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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 (CH2I2) 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 �ssion, three-body breakup

channels, and molecular iodine formation. Delay-dependent kinetic energy and angular observables

provide evidence for a short-lived iso-CH2I2-like con�guration that forms and decays on a sub-100 fs

timescale. These measurements demonstrate how time-resolved CEI can isolate weak, transient

con�gurations in the presence of other dominant reaction channels.

Second, static CEI is used to establish three-dimensional momentum �ngerprints of molecules

relevant to ring-opening photochemistry. Strong-�eld 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 identi�ed 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 e�orts 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 con�gurations.

Eight-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 di�erences 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 speci�c ionic fragmentation

outcomes. Channel-resolved Auger{Meitner electron spectra, obtained by correlating electrons with

well-de�ned ion channels, reveal systematic changes in band positions and widths as a function of

�nal 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 �nger-

prints of transient and equilibrium geometries, high dimensional multi-coincidence measurements

combined with machine learning enable event-level molecular structure di�erentiation, and ion{

electron coincidence spectroscopy links core-level decay to fragmentation patterns. Together, these

approaches lay the groundwork for future e�orts to image and control molecular dynamics on their

natural femtosecond timescales.
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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 con�gurations.

Eight-fold coincidence data for isoxazole illustrate how complete channels sharpen angular momen-
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�nal 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
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Chapter 1

Introduction

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

processes in nature1;2. Light drives photosynthesis in plants and bacteria, enabling solar energy

conversion and oxygen production3{5 , initiates the primary steps of vision through ultrafast iso-

merization of retinal in rhodopsin 6{9 , and triggers the synthesis of vitamin D in human skin10;11.

Ultraviolet light can also damage DNA and biological tissue, requiring e�cient photoprotection and

repair mechanisms12{14 . In the atmosphere, photochemistry controls the fate of many trace gases

and contributes to ozone formation and depletion15. In all of these examples, at the molecular

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,

including time-resolved photoelectron spectroscopy16, ultrafast electron di�raction 17;18, and x-ray

scattering. These techniques have revealed rich details of nuclear motion in isolated molecules, con-
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densed phases, and biological systems. Despite this progress, directly imaging isolated gas-phase

molecules remains challenging. Di�raction-based methods work best when a large number of iden-

tically prepared molecules contribute coherently to the signal17;19;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 21{23 . 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-�eld laser pulses or intense x-ray pulses, making it

compatible with tabletop laser systems and large-scale light sources23{28 .

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

reconstruct three-dimensional structures and follow vibrational wave-packet motion21;22;29;30. In

time-resolved implementations, this approach has been used to study bond breaking, roaming dy-

namics, and passage through conical intersections in a variety of systems19;31;32. 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 momenta28;33{35 ,

and to determine the absolute stereochemistry of chiral molecules36;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 ions38. Momentum-resolved detection of these ions provides

direct access to the instantaneous geometry of complex molecules, including all hydrogens, and can
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reveal ultrafast charge redistribution and bond rearrangements during the interaction with the x-ray

pulse38{40 . 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 di�erent reaction

pathways, transient intermediates, and structural isomers that might be di�cult 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 di�er in con-

nectivity or three-dimensional arrangement of atoms. Even subtle changes in geometry, such as cis

versus trans con�gurations or di�erences in stereochemistry, can lead to large changes in chemical

reactivity and biological function 41;42. In pharmaceutical and biological contexts, di�erent isomers

can have very di�erent activity because they may interact di�erently with chiral biological targets

(enzymes and receptors). For example, the two enantiomers of thalidomide are associated with

distinct biological e�ects, illustrating that one isomer can be therapeutically bene�cial while an-

other can be harmful41. Being able to distinguish and, when possible, quantify di�erent isomeric

and conformational populations is therefore an important goal in molecular science. CEI provides a

natural route to isomer di�erentiation, because di�erent three-dimensional structures generally lead

to di�erent fragment momentum correlations after Coulomb explosion. Experiments have shown

that structural isomers and enantiomers can produce distinct multi-ion momentum patterns that

allow their identi�cation and, in some cases, determination of absolute con�guration; for example,

CEI has been used to image the absolute con�guration of a chiral epoxide36, to directly determine

absolute molecular stereochemistry in the gas phase37, and to distinguish geometric (cis/trans)

and conformational isomers from their multi-ion momentum correlations33;34;43. These results sug-

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

3



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, identi�-

cation of rare pathways, and di�erentiation of similar structures bene�t from automated and data-

driven analysis44;45. 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 data46{48 . 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 CEI.

