors points along the p, axis and the
bisector between them lies in the upper pyp, plane. The momenta of C* and H are plotted in this
coordinate frame. Panel (c) shows the experimental (top) and simulated (bottom) distributions
of azimuthal angle for each ion (integrated over momentum magnitude). The azimuthal angle is
measured counter-clockwise from the p, axis.

Table 5.1: Equilibrium geometry of cis-1,2-DCE optimized at the B3LYP /aug-cc-pVDZ level.

cis-1,2-DCE
Atom | x (A) y (A) z (A)
1 C 0.66699 | 0.96658 | 0.00000
2 C -0.66700 | 0.96658 | 0.00000
3 H 1.22333 | 1.90229 | 0.00000
4 H -1.22333 | 1.90229 | 0.00000
) Cl 1.66770 | -0.45304 | 0.00000
6 Cl -1.66770 | -0.45305 | 0.00000

are optimized at the B3LYP/aug-cc-pVDZ level and are given in Tables. 5.1 and 5.2, for cis-

and trans-1,2-DCE respectively. The ensembles of initial geometries are generated with Gaussian-

distributed spatial displacements and total kinetic energy (randomly partitioned among the atoms)
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Figure 5.4: (a) Measured and (b) simulated Newton plots of trans-DCE from the
(HT,H*,Ct,C+ 3% CIT 35 C1T) 6-fold coincidence channel. In this case, the coordinate frame for
each event is aligned such that the difference vector between the two C1T momenta is parallel to
the p, axis. The p,p, plane is established using the vector difference of the two C* momenta. The
experimental (top) and simulated (bottom) azimuthal angular distributions for each ion (integrated
over momentum magnitude) are given in panel (c).

~200 -100 0 100 200
px (a.u.)
Figure 5.5: CEI patterns for trans-1,2-DCE in the coordinate frame defined by the vector difference
of the two CIT ions along the x-axis, while the xy-plane is established by their vector sum. Due
to their back-to-back emission, the momentum sum of the two CIT ions is near zero, leading to an
inherently less well-defined xy-reference plane.
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Table 5.2: Equilibrium geometry of trans-1,2-DCE optimized at the B3LYP /aug-cc-pVDZ level.

trans-1,2-DCE
Atom | x (A) y (&) z (A)
C -0.36871 | 0.55424 | 0.00000
C 0.36871 | -0.55424 | 0.00000
H -1.45653 | 0.56855 | 0.00000
H 1.45653 | -0.56855 | 0.00000
Cl 0.36871 | 2.13823 | 0.00000
Cl |-0.36871 | -2.13823 | 0.00000

| O | W[ N~

introduced to account for the initial distribution and broadening effects due to atomic motion during
the ionization process. The spatial deviation of 0.25 A and a total kinetic energy of 500 meV are
used to match the width of the experimental distributions. The simulation successfully reproduces
key features of the experimental momentum distributions, capturing the separation and localization
of the fragment ions with good accuracy. This agreement suggests that the measured momentum
distributions faithfully reflect the molecular structure near the equilibrium of the neutral molecule.

To provide a more quantitative comparison between experiment and simulation, Figures 5.3(c)
and 5.4(c) show the azimuthal angle distributions for each ion, obtained by integrating over the
radial momentum coordinate. The experimental (top) and simulated (bottom) distributions ex-
hibit excellent overall agreement, indicating that this simple Coulomb explosion model effectively

captures the correlated angular relationships between fragment ions.

5.2.2 Initial Conditions and Channel Completeness

Two simulation initializations—Wigner sampling and Gaussian randomization—are benchmarked
against the experimental Newton maps and azimuthal-angle distributions for the all-singly-charged
six-body channel in Fig. 5.6. Both approaches reproduce the principal angular structures, while
the Gaussian-randomized ensemble yields broader distributions that better reflect experimental
observations and provide a closer approximation to the experimental distributions for the ML
analysis framework.

Absolute momentum distributions for cis and trans further highlight the model bias: the sim-
ulation systematically overestimates fragment magnitudes across HT, C*, and CI* (Fig. 5.7), even

as angle correlations are well captured. This is consistent with our observations in earlier chapter.
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As in the previous chapter, we emphasize angular observables for structural assignment and use
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Figure 5.6: CEI patterns for cis-1,2-DCE: experimental, simulation from random geometries, simu-
lation from a Wigner-sampled ensemble. Panels (a), (b) and (c) show the Newton plots of momenta
projected onto the p,—p, plane. For each event, the coordinate frame is aligned such that the vector
difference between the two ClT ions defines the p, axis, and the vector sum of the two CI* lies
in the upper p,py, plane. Panels (d), (e) and (f) show the corresponding azimuthal angle distribu-
tions, integrated over momentum magnitude, for each ion species. The azimuthal angle is measured
counterclockwise from the p, axis, and normalized to unit area.

Fig. 5.8 shows the Newton map and azimuthal-angle distributions for the four-body incomplete
channel (H*, C*T, CI*, CI7) of cis-1,2-DCE. While all atomic species remain identifiable in the New-
ton maps, the incomplete selection exhibits higher background and broader angular features—most
prominently for C* ionic fragments. The complete six-body coincidence suppresses false coinci-
dences via momentum-conservation filtering, yielding sharper angular peaks and highlighting the

impact of kinematic completeness.
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molecules. The figures show the distributions for H*, C*, and CI* ions. The simulation systemat-
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Figure 5.8: (a) Newton plot for cis-1,2-DCE obtained from the four-body incomplete coincidence
channel (H*, C*, 35Cl*, 3°Cl*). The reference frame is defined by the vector difference of the
two C1* ions along the x-axis, with their sum lying in the upper xy-plane. (b)Yields of HT, CT,
and *CIT fragments as a function of the azimuthal angle in the molecular frame. Solid lines
correspond to the (H*, HY, C*, CT, 35Clt, 35ClT) six-body complete coincidence fragmentation
channel, while dashed lines represent the four-body incomplete coincidence channel. Distributions
for C* and 3°CIt are vertically offset for clarity.

5.3 Machine-learning Separation of cis- and trans-1,2-DCE Iso-

mers from Complete Six-body CEI

Identify
Clustering Important
Features

CEl Data Dimension Plot

Observables

3*N dim. Reduction

Figure 5.9: Machine learning workflow for event-level CEI data. Each event is represented by
a 3 x N-dimensional momentum vector. We apply dimensionality reduction to obtain a low-
dimensional embedding, cluster events in that space, identify the most informative features for
class separation, and visualize the corresponding observables.

We now turn to machine learning (ML) to separate cis and trans event-by-event directly from
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experimental data. Each event in the six-body channel is encoded as an 18-dimensional vector
composed of the three momentum components for each ion. Dimensionality reduction maps these
high-dimensional vectors into a low-dimensional space where structure-related patterns are easier to
visualize and analyze. Clustering in the reduced space groups events with similar momentum-space
correlations and yields isomer labels without manual selection. Feature-importance analysis then
identifies which observables contribute most to the separation and guides targeted visualization of
angles and related internal coordinates. This workflow is summarized in Fig. 5.9 and provides a

consistent backbone for the comparisons that follow.

5.3.1 Unsupervised Separation of DCE Isomers from an Experimental Mixture

We perform CEI on a sample containing a mixture of cis and trans-1,2-DCE isomers. Figure 5.10(a)
shows the momentum pattern of this data after rotating each event to a frame of reference defined
by the two CI™ momenta, as in Fig. 5.3(a,b). Compared to the data of only the cis isomer in
Fig. 5.3(a), new features belonging to the trans isomer appear. Some features are well separated
from the cis-DCE pattern, while some overlap. In order to automatically separate events corre-
sponding to cis and trans isomers from the mixture, we first perform data reduction to map the
eighteen-dimensional event vectors into two dimensions, as shown in Fig. 5.10(b). Here, we choose
to use UMAP (Uniform Manifold Approximation and Projection)“” due to its ability to handle non-
linear patterns and its computational efficiency. A comparison with other common data-reduction
techniques (PCA and t-SNE) is provided later in this chapter. After the dimensionality reduc-
tion, the data are clearly separated into two groups. Events from these two groups are clustered
using HDBSCAN (Hierarchical Density-Based Spatial Clustering of Applications with Noise)*®,
which extracts the most stable clusters and automatically labels low-density regions as noise. The
events are then colored according to their cluster labels, red for cis, and blue for trans isomers in
Fig. 5.10(b).

We next plot the momentum images of these events separately in Fig. 5.10(c) and Fig. 5.10(d)
for events from clusters labeled red and blue, respectively. The momentum image in Fig. 5.10(c)
closely resembles that in Fig. 5.3(a), indicating that these events correspond to the cis isomer.

Meanwhile, the momentum image in Fig. 5.10(d) exhibits a distinct pattern that aligns well with
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Figure 5.10: Automatic separation of cis and trans isomer events from experimental mixture data.
(a) Newton plot of a mixture of isomers in the Cl-referenced frame. (b) UMAP embedding colored
by HDBSCAN cluster labels. (c) and (d) Newton plots for events from the red and blue clusters,
matching cis and trans, respectively. The cis reference follows Fig. 5.3; the trans reference follows
Fig. 5.4.

events from the trans molecules, as seen in Fig. 5.4(a). The agreement between momentum images
of events from these two clusters and data collected with individual isomers confirms that the
data reduction and clustering algorithms have accurately separated cis and trans isomers on an

event-by-event basis, automatically.

5.3.2 Supervised Feature Ranking: Discriminative Power Analysis

Now that the two isomers have been accurately clustered and labeled, we turn to a supervised ML
approach to quantitatively assess which features contribute most to the differences between cis and
trans. The key motivation for this analysis arises from the limitations of experimental observables,
especially when used individually, in capturing the structural differences between isomers. While
our current data shows a clean separation between the two isomers, it is not always guaranteed.

If many closely similar configurations coexist, isomers might appear as different parts of one big
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cluster, making differentiating them difficult, especially when the reduced dimension is not always
readily interpretable. Our following analysis provides insights into how to construct meaningful
observables to effectively differentiate similar structures.

