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Abstract

Imaging the structures of molecules, understanding the molecular dynamics in ionization
and dissociation processes and, most importantly, observing chemical reactions, i.e. the
making and breaking of chemical bonds in real time, have become some of the most exciting
topics in the atomic and molecular physics. The rapid advances of experimental tools such
as synchrotron radiation light sources, free-electron lasers and continuing advances of table-
top femtosecond ultrashort lasers that provide laser pulses at a variety of wavelengths have
opened new avenues for understanding the structure of matter and the dynamics of the
chemical interactions. In addition, significant improvements in computational techniques
and molecular dynamic simulations have provided complementary theoretical predictions on
structures and chemical dynamics.

The Coulomb explosion imaging method, which has been developed and applied in many
studies in the last three decades, is a powerful way to study molecular structures. The
method has mostly been applied to small diatomic molecules and to simple polyatomic
molecules. In this thesis, Coulomb explosion imaging is applied to study the structure of
isomers, molecules that have the same chemical formula but different chemical structures.
Specifically, by taking inner-shell photoionization as well as strong-field ionization approaches
to ionize and fragment the molecules and by using coincidence electron-ion-ion momentum
imaging techniques to obtain the three-dimensional momentum of fragment ions, structures
of isomers are distinguished by using the correlations among product ion momentum vectors.

At first, the study aims to understand if the Coulomb explosion imaging of geometrical
isomers can identify and separate cis and trans structures. Secondly, in order to extend
the application of the Coulomb explosion imaging method to larger organic molecules to

test the feasibility of the method for identifying structural isomers, photoionization studies



of 2,6- and 3,5-difluoroiodobenzene have been conducted. In addition, using the full three-
dimensional kinematic information of multi-fold coincidence channels, breakup dynamics of
both cis/trans geometric isomers and structural isomers, and in particular, sequential frag-
mentation dynamics of the difluoroiodobenzene isomers are studied. Furthermore, for each
study, Coulomb explosion model simulations are conducted to complement the experimental
results.

The results of the Coulomb explosion imaging reseach in this thesis paves the way for
future time-resolved Coulomb explosion imaging experiments aiming to understand the tran-
sient molecular dynamics such as photoinduced ring opening reactions and cis/trans isomer-

ization processes in gas-phase molecules.
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Chapter 1

Introduction

Over the course of the last few decades, the imaging of molecular structures and dynam-
ics have been a crucial subject of interest. The advancement of spectroscopic techniques
together with the progress in the generation of accelerator-based X-ray synchrotron light
sources as well as tabletop ultrafast laser systems have substantially expedited the pace of
both experimental and theoretical research aiming to understand the fundamental processes
involving light interaction with atoms and molecules.

Since their discovery in 1895 by Wilhelm Conrad Rontgen [1], X-rays have become an
indispensable tool for studying the electronic structure and chemical composition of matter.
The field of X-ray science has been advanced enormously with the developing of accelerator-
based synchrotron light sources in 1960s. The synchrotron sources offer photon beams with
much higher flux and intensity than previous X-ray sources such as X-ray tubes [2]. They are
becoming increasingly more important thanks to their unique properties such as continuous
spectrum with wavelength ranging from 10nm to above 10pm, (see Fig. 1.1) as well as
high flux and brightness. Most importantly, the tunability of synchrotron light allows the
probing of specific elements in molecules, thus allowing element specific photoionization
studies. Along with the synchrotron sources, various different X-ray spectroscopic techniques
have been developed, such as, soft X-ray absorption spectroscopy (XAS) [3], near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy [4], X-ray photoemission spectroscopy



(XPS) [5], Auger spectroscopy.

wavelength
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Figure 1.1: Electromagnetic wavelength and photon energy spectrum; Figure taken from
https://en.wikipedia.org/wiki/X-ray