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-Meitner49 electron spectra often su�er from severe

spectral congestion because many intermediate and �nal states contribute within a narrow energy

range50{55 . By measuring electrons in coincidence with speci�c ion pairs, it becomes possible to

disentangle overlapping contributions and assign decay pathways to well-de�ned electronic and nu-

clear �nal states 56. The work presented in this thesis explores Coulomb explosion imaging as a

structural probe for gas-phase polyatomic molecules. Across the di�erent projects, the central ques-

tions are how fragment momentum information can be used to track ultrafast structural dynamics,

to distinguish between di�erent molecular geometries, and to connect electronic decay with speci�c

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 calibration57{59 .
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Chapter 3 presents the time-resolved Coulomb explosion imaging study of diiodomethane (CH2I2)

using a UV pump and strong-�eld IR probe. It introduces the relevant photodissociation pathways

of CH2I2, 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 re
ect underlying molecular geometry and to demonstrate that laser-induced

CEI can distinguish between these structures in a robust way60. Following this, Chap. 5 turns to

isomer di�erentiation using coincidence momentum imaging combined with data-driven analysis.

Using dichloroethylene as example, this chapter introduces the machine-learning tools employed to

cluster and classify multi-ion momentum patterns46{48 . 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 molecules28;34;35.

Chapter 6 presents the ion{electron coincidence study of CH3I at the Advanced Light Source.

Introducing inner-shell photoionization and Auger-Meitner decay in CH3I, the chapter describes

the experimental con�guration used to detect electrons and ions in coincidence. It then reports

channel-resolved electron spectra associated with di�erent ionic fragmentation channels and inter-

prets these spectra in terms of electronic decay pathways and �nal charge states of the molecular

cation50;52;54{56.

The thesis concludes with a summary of the main �ndings and an outlook on future directions.

Possible extensions include applying CEI and data-driven analysis to larger and more 
exible

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.
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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 di�erent

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

�rst 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 work
ow 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

LA ser for M ulticolor 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 ampli�cation

(CPA) technique, developed by G. Mourou and D. Strickland61;62 and awarded the 2018 Nobel Prize

in Physics, which enables ampli�cation of broadband femtosecond pulses to mJ levels. In CPA,
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femtosecond oscillator pulses are stretched to picoseconds, ampli�ed, 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 ampli�er (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-�eld 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� 1015 W/cm 2. 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 ampli�er 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,

ampli�cation, and compression are summarized below.

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 ampli�ed in a
regenerative (Regen) ampli�er and then in a single-pass ampli�er (SPA), both pumped by green
Revolution lasers. The ampli�ed beam is split and compressed in two independent grating-based
compressors. Typical spectra measured at di�erent 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 ampli�er, pump lasers
(Revolution), enclosed Ti:sapphire regenerative (Regen) and single-pass ampli�er (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 ampli�cation.
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Seed Selection and Ampli�cation

The stretched pulse train is s-polarized and injected into the regenerative (regen) ampli�er stage.

The regen cavity uses polarization-sensitive optics to select and amplify a single pulse every 333� s,

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-�lm polarizers. The �rst 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 ampli�ed 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-ampli�ed seed then drives a single-pass ampli�er (SPA) pumped by

an independent Revolution laser and reaches� 18 W average power after two stages of ampli�cation.