In particular, we employ the Random Forest Classifier '°? to evaluate the discriminative power
of different features. Random Forest is an ensemble learning method that builds multiple decision
trees using bootstrap samples and random feature subsets, then aggregates their votes to produce a
more accurate and robust classification. Features with high discriminative power can easily tell the
two isomers apart, while ones with low discriminative power cannot cleanly separate the two. We
perform this analysis for components of the momentum vectors in Cartesian coordinates [Fig. 5.11]
and also internal momentum coordinates [Fig. 5.12] such as the angle between two momentum
vectors and the magnitude of the vector differences. The bar heights in Figs. 5.11(a) and 5.12(a)
represent Random Forest feature-importance scores, with larger values indicating greater discrimi-
native power for classifying cis versus trans structures. To account for the algorithm’s stochasticity,
we retrain the Random Forest multiple times with different random seeds; the plotted bar is the
mean value from all the different runs and the error bar shows the standard error. Panels (b)—(c)
then illustrate exemplar observables ranked highly by the Random Forest classifier.

Figure 5.11(a) presents the discriminative power analysis from a Random Forest classifier trained
to distinguish cis and trans using the measured Coulomb explosion momenta in Cartesian coordi-
nates; see Fig. 5.10(a). The analysis shows that the p, and p, components are more informative
than p,, consistent with the planar symmetry of 1,2-DCE isomers. In particular, the chlorine
py and proton p, components are the most discriminative for separating the two isomers. The
corresponding one-dimensional distributions for ps,/pe, and for pi,/p2, are shown in Fig. 5.11(b)
and (c), respectively. The same trends are visible in the Newton plots for the isolated isomers
(Figs. 5.10(c) and 5.10(d)). For chlorine, the p, distributions exhibit two distinct peaks: a narrow
peak near zero for the trans isomer (blue) and a peak between 100 and 200 a.u. for the cis isomer
(red). For protons, the trans isomer has p, ~0 (blue), whereas the cis isomer shows two peaks,
symmetrically on either side of zero (red).

While the analysis in Cartesian coordinates provides insight into how momentum-space observ-

ables correlate with molecular structure, a more intuitive description that involves the momentum
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Figure 5.11: Random-forest analysis in Cartesian coordinates and exemplar 1D observables. (a)
Discriminative power analysis obtained from a Random Forest classifier trained to distinguish be-
tween the cis and trans isomers based on their measured Coulomb explosion momenta in the
Cartesian representation. Bars in (a) report the mean Random Forest feature-importance scores
across repeated runs, and the error bars denote the standard error over iterations with different
random seeds. (b) and (¢) Momentum distributions illustrating two of the most informative com-
ponents: ps, and pg, (chlorines) and pi, and po, (protons). The separation of the distributions for
cis and trans reflects the structural differences between the isomers and demonstrates that these
momentum components are good discriminators, as quantified by our analysis using the Random
Forest classifier model.

internal coordinates, such as d;; and 6;;, can be used. Here, d;; = |pj — p;| is the modulus of the
difference between two momentum vectors and 60;; = Z(pj, ;) denotes the angle between them.
These features are invariant to translation and rotation, offering a robust description of the struc-

tural information independent of spatial orientation. These features have been successfully used to

22:29:153 109;147

track changes in bond lengths and bond angles in the nuclear wave packet dynamics
of molecules.

The result, shown in Fig. 5.12(a), reveals that the angles (6;;) exhibit much stronger discrimi-
native power compared to the magnitudes (d;;). This is because isomers have similar bond lengths,
which are the main factor in determining the momentum magnitude (through the Coulomb in-
teractions). d;; is more important when significant bond-length differences arise, such as during
dissociation. Here, the angle correlations between fragment momenta — notably those involving

pairs of HT, C*, and C1T* ions — serve as strong distinguishing factors between the isomers. While

the role of C1™ and H™ ions was evident in Cartesian coordinates, this representation highlights the
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Figure 5.12: (a) Discriminative power of internal coordinates shows that angles 6;; exhibit much
stronger discriminative power than magnitudes d;;. Bars in (a) report the mean Random Forest
feature-importance scores across repeated runs, and the standard error over iterations with different
random seeds are represented with the error bars. (b) Distribution of the angle between the two CI™
fragments, 05¢, previously identified as the defining structural characteristic of cis and trans con-
figurations in similar cases®%*%1%0. (¢) Two-dimensional angle correlation using 34 = Z(C*,CT)
and 6056 reveals two distinct islands corresponding to the cis and trans isomers, reinforcing the
effectiveness of these angles in differentiating structural isomers.

significant contribution of the angle between CT fragments, providing additional structural cues
for isomer differentiation.

Figure 5.12(b) shows the distribution of the angle between two C1* fragments (656). This quan-
tity was previously identified as the defining structural characteristic of cis and trans configurations

35:59;150

in similar cases , which we confirm and quantify as the strongest single discriminator for the

two isomers in our analysis. In our current data, this feature by itself can separate the two isomers
without any overlap, unlike the partial overlap reported in three-body coincidence studies3%°%159.
In Fig. 5.12(c), we further incorporate the angle between two C* ions 034 = Z(CT,Ct) — the
second-strongest discriminator — to make a two-dimensional angle correlation plot. This plot re-
veals two distinct islands corresponding to the cis and trans isomers. These well separated regions

demonstrate that relative fragment orientations encode key molecular characteristics and reinforce

the effectiveness of these angles in differentiating structural isomers.
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Figure 5.13: Data reduction for three fragmentation channels. (a—c) Newton

plots for (a) three-body, total charge 3+ (CqoHj,?5Clt, 35Cl*H), (b) six-body, to-
tal charge 64 (H*, HT, C*t, C*,35Cl+, 3%Clt), and (c) six-body, total charge 14+
(H*, Ht, C?*+, %, 35C14+, 35C14T). (d-f) Corresponding UMAP embeddings with points
colored by true geometry labels. (g—i) Distributions of the angle between the two chlorine ions,
056, for the same channels. The number of events is fixed across channels, and axis limits are
matched for all Newton and UMAP panels to enable direct comparison. Higher total charge states
yield clearer separation between cis and trans isomers

5.3.3 Charge-state Dependence of Isomer Separability

Building on the coincidence maps of Fig. 5.2, we compare three representative fragmentation chan-
nels to assess how the final charge state affects data reduction and isomer separation. The channels

are: a three-body breakup with total charge 3+ (CoHy, 3°Cl*, 35C1T), the six-body all-singly-
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charged channel with total charge 6+ (H*, Ht, C*, C*, 35CIT, 35ClT), and a six-body channel
with total charge 14+ (HT, H*, €2+, C*+ 35C14* 35CI4T). This (CoHy, 3°Cl, 3°CIY), three-
body breakup channel has been widely used to distinguish geometric isomers (e.g., cis/trans) and
even conformers>43%5%150  For each channel we show the Newton plot in the molecular plane, the
two-dimensional UMAP embedding, and the distribution of the angle between the two chlorine
momenta, Oci-c1. Across these different channels, higher total charge states yield clearer separa-
tion between cis and trans in the embedded space and in the angular distribution. Two factors
contribute for the improvement: the ratio of distribution width to momentum magnitude decreases
with charge, sharpening features, and higher-fold coincidence encodes richer structural correlations.
For consistency, the number of events is fixed across channels, and axis limits are matched for all
Newton and UMAP panels. These comparisons reinforce fci-c; as a robust discriminator of the

different isomer structures and illustrate how completeness and charge state improve separability.

5.4 Extending to Four Geometries: cis, trans, twisted 1,2-DCE,

and 1,1-DCE
100
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Figure 5.14: Ball-and-stick models of cis-, trans-, twisted-1,2-DCE, and 1,1-DCE, and the simu-
lated Newton plot for the all-singly-charged six-body channel. The nonplanar twisted geometry
introduces out-of-plane correlations not present in cis/trans, and 1,1-DCE reorders substituents
relative to 1,2-DCE.

We now extend the analysis to four distinct geometries: cis-1,2-DCE, trans-1,2-DCE, the non-
planar twisted 1,2-DCE intermediate, and 1,1-DCE. The twisted geometry represents a midpoint in
the torsional transition between cis and trans configurations, while 1,1-DCE represents a structure

where hydrogen and chlorine migrations are involved (similar to acetylene-vinylidene isomeriza-
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tion). Together, these geometries offer a broader perspective on conformational changes that may
occur in photoinduced reaction dynamics that would be desirable to identify in a time-dependent
pump-probe experiment. These configurations serve as a test case of whether CEI4+ML can resolve
nonplanar intermediates from planar cis/trans. It is important to note that the following analysis is
based on simulated data, as experimental results are not available for the transient twisted-1,2-DCE
and 1,1-DCE. Given that our simulations closely reproduce the experimental data presented earlier,
we believe that this analysis is well justified and provides meaningful insights into the structural
dynamics under investigation. Figure 5.14 shows ball-and-stick models alongside the combined
simulated Newton plot for the (H*, Ht, C*, CT, 35CI*, 35ClT) six-body channel. Compared to
the simpler two-geometry case, the four-geometry simulation exhibits increased overlap, motivating

a multidimensional treatment of momentum correlations.

Table 5.3: Equilibrium geometry of 1,1-DCE optimized at the B3LYP /aug-cc-pVDZ level.