Equally important is the development of tabletop ultrafast laser systems. The invention
of the continuous wave laser in 1960 [6], followed several years later by the first pulsed laser,
opened up new avenues for scientific research. The widely used solid-state gain medium,
titanium sapphire (Ti:Sapphire), enables the production of infrared laser pulses with pulse
durations in femtosecond time scale [7]. Meanwhile, the chirped pulse amplification (CPA)
technique [7] allows for the increase of maximum laser pulse intensity that can be used to
ionize electrons from atoms and molecule. The development of such ultrashort, intense fem-
tosecond laser pulses has created an entire new branch of ultrafast ” femtochemistry” which
has shed light on a number of fast molecular reactions [8-10]. The ultrafast lasers allowed
scientists to study chemical reactions in femtoseconds (fs) (107! second) and attoseconds
(as) (107!8 second) time scale. Pioneering research by Zewail et al used pump-probe experi-
mental techniques in which a pump pulse initiates a dynamical process and a probe pulse is
used to examine the evolution of the process. His research was awarded the Nobel prize in
Chemistry in 1999 [11].

Apart from the light sources, the spectroscopic techniques played major role in the ultra-
fast molecular dynamic studies. In addition to the X-ray spectroscopic techniques mentioned
above, beginning in the late 1980s, ion imaging methods emerged as a uniquely powerful tool.
The birth of the ion imaging technique in application to the chemical dynamics problem is

generally considered to be the work conducted by David Chandler and Paul Houston on



the photo-dissociation of methyl-iodide (CH3I) [12]. Quite interestingly, in the same year,
Joachim Ullrich and Horst Schmidt-Bocking reported the first measurements of a heavy
ion collision with rare gas atoms with a recoil ion momentum spectrometer [13]. Before
continuing, it is important to note that there were two different major avenues of imaging
development in the late 1980s. One was the ion imaging community pioneered by David
Chandler and Paul Houston. The community was interested in chemical dynamics research
using mainly low repetition rate nanosecond lasers. The other constituency focused on event-
by-event based coincidence measurements. Both eventually led to the ultrafast molecular
dynamic research. At that era, the event-based coincidence measurements had taken ad-
vantage of the developments in the multi-wire position sensitive detection technique (which,
in 1992, was awarded with the Nobel prize [14]). The multi-wire position sensitive detec-
tion technique was well suited for coincidence event-based studies using high repetition rate
lasers and synchrotrons [15]. Since then, the imaging techniques on both avenues has been
applied in variety of research in physics and chemistry communities [15]. In the early 1990s,
Reinhard Dorner and his co-workers combined super cooled few Kelvin gas targets into recoil
ion momentum spectroscopy, realizing the first generation cold target recoil ion momentum
spectroscopy (COLTRIMS) [16, 17]. On the other avenue, in 1997, the velocity map imaging
technique, which was reported by Eppink and Parker [18], had experienced an explosion of
interest in chemical dynamics community. In the velocity map imaging method, electrostatic
ion lenses are employed to focus ions and electrons. All particles with the same initial ve-
locity vector are mapped onto the same point on a two dimensional detector, irrespective of
their position of creation within the ionization volume. The high collection efficiency and
the ability to detect ions and electrons with wide kinetic energy range with 47 emission
angles, made VMI ideal candidate for studying angular distributions and kinetic energy re-
lease of gas-phase atomic and molecular targets. The COLTRIMS technique also developed
vastly during the last two decade. The use of cold supersonic jet targets and well defined
static electric fields combined with multi-hit time and position sensitive detectors for ion
and electron detection has made it possible to conduct full three-dimensional kinematically

complete measurements of atomic and molecular reactions in external field [19-27]. In recent



years, the gap between coincidence event based detection approaches and the conventional
ion imaging techniques such as VMI has shrunk. The techniques once special only to one
avenue of imaging community now started to complement both constituencies. This thesis
work is an example of such hybrid combination of detection techniques.

In this thesis, X-ray synchrotron beams as well as ultrafast femtosecond laser pulses are
used to study the photoionization and fragmentation of gas-phase molecular targets, in par-
ticular molecular isomers, which are described further in Section 1.1. In X-ray synchrotron
studies, an upgraded VMI apparatus equipped with two multi-hit coincidence-capable de-
tectors is used to conduct electron-ion-ion coincidence momentum imaging measurements
after inner-shell photoionization of cold molecular isomer targets prepared by supersonic jet.
The VMI experiments took place at the Advanced Light Source (ALS) X-ray synchrotron
facility at the Lawrence Berkeley National Laboratory (LBNL). The strong-field ultrafast
measurements took place at the J. R. Macdonald Laboratory of Kansas State University,

utilizing a COLTRIMS apparatus.