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 ampli�er 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 ampli�er (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/e2), the pulse

duration measured by SHG-FROG63{66 is � 26 fs. Representative spectra at the oscillator, after
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SSF, after the stretcher, and after ampli�cation 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 �rst produced by focusing

a small fraction of the NIR into a Ti:sapphire crystal and is then parametrically ampli�ed 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-/di�erence-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 speci�c 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 67. 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-

ing high-resolution photoemission and gas-phase studies68;69. The experiments presented in this

thesis were performed when the synchrotron operated in multibunch mode (RF = 500 MHz; 2 ns

bucket spacing; � 276{320 bunches �lled)70. To accommodate the 2 ns spacing in multibunch

mode, we triggered the data acquisition on the electron time-of-
ight signal, enabling unambiguous

association of ions and electrons with each event35. 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-

dence measurements of ions and electrons. The apparatus, built by Seyyed Javad Robatjazi71 and

Shashank Pathak72 has undergone subsequent modi�cations, including removal of the e�usive 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 di�erentially 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 �rst stage is pumped by a 1000 L/s turbo-

molecular pump, reaching 10� 3{10� 4 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 10� 6{10� 7 Torr when the molecular beam is on.

A two-stage molecular beam catcher on the opposite side of the main chamber e�ciently removes

the gas load and prevents back
ow. Each stage is di�erentially pumped, achieving base pressures

as low as 10� 11 Torr. During operation, the catcher maintains pressures around 10� 9 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� 11 Torr range, essential for high order multi-coincidence

detection of ions (see Figure 2.4).

Gas targets are introduced via supersonic expansion through a 30µm 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 500µm 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 laboratory73) 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 57;58. The basic VMI lens comprises three electrodes: a repeller, an

extractor, and a ground (screen) plate. The electric �eld in a VMI spectrometer is nonuniform,

and by adjusting the three electrode voltages, the �eld|and hence the equipotential surfaces|is

shaped to produce an electrostatic-lensing e�ect 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.

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 �eld-free drift tube that projects ei-

ther ions or electrons onto their detector74. Because the extraction �eld 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 �eld curvature and to refocus particles created at di�erent positions in the interaction

volume74;75. The coupled ion/electron optics and open, shared-�eld 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 CAMP76;77 and LAMP 78 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 4� ) 71;72, though

simultaneous optimal focusing of ions and electrons is inherently challenging in the shared-�eld

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 e�ective detection e�ciency 79{81 . The

quad and hex DLDs measure thex-y positions of incoming particles based on timing di�erences

between signal pairs. A quad DLD uses two wire layers forx 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 con�guration to amplify the electron cascade, typically producing gains up to 106.

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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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 con�gured for fragments up to� 25 eV per charge59.

peller and vice-versa. Each side has a focusing electrode and a drift region. The ALS VMI employs


at-plate electrodes, and the electron side drift tube is intentionally shortened to accommodate

high-energy electrons59;72. 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 charge59. 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 
ange onto a continuous, skimmed

molecular beam intersecting the spectrometer axis. The interaction chamber is di�erentially pumped

and routinely reaches base pressures in the 10� 9 mbar range during operation59. Microchannel

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 �rst detected electron 59. Additional implementation details and performance benchmarks are

provided in Ref.59;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-
ight 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 CaF2 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-�lm 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 1015 W/cm 2 at the interaction region,

suitable for strong-�eld 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 ampli�er (Ortec FTA820A). Ampli�ed

pulses are discriminated by Ortec 935 constant-fraction discriminators (CFD), which produce �xed-

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, de�nes the acquisition window, typically � 40 � s in our measurements.

The trigger, delayed trigger, and CFD outputs from the position and time channels (x, y,

t) are digitized by a CAEN V1290N 16-channel multihit time-to-digital converter (TDC) with

25 ps LSB time bin and 52µs 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-
ight signals.

A CAEN V785N 16-channel peak-�nding 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 bu�ered 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 �les by the DAQ readout software. Online streams and o�ine �les

are then sorted and visualized with SpecTcl82;83. SpecTcl is a Tcl/Tk-driven event-sorting and

17



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 ampli�ed 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 de�nes 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, y, TOF channels). A CAEN V785N peak-�nding 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 o�ine event �les) using user-de�ned

spectra, including time-of-
ight (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 �les to calibrated fragment

momenta, and visualizing other experiment speci�c observables. After hardware readout and online
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sorting in SpecTcl, events from the o�ine event �les 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-
ight ( x, y, t) for all detected ions and electrons. The binary is parsed in a

Python work
ow to produce two tables: (i) a per-event hit table with columns x, y, and t for up

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

Figure 2.9: KAMP analysis work
ow. Event �les are exported from SpecTcl to a binary format and
read in Python to build dataframes. For events with at least n ion hits, all

� 16
n

�
combinations are

formed, gated in the fragment TOF windows, and �ltered by TOF-coincidence. SIMION voltages
are optimized to match the experimental TOF mass{charge slope, then velocity calibrationsvx (x),
vy(y), and vz(TOF) are derived from simulated trajectories. Fragment momenta are reconstructed
to generate KER, angular, and yield observables used throughout this thesis.