1,I-DCE
Atom | x (A) v (A) z (A)
H 0.93847 | 2.30932 | 0.00000
H -0.93847 | 2.30932 | 0.00000
C 0.00000 | 1.75934 | 0.00000
C 0.00000 | 0.42806 | 0.00000
Cl 1.46564 | -0.52185 | 0.00000
Cl | -1.46564 | -0.52185 | 0.00000

| O x| W N~

Table 5.4: Twisted-1,2-DCE transient-state geometry between cis- and trans-1,2-DCE, where the
C=C bond rotates 90° from the cis-1,2-DCE equilibrium, optimized at the B3LYP /aug-cc-pVDZ
level.

twisted-1,2-DCE

Atom | x (A) y (A) z (A)

C -0.53475 | 1.19362 | -0.31733
C 0.26899 | 0.32851 | 0.48543
H -1.08439 | 1.95034 | 0.26295
0.15112 | -0.00884 | 1.52174
Cl | -1.66406 | -0.43127 | -0.05612
Cl 1.81276 | -0.22016 | -0.10819

O Ut x| Lo o =
T

Optimized equilibrium coordinates for the simulated structures are used in the CE model. For
completeness, the Tables 5.3 and 5.4 list the B3LYP /aug-cc-pVDZ geometries for 1,1-DCE and

twisted-1,2-DCE; the cis/trans tables appear earlier in Tables 5.1 and 5.2.
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5.4.1 Multidimensional ML Analysis of Simulated Four-geometry Data
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Figure 5.15: Multidimensional analysis for structure differentiation. (a) Dimensional reduction and
clustering analysis of a mixture of four isomers — cis-, trans-, twisted-1,2-DCE, and 1,1-DCE —
where ball-and-stick models of these isomers are also illustrated. (b) Discriminative power analysis
of features constructed using higher-order correlations between momentum vectors, categorized into
modulus difference (green) and angle (purple) between two momentum vectors, and angle between
two planes (brown) formed by four momentum vectors. (c-e) demonstrate the effectiveness of
high-dimensional data in differentiating isomers, where the separation between these structures is
improved sequentially from one- to two- and three-dimensions.

We will apply both unsupervised learning (i.e., clustering) and supervised learning (i.e., classi-
fication) techniques to systematically analyze the momentum-space signatures of the isomers. Fig-
ure 5.15(a) presents the clustering results obtained through dimensionality reduction using UMAP,
where all molecular configurations clearly separate into distinct clusters. These clusters can be
accurately identified by HDBSCAN. This result shows that far more detailed structural differences
from CEI data can be encoded in a reduced representation.

Since the twisted geometry is nonplanar, the dihedral angle needs to be included to distinguish
these structures in real space. We mimic the effect of this quantity in the fragment momentum

space by introducing a higher-order correlation — angles between planes: ¢;j1; — as a structural
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descriptor. ¢;j; is calculated from four momentum vectors where each pair — (p;, pj) and (pk, pr)
— defines a plane. The discriminative power analysis shown in Fig. 5.15(b) shows that 655 =
Z(CIT,CIT) and 612 = Z(H*,H") are still among the most important discriminators. Fig. 5.15(c)
shows that the 1D distribution of #55 can reveal partial separation between isomers but cannot
be used as a single feature to distinguish all the isomer structures. Significant overlap persists,
particularly among the twisted and 1,1-DCE structures, demonstrating that this observable alone
does not efficiently capture the difference between cis-trans isomerization and other processes.
The two-dimensional correlation between 56 and 612, as shown in Fig. 5.15(d), slightly enhances
the separation, eliminating minor overlap and cleanly resolving cis and trans from the other two

(i.e., twisted and 1,1-DCE). However, complete differentiation of all structures requires additional

dimensions.

016 —— 1,1-DCE

D 0.14| 0 1256 —— twisted-1,2-DCE
z d Yo 0 300

50.12| M 25 ¢) -
% U U ¢1236 Uk}'
Lo.0|
5 2
‘ED.OB' 5200
Eo.06/ 2

20,04 ©
a 0'230,

2 il « 1 “ I

=]
+= vi-* o Vviv_v-- - - V—Vf - -1 — p—
5”"2:&&32:322@&; SHEEEEEEE
- R SR A e AR R BRI EI R 0

”3”5”3”3”‘3 o o 0 45 90 135 180
Feature Components ST L (1, 2,5, 6)(degrees)

Figure 5.16: Random Forest feature-importance ranking for the twisted-1,2-DCE vs 1,1-DCE com-
parison (left), and the corresponding one-dimensional distribution of @956 (right). Bars report
mean feature-importance scores across repeated runs, and error bars denote the standard error
over iterations with different random seeds. The ¢195¢ dihedral-like angle serves as the most effec-
tive single discriminator for this pair.

To quantify the most informative observable for distinguishing twisted-1,2-DCE from 1,1-DCE,
we repeat the Random Forest analysis restricted to these two structures. As expected, ¢1956 —
the angle between two planes formed by protons and chlorine ions — is the most critical discrim-
inator, which can clearly separate the two, evident from Fig. 5.16(a). Figure 5.16(b) shows that
the one-dimensional distribution of ¢1925¢ cleanly separates the two molecular structures very well.
Fig. 5.15(e) shows a 3D representation incorporating ¢1256 in addition to 056 and 612. This visual-

ization reveals four distinct clusters and underscores the necessity of leveraging multiple observables
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to achieve a clear separation of similar molecular structures.

5.5 Comparing Dimensionality-reduction Methods and Assessing

Stochasticity

We compare three commonly used dimensionality-reduction techniques—Principal Component Anal-
ysis (PCA), t-distributed Stochastic Neighbor Embedding (t-SNE), and Uniform Manifold Approx-
imation and Projection (UMAP)—on our CEI dataset. PCA is a linear technique that projects
data onto orthogonal axes of maximal variance, preserving global structure but missing nonlinear
relationships. t-SNE is a nonlinear, probabilistic method that excels at preserving local neighbor-
hoods but can distort global distances and scales poorly to large datasets®. UMAP is a nonlinear
method designed to preserve both local and some global structures of high-dimensional data while
remaining computationally efficient, built upon concepts from fuzzy topology and Riemannian ge-
ometry”. UMAP outputs often resemble those of t-SNE because both rely on graph-based layouts
in a low-dimensional space, but UMAP typically performs better in the aspects mentioned above.

Figure 5.17 shows a side-by-side comparison on experimental data containing a mixture of cis-
and trans-1,2-DCE events. Figure 5.18 presents the analogous comparison on simulated data con-
taining four geometries (cis-, trans-, twisted-1,2-DCE, and 1,1-DCE). In the two-isomer experiment,
all three methods visibly separate the classes in two dimensions, with UMAP providing the clean-
est split of all three, and t-SNE, in turn, looks better than PCA. In the four-geometry simulation,
PCA degrades significantly, while t-SNE and UMAP retain clear separation, with UMAP again
providing the most compact, well-separated clusters.

To quantify cluster quality across methods, we compute the Silhouette Score'®* and the Davies—
Bouldin (DB) Index!®>. The Silhouette Score measures how well a point matches its assigned
cluster relative to other clusters, giving values in [—1, 1] with higher values indicating tighter and
clearer grouping. The DB Index compares the similarity of each cluster to its most similar other
cluster, taking values in [0, c0) with lower values indicating more compact, well-separated clusters.
Table 5.5 lists the metrics for the two-isomer experiment and the four-geometry simulation, and

Fig. 5.19 visualizes the same results. On the experimental mixture, PCA and t-SNE show similar
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Figure 5.17: Dimensionality reduction on experimental data containing a mixture of cis and trans
1,2-DCE. (a) PCA, (b) t-SNE, and (c¢) UMAP applied to the same dataset. Events are colored by
their known labels. In this case the dataset is robust enough that all three methods separate the
two isomers in two dimensions, with UMAP providing the cleanest split.
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Figure 5.18: Dimensionality reduction on simulated data for cis-, trans-, twisted-1,2-DCE, and
1,1-DCE. (a) PCA, (b) t-SNE, and (c) UMAP applied to the same four-geometry dataset. Events
are colored by their true labels. UMAP and t-SNE remain robust, whereas PCA shows markedly
reduced separability.

performance while UMAP is distinctly better. On the four-geometry simulation, PCA performance

drops, t-SNE is roughly unchanged, and UMAP again yields the best separation scores.

Table 5.5: Cluster-quality metrics for dimensionality-reduction methods on experimental two-
isomer data and simulated four-geometry data.

Experimental data
(two isomers)

Simulated data
(four geometries)

Method | PCA [ £SNE | UMAP | PCA | £SNE | UMAP
Silhouette Score 0.466 | 0.454 | 0.834 | 0.295 | 0.465 | 0.806
Davies—Bouldin Index | 0.881 | 0.824 | 0.226 [ 1.457 | 0.845 | 0.319
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Figure 5.19: Cluster metrics across methods. Silhouette Score (higher is better) and Davies-Bouldin
Index (lower is better) for PCA, t-SNE, and UMAP on the experimental two-isomer data and the
simulated four-geometry data.

In general, UMAP performs well for CEI clustering because its manifold approximation can cap-
ture curved, nonlinear structures and recover both local neighborhoods and broader global trends
rather than only maximizing linear variance. That said, performance is data dependent. When the
separation is largely linear, PCA remains attractive for its speed, simplicity, and interpretability.

Table 5.6: Stability of UMAP analysis under stochastic initialization. Metrics are averaged over
100 runs with different random seeds and reported as mean + standard deviation.

Metric (UMAP, 100 runs) Value
Silhouette Score 0.84 +£0.04
Davies—Bouldin Index 0.22 £0.05

We also assessed the stochastic components of the workflow. UMAP includes a “random_state”
hyperparameter that seeds the data reduction algorithm, so repeated runs can yield slightly different
results. To evaluate stability, we repeated the UMAP procedure 100 times with different random
seeds and computed the Silhouette and DB metrics each time. The resulting averages and standard

deviations shown in Table 5.6 indicate robust and stable behavior from the UMAP analysis.
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5.6 Dimensionality Reduction Under Broadened Momentum

Spreads

Building on the unsupervised separation and supervised feature ranking established above, we
now test how strongly broadened momentum distributions impact structure separability and how
simulation-trained embeddings can guide experimental analysis. Photoexcitation can deposit sub-
stantial energy into the molecule, broadening both its initial spatial distribution and its kinetic
energy, which widens the final fragment-momentum spread relative to ground-state isomers. In
this section, we show that moving to higher total charge states in the coincidence channel further
improves separability under severe broadening even with the four geometries. Further, we consider
four simulation cases with progressively larger spreads, then demonstrate that a supervised UMAP
embedding trained on simulations yields a latent space in which experimental events can still be

accurately assigned.