1.1 What are Isomers?

The main goal of this thesis is to study the photoionization and Coulomb explosion dy-
namics of molecular isomers using X-ray synchrotron and ultrafast femtosecond laser pulses.
One might ask, "what are the isomers?” and ”why would anyone study their structure and
dynamics through means of photoionization?”.

[somers are molecules with the same chemical formulas but different arrangements of
the atoms or the bonds connecting them. Isomers are literally everywhere in our life, one
basic example is human vision. The fact that human eyes are able to see is due to the
cis-trans (geometric isomers, see Fig.1.2) isomerization. The retina in human eyes contains
chromophore 11-cis-retinal isomer. (A chromophore is a molecule that can absorb light
at a specific wavelength, and thus typically displays a characteristic color.) When visible
light hits the chromophore, the chromophore undergoes an isomerization and changes its

molecular arrangement to all-trans-retinal. Such light-induced change in geometry will result



in generation of electrical impulses that are transmitted to the brain and thus enabling the
vision [28, 29]. Similar isomerization reactions are also investigated as prototypical molecular
switches, e. g. in azobenzene or stilbene type molecules [30, 31]. Another example is the
green fluorescent proteins, which are used to investigate protein trafficking inside living cells
and which changes configuration from its well-ordered cis-isomer to a highly disordered
trans-isomer upon absorption of light [32].

Depending on the differences in the arrangement of atoms and their positing, isomers

can be further classified into different categories as shown in Fig. 1.2.

Isomers
[ | |
Structural isomers Stereoisomers
Different bond pattern Same bond pattern
-x&-‘)& 2,6-DFIB / 3,5-DFIB
N - \
Enantiomers Geometric Conformers
Non-superimposable on mirror image cis / trans Interconvertible by bond rotation
3 oge Sa® ! e 3¢
CHFBrCl cis/trans 1,2-C,H,Br,

anti/gauche G,F,l
cis/trans 1,2-C,H,Cl, /8 2F4ly

Figure 1.2: Diagram of isomer types

By the difference of bond patterns, the isomers can be classified into structural isomers
and stereoisomers. Inner-shell [(4d) photoionization and strong-field ionization of the
structural isomers 2,6- and 3,5-difluoroiodobenzene (DFIB) are discussed in Chapter 5. The
other group: stereoisomers can further grouped into enantiomers, geometric isomers and
conformers. Enantiomers, also known as chiral molecules, are the isomers that are the mir-
ror image of one another, but cannot interconvert from one form to the other without break-
ing the bonds to rearrange the atoms. Pitzer et al recently reported a study where Coulomb
explosion imaging was used to separate a racemic mixture of CHICIF and CHBrCIF by

measuring five-fold coincidences after strong-field ionization [33, 34]. The study of transient



intermediates in the elimination reaction of 1,2-diiodoperfluoroethane conformers was con-
ducted by Nobel laureate Zewail et al [11]. In Chapter 4 of this thesis, the Coulomb explosion
of geometric isomers cis/trans 1,2-dibromoethene (CoHyBry), cis/trans 1,2-dichloroethene
(CyH,Cly) after inner-shell photoionization with X-ray synchrotron beams and strong-field

ionization with intense femtosecond pulses are reported.

1.2 Synopsis of Thesis

The main goal of this thesis work is to understand the fragmentation dynamics of molecular
isomers after photoionization with X-rays and ultrafast strong laser pulses. For that reason,
the Coulomb explosion imaging technique is employed. In particular, applying multi-fold ion-
ion, ion-electron coincidence methods, photo-fragmentation of geometric cis/trans isomers
and structural isomers are investigated.