We �rst select events consistent with the desired number of fragments detected. For ann-

ion channel, we require events with� n ion hits and enumerate all
� 16

n

�
hit combinations within

each event. For each item from the combination, the arrival time t i of every ion is �ltered by a

broad TOF window TOF i assigned to that fragment, which removes combinations that include

empty slots or ions from out-of-channel species. Ion 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 �eld is intentionally nonuniform, analytic inversion from ( x; 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 84 and derive empirical calibration functions that map detector observables to

the initial velocity components 74;75. This approach follows established practice for double-sided

VMI spectrometers59;72.

Figure 2.10: Experimental and SIMION time-of-
ight calibration. Linear TOF vs.
p

m=q slopes
are matched by adjusting the drift-tube voltage in simulation. Agreement of slopes validates the
e�ective extraction �eld used for trajectory calculations.

Before extracting calibration functions, the simulated voltages are tuned (primarily the drift-

tube value) so that the simulated TOF vs.
p

m=q slope for reference fragments matches the exper-

imental slope, as shown in Fig. 2.10. This step aligns the e�ective extraction �eld in simulation

with the experiment to �rst order 59.

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-
ight are �tted with second-order polynomials to obtain vx = f x (x), vy =

f y(y), and vz = f t (t) 74;75. Cylindrical symmetry implies equivalent mappings in x and y barring

any small alignment corrections. An exemplary �t function for vx and vz from x position on the

detector and the time-of-
ight from SIMION simulation is given in Fig. 2.11.

For each gated hit combination in an event, the calibrated relations yieldvx , vy , and vz, which

are converted to momentum via p = m v. The resulting per-event ion momenta form the basis

for all downstream observables, including kinetic-energy release (KER), pairwise and many-body
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Figure 2.11: SIMION -based velocity calibration for a representative fragment (C+ shown). Left:
transverse calibration vx vs. x with quadratic �t. Right: longitudinal calibration vz vs. TOF with a
quadratic �t about TOF c. 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 techniques85 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 checks85.

The Abel inversion is performed with the BASEX method implemented in PyAbel85;86. The

resulting distribution is then angularly integrated to obtain a one-dimensional radial intensity pro�le

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 59. 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.

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 �t used to convert detector radius to electron
kinetic energy. Right: Representative Abel-inverted radial spectrum converted to kinetic energy at
h� = 115 eV showing the Ne 2s and 2p peaks (dashed vertical lines) and the 2p full width at half
maximum (FWHM) corresponding to � E=E � 0:070.
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After circularization and Abel inversion, the peak positions in the radial distributions were extracted

by �tting Gaussian pro�les. 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 �t to this

energy{radius relation (see Fig. 2.13) A representative Abel-inverted spectrum ath� = 115 eV is

shown in the right panel of Fig. 2.13. The Ne 2p peak at E � 95:39 eV has � EFWHM � 6:67 eV,

corresponding to an energy resolution of �E=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 overestimated60;87;88.

Initial Geometries and Ensemble Preparation

Ground-state equilibrium neutral geometries are �rst optimized using a quantum chemistry package

and used as the reference for sampling initial nuclear con�gurations. Two ensemble{generation

strategies are employed in this thesis:

ˆ Wigner sampling of vibrational ground state. Ground{state normal modes are com-

puted, and initial conditions are drawn from Wigner 89 phase{space distributions via Newton-

X 90;91, and the resulting geometries and momenta seed the Coulomb explosion propagation.