5.6.1 Employing High-charge Channels Under Broadened Momentum Spreads

Motivated by the experimental comparison of fragmentation channels in Fig. 5.13, we examine
whether moving to higher total charge states offers better separability amont the four geometries
when momentum spreads become large. Higher total charge sharpens momentum-space features,
which improves separability in two-dimensional embeddings under increasing feature broadening.
Figures 5.20 and 5.21 compare unsupervised UMAP dimensionality reduction for two six-body
channels, (+6 and +14 total charge) across progressively broadened simulation conditions. In all
panels, points are colored by their true geometry labels (cis- in red, trans- in blue, twisted-1,2-DCE
in green, and 1,1-DCE in purple).

Figure 5.20 varies the spatial deviation for twisted-1,2-DCE and 1,1-DCE from 0.25 A to 0.50 A
at a fixed 0.5eV kinetic energy, while keeping cis and trans at 0.50 A and 0.5eV. The +6 channel
(top row) shows increasing overlap—most notably the cis and 1,1-DCE clusters encroach upon
each other as the spread grows—whereas the +14 channel (bottom row) maintains four compact,
well-separated clusters over the same parameter sweep.

In Fig. 5.21, the kinetic energy is varied from 3 to 6eV at a fixed 0.50 A spatial deviation for
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Figure 5.20: Comparison of +6 and +14 total final charge channels with increasing spatial deviation
at fixed 0.5eV kinetic energy for twisted and 1,1-DCE. For cis and trans, parameters are fixed at
0.25A and 0.5¢V. The top row shows the +6 channel, which begins to overlap as the spatial
deviation grows. The bottom row shows the +14 channel, which preserves clear separation across
the same conditions. The scatter plots are colored by their true geometry labels.
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Figure 5.21: Comparison of 46 and +14 fragmentation channels while increasing kinetic energy from
3to 6eV at fixed 0.5 A spatial deviation. The +6 channel (top) exhibits substantial overlap between
geometries as the energy increases. The +14 channel (bottom) maintains cluster separations over
the same range. Points are colored by their true geometry labels.

all geometries. With a relatively high initial kinetic energy (3eV), both channels already exhibit
substantial overlap in the UMAP dimension-reduced maps. The +6 channel (top row) progres-
sively washes out the separation—clusters elongate and merge—whereas the +14 channel (bottom

row) remains distinctly partitioned, with only slight elongation of the manifolds at higher ener-
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gies. Across spatial and kinetic energetic broadening, the +14 channel maintains distinct clusters,
whereas the +6 channel progressively overlaps. Together with Fig. 5.13, these simulations indicate
that, under severe broadening, selecting higher total charge states in complete-coincidence CEI
can markedly improve the robustness of dimensionality reduction for distinguishing the different

molecular structures.

5.6.2 Supervised UMAP for Broadened Regimes: Simulation to Experiment

Proceeding with testing the ML analysis for increased feature broadening, we simulate the six-body
channel (HT,H",C*, C* CIT,CI") for a mixture of cis-, trans-, twisted-1,2-DCE, and 1,1-DCE
with spatial and kinetic-energy spreads for four cases, listed in Table 5.7. Case I corresponds to
narrow spreads representative of ground-state isomers (addressed in Sec. 5.4), whereas Cases II-IV
introduce progressively larger broadening intended to emulate pump-probe conditions at later
delay times. We first reduce the simulated events with unsupervised UMAP to assess intrinsic
separability. We then train a supervised UMAP embedding on labeled simulations and, without
using any experimental labels, project the experimental events into the learned latent space to
evaluate simulation-to-experiment transfer.

Table 5.7: Simulation parameters for four broadening scenarios used to test dimensionality reduc-
tion and supervised transfer. Entries list spatial deviation (in A) and total kinetic energy (in eV)
applied to the neutral geometries before Coulomb explosion.

Simulation parameters
Geometry Case 1 Case 11 Case III Case IV
cis-1,2-DCE | 0.25 A, 0.50eV | 0.25 A, 0.50eV | 0.25A, 0.50e¢V | 0.50 A, 6.00eV
trans-1,2-DCE | 0.25 A, 0.50eV | 0.25 A, 0.50eV | 0.25A, 0.50eV | 0.50 A, 6.00eV
twisted-1,2-DCE | 0.25A, 0.50eV | 0.504, 3.00eV | 0.50 A, 6.00eV | 0.50 A, 6.00eV
1,1-DCE | 0.25A, 0.50eV | 0.50 A, 3.00eV | 0.50A, 6.00eV | 0.50 A, 6.00eV

Figure 5.22 summarizes Case II, where twisted-1,2-DCE and 1,1-DCE are substantially broad-
ened relative to cis/trans. In this simulation, the spatial deviation and kinetic energy are 0.25 A
and 0.5eV for cis- and trans-1,2-DCE (as before), and 0.5 A and 3eV for twisted-1,2-DCE and
1,1-DCE, yielding broad momentum distributions with no visually distinctive geometry-specific
features. Panel (a) shows the simulated Newton map for the six-body channel, where broad, mixed

lobes obscure any simpler visual assignment. Panel (b) shows an unsupervised UMAP projec-

98



Casel ll

(b Unsupervised UMAP Projection
140
14| ¢is-1,2-DCE eeee simulation
120 . .
~N12| * experiment
100 S o
) w10} K
g0 2 2 1,1-DCE
3 £ 8
60 © =
O o 4 trans-1,2-DCE
40 % it
i = v
ST 20 =] twisted-1,2-D
Simulation 2l
-300 T T : 0
—-200 0 200 ———= 5 T z =
px (a.u.) UMAP Dimension 1
(c) (d)
i i Clustering results of experimental data
a0 *m }i‘ « .+« simulation :
g o - experiment 2500! 2466 2484 clustering
é30 hwistedsd; :0Ce [ true labels
a 20001
% [0
trans-1,2-DCE E=]
% 20 — 51500
2 "& @ }j S 957 1139
2 ) ? 10001 —
g 10 ,r cis-1,2-DCE
g " o .
S ‘. s 500/
& iy , |
0 1,1-DCE " 200 0
=5 0 5 10 15 20 0 :
Supervised UMAP Dimension 1 trans cis Others

Figure 5.22: Supervised UMAP classification of experimental CEI data under broadened spreads
(Case IT). (a) Simulated Newton map for the six-body channel (H*,H*, C*,C*, CI*, CIT) combin-
ing cis, trans, twisted-1,2-DCE, and 1,1-DCE with parameters from Table 5.7. (b) Unsupervised
UMAP of simulated events (colored by geometry) and experimental events (gray) shows partial over-
lap between geometries. (c) Supervised UMAP trained on simulated labels yields well-separated
clusters; experimental events (gray) align with the corresponding simulation clusters. (d) Recovery
of molecular identity from experimental data in the supervised space via density-based clustering.
Error bars reflect the stochastic variation from repeating UMAP with different random seeds. Out-
lined bars: ground-truth labels derived independently. Numbers above the bars denote assigned
(left) and true (right) counts.

tion: colored points are simulated events from all four geometries and gray points are experimental
events from the cis/trans mixture, with partially overlapping clusters, especially between cis and
1,1-DCE. Because the unsupervised separation is not sufficiently distinct, automatic clustering is
difficult; to address this, we train a supervised UMAP embedding on labeled simulations to improve
cluster separation. Panel (c) displays the supervised embedding, in which the algorithm learns two
nonlinear combinations of the original momentum components that maximize separation, produc-
ing a two-dimensional latent space with four well-separated simulation clusters. The experimental
cis/trans events (gray) are projected onto the corresponding clusters with near-perfect overlap.

Panel (d) reports HDBSCAN tallies for the experimental events in the supervised space, recovering
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~ 99% of trans and ~ 84% of cis with an overall misclassifications rate of 5.5%. Error bars in
panel (d) reflect stochastic variability from repeating UMAP with different random seeds. This
excellent agreement validates the feasibility of this approach, showing that supervised machine

learning on pure simulation can serve as an appropriate guide for experimental data analysis.
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Figure 5.23: Case III: complete relaxation to ground-state kinetic energies (6eV for twisted and
1,1-DCE). (a) Simulated Newton map for the six-body channel. (b) Supervised UMAP trained on
simulations with experimental events projected in gray. (c) Unsupervised UMAP of simulations
and experiment for reference. (d) Experimental clustering tallies in the supervised space with true-
label counts for comparison.

We next apply the same workflow to Cases III and IV, which further increase kinetic energy
and spatial spread. In Case III, cis/trans remain at 0.25 A and 0.5eV, whereas twisted-1,2-DCE
and 1,1-DCE are broadened to 0.5A and 6eV (Table 5.7). This parameter set corresponds to
complete relaxation back to ground-state kinetic energies for the latter pair (6 eV, approximately
a 200 nm pump), and, as expected from the kinetic-energy—driven broadening trends noted earlier
in Fig. 5.21, the unsupervised UMAP projection, panel ¢, shows increased cluster elongation and

larger overlap. Even so, the supervised UMAP embedding (Fig. 5.23(b)) cleanly separates all
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Figure 5.24: Case IV: extreme broadening scenario for all geometries. (a) Simulated Newton
map for the six-body channel. (b) Supervised UMAP trained on simulations with experimental
events projected in gray. (c¢) Unsupervised UMAP of simulations and experiment for reference. (d)
Experimental clustering tallies in the supervised space with true-label counts for comparison.

four simulated geometries, and experimental cis/trans events (gray) align with their respective
simulation clusters.