The first question that the thesis would like to answer is: ”Can one distinguish different
isomers using the Coulomb explosion imaging method?”. In order to answer this question,
gas-phase molecular isomer targets are triply ionized and fragmented after the interaction
with the light source. Three-dimensional momentum vectors of all fragment ions are recon-
structed and correlations between chosen ion momentum vectors are used to determine the
final molecular geometry after the photoionization. For photoionizing the isomers, two ap-
proaches were used. One is to inner-shell photoionize a selected atom’s inner-shell, e.g. Br(3d)
and 1(4d), etc. with a tunable X-ray synchrotron beam and then reach the triply ionization
state by emission of two Auger-electrons. The other approach is the strong-field ionization
of the isomer targets with ultrafast femtosecond laser pulses. Those measurements were
conducted on cis/trans 1,2-dibromoethene, 1,2-dichloroethene and 2,6-, 3,5-DFIB isomers.

In Chapter2, a brief overview of photoionization of atoms and molecules with X-rays
and strong-field femtosecond laser pulses is given. Particularly, inner-shell photoionization
of molecular targets with X-rays as well as strong-field ionization of molecules are briefly
described. Moreover, a discussion of the Coulomb explosion imaging method and Coulomb

explosion model simulation is presented.



In Chapter3, at first, brief details of X-ray synchrotron beams and ultrafast Ti-Sapphire
laser system are given. Then, comprehensive details of the coincidence ion(-ion)-electron
double-sided VMI as well as the ion momentum reconstruction procedures are given.

In Chapter4, the Coulomb explosion imaging of cis/trans geometric isomers after pho-
toionization with X-ray synchrotron beam and strong laser pulses are studied. In both X-ray
synchrotron and laser measurements, momentum correlation between two Brt fragments
generated from photoionization of 1,2-CyH5Bry and two CIt fragments from photoionization
of 1,2-CyH,Cly are used to distinguish cis and trans geometries of the isomers. In addi-
tion, channel-resolved coincidence electrons (e.g. photoelectrons- and Auger-electrons) are
measured for two- and triple-ion coincidence channels. Finally, Coulomb explosion model
simulations are conducted and compared with the experimental results. The major part of
the chapter is published in the journal article: Ablikim et al., Sci. Rep.6, 38202 (2016) [35].

In Chapter5, the Coulomb explosion imaging study reported in Chapter 4 is expanded to
more complex structural isomers 2,6- and 3,5-DFIB. Coincidence momentum imaging of the
isomers is studied with both X-ray synchrotron and ultrafast laser fields. For distinguishing
the isomer structure with momentum correlation, F* and I™ ion momenta were used. The
results of the comparison between two isomers prove that the Coulomb explosion imaging
method can also be used to distinguish larger and more complex molecules. In addition,
using the three-dimensional momentum and kinetic energies of coincident ions, sequential
fragmentation of DFIB isomers is studied. The major part of the chapter is published in the
journal article: Ablikim et al., Phys. Chem. Chem. Phys.19, 13419 (2017) [36].

Chapter6 summarizes the studies presented in this thesis work on the Coulomb explosion
imaging of photoionized molecular isomers. Future perspectives for time-resolved cis-trans

isomerization as well as time-resolved ring-opening studies are discussed.



Chapter 2

Photoionization and Coulomb
Explosion Imaging of Molecular

Isomers

The three-dimensional momentum imaging experiments described in this thesis are realized
by photoionization and fragmentation of molecular isomers. The photoionization process in
the synchrotron experiments is based on the absorption of a single photon and the ejection of
an inner-shell electron. This process is then followed by an Auger relaxation processes that
leads to the emission of additional electrons from the system. The strong-field ionization
by femtosecond laser pulses is based on multi-photon absorption, which also leads to the
removal of multiple electrons from the system. The aim of this chapter is to give a brief
overview of these light-molecule interactions, thereby providing a theoretical and conceptual

background for the experimental results presented in the following chapters.

2.1 Photoionization

The formation of an ion by the interaction of electromagnetic radiation with an atom or

a molecule is referred to as photoionization. The photoionization can be caused by the



absorption of a single photon with sufficient energy to eject an electron from the system, or
by absorption of many photons. As described in more detail below, the photoionization of
atoms can lead to the ejection of one or several electrons from the system, leaving behind
an ion with a charge that is equal to the number of electrons emitted. The photoionization
of a molecule can result in the breakup of the molecule into several fragments, some of
which may be ions and others which neutrals. The fragmentation process is often called
photo-dissociation or photo-fragmentation. The fragments can carry information about the
structure of the original parent molecules, as will be shown in Chapters 4 & 5, where the
correlation of ion momentum vectors in a multi-fold coincidence channel is used to determine
the molecular geometry.