ˆ 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 states60;88.
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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 de�ne 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 t = 0, with each atom i

assigned a �nal chargeqi; f and zero or modest initial velocity, and (iv) complete breakup into the

ions detected for the chosen channel.

Each nucleusi is treated as a classical point charge of massmi and chargeqi;f , located at r i (t).

At t=0, we begin the propagation from the sampledr i; 0 and v i; 0.

The equations of motion are

mi •r i (t) = F i
�
r j (t); t

�
=

X

j 6= i

F ij (t) (2.1)

F ij (t) =
1

4�" 0

qi (t) qj (t)



 r i (t) � r j (t)




 3

�
r i (t) � r j (t)

�
(2.2)

Numerical Propagation

We propagate the classical nuclei by solving the coupled �rst{order system for positions and veloc-

ities. For each fragment i , we evolve

_r i (t) = v i (t) (2.3)

mi _v i (t) =
X

j 6= i

F ij (t) (2.4)

with F ij given by Eq. (2.2), and initial conditions r i (0) = r i; 0 taken from the sampled geometry

and _r i (0) = v i; 0 (either zero, Wigner{sampled, or drawn from the small added{KE distribution

noted above).

Fragment position and velocity are stacked into a state vectory (t) =
�
r 1; : : : ; r N ; v1; : : : ; vN

�
.

Eqs. (2.3){(2.4) de�ne _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 usingNumPy92 vectorized force evaluations over all pairs (i; j )

for e�ciency, and solve ivp() 93 for time propagation. We employ �ne 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 velocitiesv i (1 ) give the �nal momenta

p i = mi v i (1 ) and kinetic energiesK i = 1
2mi kv i (1 )k2 for each fragment. The total kinetic{energy

release (KER) and angle correlations are computed from the setf K i ; p i g.

Summary

In summary, this chapter established the experimental and computational tools used throughout

the thesis. We described the coincidence VMI spectrometer and DAQ work
ow 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 con�gurations 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

Con�gurations in UV{Excited CH 2I 2

by Time{Resolved Coulomb

Explosion Imaging

Femtosecond structural dynamics of diiodomethane (CH2I2) 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 CH2I

radical|and identify additional contributions from the three-body (CH 2 + I + I) 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-CH2I2-like geometries with a slightly shorter I{I separation than in the ground-state

CH2I2 molecule. These transient con�gurations, isolated through speci�c 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 con�gurations in UV-
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excited diiodomethane" published in The Journal of Chemical Physics88.

3.1 Motivation and Overview

UV-induced photodissociation reactions of halogenated alkanes are signi�cant 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 synthesis94, and a major contributor to the

destruction of ozone molecules95. Due to its strong absorption of sunlight in a broad range of UV

wavelengths, diiodomethane (CH2I2), a polyhalogenated alkane, is a major source of highly reactive

iodine molecules in
uencing tropospheric chemistry and the marine boundary layer96.

Numerous studies have been published on the UV-induced photochemistry of CH2I2, which have

reported the primary cleavage of one of the C{I bonds and the formation of CH2I and I( 2P3=2) or

I � (2P1=2) photoproducts97{99 . Using ions generated by a (2+1) resonance enhanced multiphoton

ionization process, Xu et al.100 measured the translational kinetic energy distributions of both

I( 2P3=2) and I � (2P1=2) fragments in the wavelength range of 277{305 nm and concluded that the

CH2I co-fragment is produced with signi�cant internal excitation, with approximately 80% of the

total available energy being partitioned into the internal energy of the CH2I fragment.

Reid et al.101;102 later 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 CH2I2 to iso-CH2I2 has been reported to be an extremely

e�cient process upon UV absorption in the solution phase and in cages20;103;104. Since it has been

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,

free from such interactions. Borin et al.105 reported observing photoisomerization of CH2I2 in

the gas phase upon 330 nm UV excitation by probing it with femtosecond transient absorption.

The delayed rise in the transient absorption of CH2I2 at 380 and 612 nm, approximately 35{90 fs

after UV excitation, was attributed to the creation of a short-lived iso-CH 2I2. A recent ultrafast

electron di�raction (UED) study, where Liu et al.17 directly mapped the C{I cleavage upon 266 nm
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