Case IV represents an extreme broadening scenario in which all four geometries are set to
0.5A and 6eV. Under these conditions, the unsupervised UMAP projection (Fig. 5.24(c)) exhibits
substantial overlap among clusters—consistent with the systematic increase in overlap at higher
kinetic energies highlighted in Fig. 5.21. Nevertheless, the simulation-trained supervised UMAP
(Fig. 5.24(b)) preserves four well separated clusters in the latent space and transfers reliably to
experiment: the majority of cis and trans events are still identified correctly, and experimental
cis/trans data (gray) continue to overlap well with the corresponding simulation clusters. Of
the four isomers, trans remains the most distinct and thus is classified with the highest accu-
racy, whereas cis—whose geometry is more similar to 1,1-DCE (e.g., Z(CT,CT), Z(H*,H"))—is

more challenging. Overall, even as the unsupervised projections show pronounced overlap at large
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spreads, the supervised embedding trained on simulations maintains clean separation and robust
simulation-to-experiment transfer. Classification tallies, shown in panels 5.23(d) and 5.24(d), re-
main accurate for frans and remain strong for cis despite the more severe broadening, with confusion

primarily arising between cis and 1,1-DCE as expected from their similar angle signatures.

5.7 Summary and Outlook

We have demonstrated that complete six-ion CEI of 1,2-DCE encodes sufficient event-level infor-
mation to differentiate cis and trans isomers using machine learning. Angles between fragment
momenta emerge as the most robust observables for structural assignment, while absolute kinetic
energies from classical CE simulations tend to be overestimated and are used qualitatively. Unsu-
pervised learning on experimental events yields clean isomer separation in reduced dimensions, and
supervised models trained on simulations transfer reliably to experiment even when momentum
distributions broaden. Feature ranking with Random Forest '°? quantifies which projections carry
the strongest discriminative power, guiding the construction of physically interpretable observables.
Among dimensionality-reduction methods, UMAP*7 provides stable, well-separated embeddings for
these datasets and outperforms PCA and t-SNE in preserving both local and global structure, with
repeated runs showing consistent cluster metrics.

When momentum spreads increase—as expected under pump—probe conditions—two practical
strategies improve separability. First, selecting coincidence channels with higher total final charge
sharpens momentum-space features, further enhances separability under severe broadening. Second,
a supervised UMAP trained on simulated labels produces a low-dimensional latent space that
cleanly resolves multiple geometries and aligns well with experimental projections, enabling robust
clustering. Together, these strategies provide a general recipe for molecular structure classification
in multi-coincidence CEI.

Looking ahead, extending CEI+ ML to larger molecular systems should benefit from ongo-
ing advances in sources, detectors, and analysis. Higher repetition-rate and higher-intensity light
sources will boost coincidence statistics and access higher charge states. Improved position-sensitive

detectors and better vacuum will increase multi-hit detection efficiency and reduce background. On
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the analysis side, the present framework can be extended to incomplete breakup with complete de-
tection, where sufficient information remains to distinguish the different dynamical pathways. The
ML analysis framework presented in this chapter can handle these scenarios without modification,
though specific details of atoms that do not breakup are absent. In cases of complete ionization but
incomplete detection (e.g., five detected fragments in DCE, (H*,C*, C* 35 C1* 3% CIt)), the miss-
ing fragment introduces label ambiguity and tends to split each structure into two apparent clusters
because the detected H™ randomly samples one of two equivalent sites, potentially necessitating
tailored multivariate reconstruction strategies !3% with explicit assumptions about geometry and/or
ionization dynamics. By uniting kinematically complete coincidence imaging with data-driven
inference, this framework paves the way for automated, event-level imaging of channel-specific,

time-resolved dynamics in future pump—probe experiments.
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Chapter 6

Channel-resolved Auger-Meitner

Electron Spectroscopy of CHsl

In this chapter, we extend the coincidence studies from ions only to a combined analysis of ions
and electrons. We use multi-ion—electron coincidence spectroscopy to resolve Auger-Meitner and
shake-up/shake-off electrons for specific fragmentation channels of CH3l following I4d inner-shell
ionization. Soft X-ray photons at 107 eV are used to ionize the iodine 4d shell, and the subsequent
electronic decay is recorded in a double-sided velocity map imaging spectrometer that detects
electrons and multiple ionic fragments in coincidence. In contrast to the previous chapters, where
the focus was on ion—ion correlations and nuclear dynamics alone, here the electron spectra provide
a more direct probe of the local core hole, the electronic decay pathways, and exploit the multi-
ion coincidences to disentangle and assign these electron spectra to different final charge states of
the molecular cation. By exploiting ion—ion coincidence and the associated kinetic energy release
(KER), we separate dication and trication fragmentation channels, extract channel-specific Auger-
Meitner spectra for CH} + It and CH} + I?* channels, and identify the contributions from
secondary emission processes. In addition, from the electron spectra associated with incomplete
two-body channels involving H* and CH3 , we show that contributions from different cationic states
can be isolated using the ion KER. The results provide channel-resolved reference electron spectra
for CH3I that complement the ion-only measurements in the rest of this thesis and are relevant for

interpreting time-resolved inner-shell experiments at XFEL facilities.
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6.1 Introduction and Motivation

Inner-shell photoionization of CHsl has been studied extensively near the iodine 4d edge using
synchrotron radiation and electron spectroscopy. High-resolution electron spectroscopy near the
iodine 4d edge has mapped out the main 4d—! hole states, their subsequent Auger-Meitner decay,
and the associated shake-up and shake-off satellites®® 3. These studies show that following creation
of a 4d core hole, Auger—-Meitner decay and shake processes populate a manifold of highly excited
dicationic and higher-charge states, many of which are repulsive and lead to fragmentation into
multiple competing ionic channels® 3. In molecules, the Auger-Meitner decay pathways are more
complex than in atoms because of the dense manifold of valence states and the coupling to nuclear
motion. As a result, the conventional Auger—Meitner electron spectrum often consists of broad,
overlapping features arising from many final states and, in some cases, from cascaded or double-
Auger processes. Even when high energy resolution is achieved, it can be difficult to unambiguously
assign individual peaks to specific electronic states or to link them to particular fragmentation
outcomes®?.

Channel-resolved Auger—Meitner spectroscopy addresses this challenge by correlating electron
spectra in coincidence with well-defined ionic breakup channels. Recently, Liu et al. showed that
analyzing the photoelectron kinetic energy with the kinetic energy release of O™ + O™ ion pairs
allows different intermediate core-hole states to be disentangled®®. Related work on CH3l and
CHsls has demonstrated that selecting particular photoelectron or ion channels can isolate subsets
of the 4d—' manifold and their dissociative double-ionization pathways®%156,

In this chapter, we apply a similar strategy to CH3l using multi-ion—electron coincidence spec-
troscopy. Soft X-ray photons from synchrotron radiation at the Advanced Light Source, ionize the
I 4d shell leaving a 4d—! core hole that relaxes via Auger-Meitner decay. By recording the kinetic
energy of the emitted electrons together with the momenta of multiple coincident fragment ions,
we obtain channel-resolved electron spectra for different final charge states and molecular fragmen-
tation channels of CH3I"". Comparing these spectra with previous high-resolution photoionization

50-55

and Auger—Meitner measurements allows us to associate distinct electron-energy features with

specific groups of dicationic and tricationic states and with their preferred fragmentation pathways.
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The main goal of this chapter is to obtain channel-resolved Auger—Meitner electron spectra for
CHa3l at a fixed photon energy and to interpret them in terms of the underlying electronic decay and
fragmentation dynamics. By combining multi-ion and electron coincidence detection, we provide
a more complete picture of the 4d-hole relaxation pathways than is accessible from electron or ion
spectroscopy alone. An additional motivation is to establish channel-resolved reference electron
spectra that can support future time-resolved inner-shell experiments at X-ray free-electron lasers,
where similar ionic channels may be used to probe ultrafast charge and nuclear dynamics in more

complex systems.

6.2 Experimental Overview

The measurements were carried out at the Advanced Light Source (ALS) synchrotron radiation
facility at Lawrence Berkeley National Laboratory. The experiment used the double-sided velocity
map imaging (VMI) spectrometer on beamline 10 in the multi-bunch operation mode of the syn-
chrotron. The general layout of the apparatus and the ion and electron imaging procedures are

described in Sec. 2.1.3 and 2.2.2, and further details on this endstation can be found in earlier PhD

72;157 34;35;59

theses and several publications describing earlier coincidence experiments.
For the measurements in this study, the photon energy was fixed at hv = 107 eV, roughly 50 eV
above the 4d thresholds at 56.6 eV and 58.4 eV for the 4ds/5 and 4d3/, spin-orbit components,

505

respectively®%%%158 - Figure 6.1 shows the calculated photoabsorption cross sections for the iodine

1597161 with the experimental photon

4s, 4p, 4d, 5s, and 5p subshells as a function of photon energy
energy indicated by a vertical line. At 107 eV, the 4d cross section dominates and is approximately a
factor of 25 larger than the valence (5s and 5p) cross section. This choice of photon energy provides
a high probability for creating an I4d hole and leaves a large kinetic energy separation between the
4d photoelectrons, with a kinetic energy of 50.4 and 48.6 eV for 4d5,, and 4d3/; photoelectrons,
respectively, and the secondary electrons, which have kinetic energies below 40 eV®%52 | Typical

data sets contained single-electron events with up to three detected ions, which allowed us to

construct ion—ion and ion—electron coincidence maps for all major fragmentation channels.
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Figure 6.1: Calculated photoabsorption cross sections for the iodine 4s, 4p, 4d, 5s, and 5p subshells
as a function of photon energy. 197161 The experimental photon energy of 107 eV is indicated by the
vertical line. The ionization thresholds are 56.6 eV and 58.4 eV for the 4ds,5 and 4d3/5 spin-orbit
components of the 4d subshell %, and 129 eV for the 4p subshell 3.

6.3 Ion and Electron Signals

Figure 6.2 shows the ion time-of-flight (TOF) spectrum and the electron VMI image, where the
radius of the rings corresponds to the transverse electron momentum. The ion TOF spectrum
displays clear peaks corresponding to HT, HI, a cluster of CH; fragments (x = 0-3), the iodine
fragments It and I?*, and a weak CH3IT peak; the ion yield to the right of the H* peak is scaled
by a factor of 5, as indicated. Very low intensity of the parent ion peak indicates that the X-ray
pulse predominantly ionizes the 4d shell of the iodine atom, followed by dissociation into dicationic
and tricationic channels, in agreement with earlier studies. %923

The electron VMI image shows a bright outer ring corresponding to the I4d photoelectrons
with a kinetic energy of roughly 50 eV. Closer to the center of the image, we observe a broad
distribution of secondary electrons extending from a few electronvolts up to the vicinity of the

photoelectron ring. These electrons arise from Auger-Meitner decay of the 4d hole and any shake

processes accompanying the primary photoionization and the subsequent decay. From the electron
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image, it is evident that the secondary electron yield is comparable to, or even larger than the

photoelectron yield.
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Figure 6.2: Ion time-of-flight spectrum and electron VMI image recorded for CH3I at 107 eV photon
energy. Left: ion TOF spectrum showing peaks assigned to HY, the CH; group (x = 0-3), I?*,
and IT. The ion yield to the right of the HT peak is scaled by a factor of 5, as indicated. Right:
Accumulated electron image on the detector. The outer ring, marked by the arrow, corresponds to
the I 4d photoelectrons, while the inner region is populated by Auger-Meitner and other secondary
electrons.

6.3.1 JTon—ion Coincidence Maps

To disentangle the different fragmentation channels, we construct ion—ion time-of-flight coincidence
maps from events with two or more detected ions. Figure 6.3 displays the photoion—photoion
coincidence (PIPICO) map, which correlates the TOF of ion 1 with the TOF of ion 2 for all events
with at least two detected ions. The PIPICO map displays several well-defined diagonal lines. The
strongest group of lines corresponds to the two-body dicationic channels CH; + I with x = 0-3.
These lines are separated by the small mass differences of the hydrocarbon fragments; channels
with fewer hydrogens (missing protons) appear to the left. Tricationic channels corresponding to
CH;} + I?’* appear with different slopes and offsets. In both these coincidence channel groups,
the lines are sharpest for the complete breakup channel CH5 + I (or CHS + I?*), where both
fragments are detected. For the channels where one or more protons are missing from the CH;
ionic fragment, the coincidence lines become more diffuse because of the momentum carried away
by the missing fragment(s). We also observe island-like features where a proton is the first detected
ion and the partner fragment is either a CHJ ion or a singly or doubly charged iodine ion. In
these proton + partner-ion channels, the undetected fragment carries a considerable share of the

momentum, which leads to more diffuse structures in the coincidence map.
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Figure 6.3: Two-ion photoion—photoion coincidence (PIPICO) map for CH3sI at 107 eV. The TOF
of ion 1 is plotted against the TOF of ion 2. The insets show enlarged views of the coincidence
lines marked by the rectangles of the corresponding colors. Prominent diagonal lines correspond to
the two-body channels CH;} + I (x = 0-3), as well as to channels involving I2*. Additional lines
at shorter TOF show incomplete coincidence channels in which H™ is the first detected ion and a
second ion is recorded, while another fragment from the dissociation channel is not detected.

Figure 6.4 shows the triple-ion coincidence (TRIPICO) map, which correlates the TOF of ion 3
with the sum of TOF; and TOF; for three-ion events. In this representation, three-body channels
such as HT + CH;r +I" and HT + CH;r + I+ appear as characteristic lines. Comparison of the
PIPICO [Fig. 6.3] and TRIPICO [Figure 6.4] maps reveals that many of the strong two-body lines
in the PIPICO map actually contain contributions from both true two-body fragmentation and
three-body channels, where the third fragment that is missing in the PIPICO map may be either
charged or neutral.

In the following sections, I focus on three groups of fragmentation channels: (i) two-body
channels with a singly charged iodine fragment (CH} + IT with x = 0-3), (ii) two-body channels
with a doubly charged iodine fragment (CH;} + I?*T with x = 0-3), and (iii) channels recorded
without an iodine fragment, for example the two-body H™ + CH2+ channel, which allow us to

isolate the contribution from breakups involving neutral iodine.

109



3300

3240 [,

3180 [

3120

TOF12 [ns] {Bin = 5}

3060

3000

2940

7600 7660 7720 7780
TOF3 [ns] {Bin = 2}

Figure 6.4: Three-ion coincidence map (TRIPICO) for CH3l at 107 eV. The TOF of the third ion
is plotted versus the sum of TOF; and TOF5. Distinct lines indicate three-body breakup channels
H* + CH} + I, with x = 0,1,2.

6.4 Two-body Channels with Singly Charged Iodine: CH; + It

We first consider the two-body fragmentation channels CH} + It with x = 0-3. Figure 6.5 shows
representative ion and electron detector images for these channels. The CH;} and I distributions
are obtained by selecting the corresponding lines in the PIPICO map. The electron image is the
sum over all events in which a given CH} + I* pair is detected.

The CH; and iodine fragments show ring-like distributions, with CH; forming larger-radius
patterns that reflect their lighter masses and a more diffuse inner region that indicates more complex
fragmentation dynamics. The corresponding electron images already indicate that the distribution
of secondary electrons depends on the selected fragmentation channel.

To isolate the electrons belonging to a specific fragmentation channel, we gate on narrow regions
around each CH; + I line in the PIPICO map and reconstruct the corresponding electron images.
Figure 6.6 summarizes this procedure: the middle panel shows the PIPICO map with colored boxes
marking the gates for the four CH} + IT channels. The panels on both sides display the electron

images for each gate, marked with the same colors as the corresponding PIPICO regions. The 4d
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Figure 6.5: Ton and electron images associated with the two-body channels CH} + I™ (x = 0-3).
The left and middle panels show the CH; and I ion images, while the right panel displays the
corresponding accumulated electron image.
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Figure 6.6: Channel selection for electrons associated with the CH} + IT channels. PIPICO map
with colored boxes that define the gates for CT + It, CHT + If, CHJ + IT, and CHj + I'.
On both sides are the electron images corresponding to each gate. The 4d photoline appears at
the same radius in all channels, while the Auger-Meitner dominated region shifts to smaller radius
(lower kinetic energy) with increasing hydrogen loss.

photoelectron ring is unchanged between channels, as expected for the photolines, but the intensity
and radius of the secondary-electron contribution vary strongly with the fragmentation channel. As
H or HT are removed from the methyl group, the radius of the dominant Auger-Meitner contribution

shifts inward, indicating a lower secondary electron energy.

6.4.1 Channel-resolved Electron Spectra

To quantify these changes, we perform an Abel inversion of the channel-selected electron images

using the BASEX method implemented in PyAbel®®6  as described in Sec. 2.5, and integrate
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over all angles to obtain one-dimensional electron kinetic-energy distributions. Figure 6.7 shows
the normalized spectra for the four CH + I channels. All spectra exhibit a narrow peak near
50 eV, which we assign to the I4d photoline. At lower kinetic energies, around 30 eV, the CH; +
I'" channel shows a broad maximum that corresponds to the main Auger-Meitner decay into the
dominant dicationic states, consistent with measurements at similar photon energies. >’

As hydrogen is removed from the methyl group (as H or HT), the maximum of the Auger-
Meitner band shifts to lower kinetic energy and broadens. The CH§L + I™ and CH" + I" channels
display peaks that are clearly separated from the CH;)r + I band, while the C* + IT spectrum
appears as a further broadened and slightly lower-energy distribution. Between the photoelectron
peak and the main Auger-Meitner band we observe a shoulder that grows with hydrogen loss.

This intermediate-energy region is attributed to shake-up and shake-off processes and possibly to

additional Auger-Meitner transitions into higher-lying dicationic states.
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Figure 6.7: Abel-inverted, angle-integrated electron kinetic-energy distributions for the CH; + It
(x = 0-3) channels. The spectra are normalized to the maximum of the photoline. The narrow
peak near 50 eV corresponds to the 14d photoelectron. The broad structures around and below
30 eV arise from Auger-Meitner decay and the accompanying shake processes. The maximum of
the secondary-electron band shifts to lower kinetic energy and broadens as more hydrogen (as H or
H™) are removed from the methyl group.

6.4.2 Electron Energy and Ion Kinetic Energy

The energy released in the fragmentation process is encoded both in the ion kinetic energy release
(KER) and in the kinetic energy of the secondary electrons. To reveal correlations between these
quantities, we plot the electron radial coordinate (as a proxy for kinetic energy) against the ion

KER for each channel. Figure 6.8 shows such maps for the four CH + I channels. In all channels,
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the horizontal band at high electron radius (energy) corresponds to the 4d photoline and is largely

independent of the ion KER. The Auger-Meitner-dominated region appears at smaller radius and

shows a systematic dependence on the ion KER.
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Figure 6.8: Electron radial coordinate versus ion kinetic-energy release (KER) for the CH} + It
channels. Each panel corresponds to one value of x. The color bars give the intensity in counts per
bin on a linear scale. The bands at large radius reflect the 4d photoline, whereas the broader bands
at smaller radius arise from Auger-Meitner and shake electrons. In the CH3 + It channel, two
distinct KER, bands are visible, and the Auger-Meitner intensity in the higher-KER band exhibits
an oblique feature towards lower electron energy.

In the CH;}r + I channel, the ion KER distribution exhibits two well-separated bands, which are
characteristic of the competing dicationic potential energy surfaces known from previous work. °%%2
For the other dissociation channels, with one or more hydrogen lost, only a single ion KER band is
observed, and the Auger-Meitner electrons, as seen in Fig. 6.7, shift to progressively lower energy
with increasing hydrogen loss.

Focusing on the CH; + It channel (top left panel), within the higher-KER band, we observe
an oblique streak of electron intensity that starts near the main Auger-Meitner energy and bends
towards lower electron energy as the KER increases. This indicates that part of the available energy

is traded between the secondary electron and the nuclear motion, most likely through a distribution
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Figure 6.9: KER-gated analysis of the CH;’r + I channel. (a) Electron-radius versus ion-KER
map with regions marked that select the low-KER band, the central part of the high-KER band,
and the highest-KER tail. (b) Abel-inverted electron kinetic-energy distributions for the three
KER regions. The spectra for the low-KER and central high-KER regions are very similar and
dominated by the main Auger-Meitner peak. The highest-KER region shows a reduced main peak
and a pronounced low-energy contribution, indicating a decay pathway that feeds highly repulsive
dicationic states.

of final dicationic states with different repulsive slopes. To analyze this correlation further, we select
different KER regions that isolate the two bands, with the corresponding electron spectra shown
in Fig. 6.9. The electrons associated with the lower-KER band (blue rectangular region) and with
the central part of the KER band (black rectangle) have very similar distributions, dominated by
the main Auger-Meitner peak. In contrast, the electrons in the highest-KER region (red rectangle)
show an enhanced low-energy tail and a slight reduction of the main peak. In addition, we also
observe an island of events at very low electron energy in the high KER region (marked in yellow
ellipses). These features confirm the presence of additional decay pathways that lead to both higher

ion KER and lower secondary-electron energies.

6.5 Two-body Channels with Doubly Charged Iodine: CH, + I**

We now turn to the two-body fragmentation channels in which the iodine fragment is doubly
charged. These channels correspond to 4d photoionization followed by Auger-Meitner decay into
tricationic or higher-charge final states, often accompanied by shake-up or shake-off processes. Fig-
ure 6.10 shows the electron-radius versus ion-KER maps for the CH; + I?* channels. Compared to
the CH + It breakup case, the photoline is much weaker and in some channels it is hardly visible.

This suggests that these final states are produced by a shake-up or shake-off (direct photo-double
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ionization) processes in the first step, i.e., either by emission of a photoelectron with less kinetic
energy than the usual hv-Ey,es, or two photoelectrons that share the excess photon energy. The
dominant contribution comes from broad bands of low-energy electrons below about 30 eV, which
we attribute to Auger-Meitner decay and to shake processes accompanying the photoionization.
For the CH?{ + I%* channel, we still observe a discernible photoline and a structured AM band. In
the more strongly fragmented channels, the photoline almost disappears and the electron yield is
concentrated at low energies. For these hydrogen loss channels, the KER distribution shifts towards

larger values, consistent with fragmentation into three ionic fragments.
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Figure 6.10: Electron-radius versus ion-KER maps for the CH} + I channels (x = 0-3). The
color bars give the intensity in counts per bin on a linear scale. The photoelectron band is much
weaker than in the dicationic case, and the distributions are dominated by low-energy secondary
electrons. The average secondary-electron energy decreases and the low-energy tail increases as
more hydrogen are removed from the methyl group.

The corresponding Abel-inverted electron spectra are shown in Fig. 6.11. The CH; + 12
channel exhibits a broad distribution that overlaps with, but is shifted to slightly lower energies
than, the CH3 + I Auger-Meitner band. The CHj + I** and CHT + I?T channels show even lower
average electron energies and a stronger low-energy tail. The CT + I?* spectrum is dominated by

electrons below 20 eV. The electron yield in the region marked by the black rectangle in Fig. 6.11
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Figure 6.11: Abel-inverted, angle-integrated electron kinetic-energy distributions for the CH; +
I?* channels (x = 0-3). All spectra are normalized to their maximum. The CH + I** channel
still shows a noticeable photoline and a broad Auger-Meitner band, whereas the more fragmented
channels are dominated by low-energy electrons below about 20-30 eV.

shows the same trend as in the CH;" + I two-body fragmentation channels: as more hydrogens are
removed from the methyl group (as H or HT), the intermediate-energy shoulder grows, consistent
with an increasing contribution from shake processes. These observations suggest that formation
of the tricationic and higher-charge state channels proceeds through highly excited intermediate
states that release a large fraction of the available energy into nuclear motion and into additional

low-energy electrons.

6.6 Channels Without Detected Iodine: Isolating Neutral-Iodine

Breakup Contribution

In the previous sections, we analyzed two-body CH; + (I or I**) channels in which the iodine
fragment is explicitly detected. However, a significant fraction of events contain light fragments
such as HT and CH} in coincidence without an iodine ion. These “missing-iodine” events may
arise either from breakup channels with neutral iodine (H* + CHJ + I) or from events in which
the iodine ion was simply not detected.

In this section, we focus on the dissociation channels that contain both HT and CH;|r fragments,

as a representative case. These channels are of particular interest because they connect H* + CH;

116



+ I (neutral) breakup with the complete three-ion breakup channels H* + CHj + I and HT +
CH;r + I?*. By comparing their ion KER distributions and electron spectra, we can isolate the
electron emission associated with the neutral-iodine channel.

Figure 6.12 shows electron-radius versus ion-KER maps for three gating conditions: (a) two-
body events assigned to H + CHJ, (b) three-body events HY + CHJ + I, and (c) three-body
events HT + CH;r + I?T. All three maps exhibit a strong horizontal band at the photoelectron
radius and a lower-energy band associated with the secondary electrons. The ion KER distributions
differ between the channels. The H + CH2+ channel spans a broad KER range that overlaps with
both three-body channels, indicating that the two-body selection includes events where a charged

iodine fragment was not detected.
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Figure 6.12: Electron energy versus ion-KER maps for hydrogen-loss channels. The color bars
indicate the counts per bin on a linear scale. The three panels (left to right) show the nominal
two-body channel H* + CHJ, the three-body channel H* + CHj + I*, and the three-body channel
Ht + CH;r + I?*. The two-body selection contains contributions from both complete three-body
channels, as seen from the overlapping KER ranges.

To extract the H + CH; + I (neutral) contribution, we compare the KER distributions of the
two-body and three-body channels. By scaling the three-body KER, spectra to match the corre-
sponding regions in the two-body spectrum and subtracting them, we obtain a residual distribution
that is dominated by events where the iodine fragment is neutral. Figure 6.13 illustrates this proce-
dure using color-coded KER regions together with the resulting KER-gated electron spectra. The
spectra for the regions dominated by the three-body channels closely resemble the electron spectra
already discussed for CHQ|r + I and CH; + I?*. In contrast, the residual spectrum assigned to
HT + CH;r + I (neutral) shows an enhanced low-energy tail and a somewhat reduced main Auger-
Meitner peak. This suggests that the neutral-iodine channel is fed by different intermediate states

and may involve additional energy-sharing mechanisms among the electrons.
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Figure 6.13: Isolation of the HT + CHJ + I (neutral) contribution. (a) Electron-radius versus ion-
KER map for the HT + CHéF channel with colored KER regions used to quantify the overlap with
the three-body channels. (b) KER-gated electron kinetic-energy distributions. Spectra associated
with the KER ranges dominated by HT + CHJ + I and H* + CHj + I?T resemble the corre-
sponding CHy + I™ and CHj + I?* electron spectra. The residual spectrum, attributed to HT

+ CHJ + I (neutral), shows a stronger low-energy contribution and a weaker main Auger-Meitner
peak.
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Figure 6.14: Abel-inverted electron kinetic-energy distributions for the hydrogen-loss channels.
Shown are spectra associated with HY + CHJ + IT, H* + CHJ + I?*, and the residual H*
+ CHéIr + I (neutral) contribution obtained after subtracting scaled three-body spectra from the
nominal two-body channel. The neutral-iodine channel shows a stronger low-energy contribution
and a smoother high-energy side compared to the channels with charged iodine.

The channel-resolved electron spectra for the hydrogen-loss channels are summarized in Fig-

ure 6.14. The HT + CHj + I" and H" + CHJ + I?>T spectra are qualitatively similar to the
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CH; + It and CH;r + I?* spectra discussed earlier. The neutral-iodine channel, however, exhibits
a distinct low-energy shoulder. These features highlight the sensitivity of the secondary-electron
spectrum to the final charge states and fragmentation channels involved, and underline the value

of the multi-ion—electron coincidence approach.

6.7 Summary and Outlook

In this chapter, we have presented a channel-resolved study of Auger-Meitner and shake electrons
from CHsl following iodine 4d ionization at 107 eV. Using the double-sided VMI spectrometer
together with multi-particle coincidence techniques, we recorded electrons in coincidence with mul-
tiple ionic fragments and constructed ion—ion and ion—electron correlation maps. From these data,
we identified the major fragmentation channels and determined their associated electron spectra.

The coincidence measurements provide a detailed view of how the secondary-electron spectrum
depends on the final charge state and on the number of hydrogen, as H or H', removed from the
methyl group. For the two-body fragmentation channels CH} + IT, the main Auger-Meitner band
shifts to lower kinetic energy and broadens as hydrogen are removed, while the 14d photoelectron
peak remains almost unchanged. For the channels CH; + I?T, the photoelectron contribution
becomes weak and the spectra are dominated by low-energy electrons, indicating that a larger
fraction of the available energy is transferred into nuclear motion and additional low-energy electron
emission. By comparing two-body and three-body KER distributions in the H™ and CH;r channels,
we isolated the contribution of the H¥ + CHJ + I (neutral) channel, which exhibits a distinct low-
energy shoulder compared with the channels that contain charged iodine. These findings highlight
the sensitivity of the secondary-electron spectrum to the details of the fragmentation pathway and
demonstrate the power of multi-ion—electron coincidence spectroscopy for disentangling complex
relaxation processes in molecules.

The results obtained here complement and extend previous studies of CHgsl inner-shell pho-
toionization. High-resolution electron spectroscopy has mapped out the multiplet structure of the

50;52;53

photoelectron and Auger-Meitner lines, and recent theoretical work has emphasized how

bond dissociation modifies the core-level spectra.®® The present measurements add an explicit con-
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nection between electron spectra and specific ionic fragmentation channels, in a spirit similar to
channel-resolved Auger spectroscopy of O2,%% but applied here to a heavier and more complex
system with multiple competing pathways.

Beyond the intrinsic interest in the relaxation dynamics of CHsl, these channel-resolved electron
spectra are relevant for interpreting time-resolved experiments at X-ray free-electron laser (XFEL)
facilities. The spectra reported here provide a reference for linking characteristic electron-energy
ranges to particular cationic charge states and fragmentation channels. Combining such static coin-
cidence measurements at synchrotrons with time-resolved studies at XFELs could help disentangle
the roles of different electronic decay pathways in ultrafast molecular dynamics, and support the

interpretation of experiments on larger, more complex systems.
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Chapter 7

Summary and Outlook

In this thesis, coincidence momentum imaging of charged particles is used to probe the structure and
dynamics of gas-phase molecules. The work employs different methods such as time-resolved pump—
probe Coulomb explosion imaging (CEI), static strong-field CEI for structural fingerprinting, high-
dimensional multi-ion coincidence combined with machine learning, and ion—electron coincidence
spectroscopy. The central goal is to understand how molecular geometry and electronic structure
evolve following interaction with light and how this evolution is encoded in fragment-ion momenta
and electron energy distributions.

In the time-resolved study, we focused on ultraviolet (UV) pump-infrared (IR) probe CEI of di-
iodomethane (CHsls), where 290 nm and 330 nm UV pulses initiate the photochemical process and
a delayed strong-field IR pulse drives Coulomb explosion. By measuring coincident fragment-ion
momenta as a function of pump—probe delay, several competing pathways are identified, including
dominant C—I bond fission, three-body breakup channels, and molecular iodine formation. Anal-
ysis of delay-dependent kinetic energy release, angular distributions, and fragment energy sharing
reveals signatures of a short-lived molecular configuration that resembles iso-CHzls geometries
forming and decaying on a sub-100 fs timescale. The relative yield and lifetime of these transient
products appear similar for both excitation wavelengths, suggesting that their formation is not
strongly dependent on the excitation wavelengths used in this study. These results demonstrate
that time-resolved CEI can isolate weak transient geometries in the presence of more dominant

channels and provide detailed insight into ultrafast bond rearrangement and halogen elimination
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dynamics in a prototypical dihalomethane.

Next, we extended the laser-induced CEI to static structural imaging of polyatomic molecules
that are representative of ring-opening photoproducts. Here, an intense near-infrared pulse is
used to Coulomb explode molecules such as isoxazole, 3-chloro-1-propanol, and epichlorohydrin.
Three-dimensional fragment-ion momentum maps (Newton maps) are constructed from multi-ion
coincidence events and used as structural fingerprints. Distinct momentum patterns associated with
planar five-membered rings, open-chain, and ring—chain structures are observed. Classical Coulomb
explosion simulations qualitatively reproduce the features encoding the underlying geometry. These
measurements show that robust structural discrimination for medium-sized organic molecules is
achievable with tabletop strong-field CEI and motivate the pursuit of complete coincidence detection
and more quantitative structural retrieval.

In the next part, we explored high-dimensional CEI with complete six- and eight-ion coin-
cidence and combined it with data-driven analysis to differentiate molecular structures. Using
1,2-dichloroethylene (1,2-DCE), we analyze events in which all six atomic fragments are detected
are analyzed with dimensionality reduction and clustering algorithms. Unsupervised methods sep-
arate cis- and trans-1,2-DCE isomers directly from experimental momentum data and reveal clear
differences in their multi-ion momentum correlations. Supervised models are trained on simu-
lated momentum patterns for multiple geometries, including 1,1-DCE and twisted intermediate
configurations, and then used to classify events simulated after a photoexcitation process. To-
gether, these results establish that multi-coincidence CEI combined with machine learning can
automatically cluster events by molecular structure and can possibly identify reaction channels in
high-dimensional momentum space.

Finally, we turned to ion—electron coincidence measurements on core-ionized iodomethane (CHsI)
at the ALS synchrotron facility. Using 107 eV soft X-ray photons to ionize the iodine 4d shell, we
measured Auger—Meitner electrons in coincidence with fragment-ion momenta, yielding channel-
resolved electron spectra for different fragmentation patterns. The coincidence analysis reveals
systematic shifts and broadenings in the Auger—Meitner electron spectra with hydrogen loss, and
comparison of two-body and three-body kinetic energy release distributions allows us to identify

channels that involve neutral fragments. These results provide benchmark channel-resolved refer-
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ence spectra for inner-shell relaxation in a prototypical halomethane and complement the ion-only
CEI studies by connecting core-level decay pathways to specific nuclear fragmentation patterns.
Looking forward, several developments in light sources and endstations promise to greatly ex-
tend the capabilities demonstrated in this work. On the tabletop side, the new high-repetition-rate
strong-field laser system Konza in JRML, operating at 100 kHz, will enable CEI measurements with
significantly improved statistics, making it possible to obtain high-quality momentum maps and
coincidence datasets in shorter acquisition times and to resolve low-yield channels more reliably.
At large-scale facilities, upgrades such as the superconducting linac of LCLS-II, which delivers up
to ~10% X-ray pulses per second, will similarly increase the volume of coincidence data that can
be collected in a single experiment. In parallel, next-generation reaction microscopes and multi-

162 provide multi-hit detection

particle imaging endstations, including DREAM-type instruments
of several ions and electrons from each X-ray shot. Together, these advances will make it realistic
to obtain channel-resolved CEI and Auger—Meitner spectra for more complex molecules, to access
weak fragmentation pathways that are currently statistics-limited, and to perform time-resolved
pump—probe experiments that track how inner-shell decay and charge redistribution compete with
nuclear motion in chemically relevant systems.

On the analysis side, the integration of coincidence momentum imaging with machine learn-
ing and other data-driven techniques is likely to become increasingly important. The studies on
dichloroethylene show that unsupervised clustering and supervised classification can successfully
disentangle overlapping channels and assign complete multi-ion events to specific structural groups.
For larger molecules, where complete detection of all atomic fragments is often unrealistic, similar
approaches can be explored for incomplete or partial channels, using a subset of ions to infer un-
derlying structures and dynamical pathways. In the longer term, coincidence momentum imaging,
augmented by these experimental and computational advances, may enable structural differentia-

tion of complex molecular configurations and provide time-resolved mapping of transient geometries

to track ultrafast light-driven chemistry in the gas phase.
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Appendix A

UV-IR Cross-Correlation and UV

Pulse Intensity

A.1 UV-IR Cross-Correlation and Instrument Response

To determine the effective instrument response function (IRF), which we subsequently use as an
approximate measure of the UV pulse duration, we measured the Ar" yield as a function of the
delay between the UV pulse (either 290 nm or 330 nm) and the 800 nm near-infrared (NIR) pulse.

The resulting delay scans and fits are shown in Figs. A.1 and A.2.

Yield vs Delay - Ar*
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Figure A.1: UV-NIR cross-correlation trace used to determine the UV pulse duration at 290 nm.
The Ar™ yield is plotted as a function of delay between the 290 nm UV pulse and the 800 nm NIR
pulse, together with a Gaussian fit yielding a cross-correlation FWHM of ~ 88 fs and a UV pulse
duration of ~ 84 fs, assuming a 26 fs NIR pulse.
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Figure A.2: UV-NIR cross-correlation trace used to determine the UV pulse duration at 330 nm.
Beyond the yield increase at temporal overlap, the 330 nm data exhibit a step-like offset, so they
are fitted with the sum of an error-function step and a Gaussian peak, giving a cross-correlation
FWHM of ~ 76 fs and a UV pulse duration of ~ 72 fs, again assuming a 26 fs NIR pulse.

For the 290 nm data, the cross-correlation trace is well described by a Gaussian

T —79)2
Y(7) =yo+ Aexp [—(2020)] : (A.1)

with a full width at half maximum (FWHM) of Arycorr = 2v/2In2 0 ~ 88 fs.

In addition to the yield increase at temporal overlap, the 330 nm data exhibit a step-like offset
after the overlap and are therefore fitted with the sum of an error-function step and a Gaussian
peak,

T — Te

T —Tg)?
YO —wes 5 [t )| oma dreo| 2]

which yields a cross-correlation FWHM of A7yeor = 76 fs.

Assuming Gaussian temporal profiles for both pulses, the cross-correlation FWHM is related to

= ATI%IR + AT%V. Using a NIR pulse duration of Arnr ~

2
Txcorr

the individual pulse durations by A
26 fs (from SHG-FROG measurements), we obtain A7yy (290 nm) = 84 fs and A7yy (330 nm) ~
72 fs.

In the following, we treat these values as the effective UV pulse durations and as a measure of

the instrument response function for the time-resolved measurements.
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A.2 Estimate of the UV Peak Intensity

To estimate the UV peak intensity at the interaction region, we assume a Gaussian beam with a
1/e? diameter of ~ 3 mm before focusing and a spherical focusing mirror with a focal length of

75 mm. Using standard Gaussian optics, this corresponds to a beam diameter at focus of order
wo ~ (9-17) pm (A.3)

for M? values between 1 and 1.6 at 290 nm and 330 nm. The average UV power in the experiments
was in the range of 0.4-1.5 mW at 330 nm (~ 72 fs) and 0.3-0.6 mW at 290 nm (~ 84 fs) at a
repetition rate of 3 kHz, corresponding to pulse energies of a few 107 J. The peak intensity of a
Gaussian pulse is then approximated by

2E,

IO ~N ———
wwg Atyy’

(A.4)
where E}, is the pulse energy, wp the 1/e? radius at focus, and Aryy the UV pulse duration

(FWHM).

Table A.1: Estimated UV peak intensities for typical powers and focal spot sizes. The intensities
are obtained from Gaussian-beam optics assuming a 1/e? input diameter of ~ 3 mm, a 75 mm
focusing optic, and UV pulse durations of ~ 72 fs (330 nm) and ~ 84 fs (290 nm).

Wavelength (fs) Power (mW) Iy for wg = 0.01 mm I for wy = 0.017 mm

330 nm (72 fs) 0.4 4.3 x 102 W /cm? 1.5 x 10'? W/cm?
1.5 1.66 x 10 W/ecm?  5.75 x 102 W/cm?
290 nm (84 fs) 0.3 3.5 x 1012 W/cm? 1.26 x 1012 W /cm?
0.6 7.0 x 102 W/cm? 2.5 x 102 W/cm?

Inserting the values above yields peak intensities on the order of Iy ~ a few x 10'2 W /cm?, as
summarized in Table A.1. These numbers should be regarded as approximate, but they indicate
that the UV excitation in the present experiments operates in the mid-10'2 to low-10'* W /cm?

range.
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