When an atom or a molecule absorbs a photon with energy of hr, where v is the frequency
and h is the Planck constant, an electron can be emitted if the photon energy exceeds the
minimum energy required to eject an electron from the system, which is defined as ionization
potential E;p. In that case, the kinetic energy, E;,, of this so-called photoelectron is given

by

Ekm = hv — E]p. (21)

Strictly speaking, this equation is only true under the assumption that the other electrons
in the system remain unchanged. If more than one electron is emitted or excited, this can
lead to so-called photoionization satellites or direct double ionization, which are discussed
briefly in Section 2.1.1.1. If the photon energy is lower than the E;p of a system, absorption
of multiple photons can also ionize the atom or molecule, see Section 2.1.2. The specific
photoionization processes described in this thesis are 1) inner-shell photoionization with an
X-ray synchrotron beam and 2) strong-field laser ionization with femtosecond laser pulses.
This chapter gives a brief overview of both processes and lays the theoretical background for

the Coulomb explosion imaging method.



2.1.1 Single-Photon Ionization with X-rays

In general, when the photon energy approaches the energy required to ionize a specific inner-
shell of an atom, the probability of the photon absorption (e.g. absorption cross section [37])
increases for the system. The shell-specific dependency of the photo-absorption cross section
makes it easy to investigate inner-shell photoionization of atoms and molecules using tunable
X-ray synchrotron beams. Generally, atomic photoionization can be described by the total
photoionization cross section o(w), where w is the frequency of the X-rays, the partial pho-
tolonization cross section 0;(w), and the angular anisotropy parameters f;(w), where i stands
for the quantum numbers of the ionized electron in a certain sub-shell of the atom [37, 38].
The cross section is defined as the number of ionized atoms per unit time divided by the
number of incident photons per unit time per unit area. At a given photon energy, the sum
of the partial cross sections of all sub-shells is equal to the total photoionization cross sec-
tion. The partial photoionization cross section is expressed via a photoionization amplitude,
which is a matrix element of the operation describing the interaction of an electron with the

electromagnetic field [37]:

71@) = oy 22)

Here, d is the dipole moment, c is the speed of light, w is the incoming light frequency, and
¢; and ¢ are the one-electron wave functions of the initial and final states, respectively.
For a one-electron atom or ion, the total photoionization cross section ¢ can be derived (see

reference [39]) as

o 16ﬂ7ra825 mec?

3 (5 )", (2.3)

where « is the fine structure constant, ay & 0.5A is the Bohr radius, Z is the atomic number

of the element, and m, is the mass of an electron. This equation can also be approximately

applied to inner-shell photoionization in the X-ray regime. From this simple expression, it
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can be seen that the photoabsorption rapidly decreases with higher photon energy. The
term Z° implies that heavier elements have higher X-ray absorption than lighter elements.
Fig. 2.1 shows a diagram for a simple single-photon absorption and photoionization of the
2s and 2p levels of neon. The right panel in the figure is the experimental data obtained
by photoionization of neon gas with 100 eV synchrotron photons. Fig. 2.2 shows the partial
cross sections of three electron levels of neon atom. The Ne(ls) inner-shell can only be

ionized once the photon energy exceeds 870.2 eV.
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Figure 2.1: (Left) Single-photon ionization of a neon atom at 100eV photon energy. The
vertical axis represents the binding energies of different electron shells. The purple arrows
show the possible ionization processes after absorption of a single photon. (Right) Kinetic
energy distribution of 2s and 2p electrons after photoionization with 100eV synchrotron
photons.
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Figure 2.2: Partial absorption cross sections of neon atomic levels as a function of photon
energy. The data are taken from reference [40]

Another important parameter in photoionization of atoms and molecules is the photo-
electron angular distribution asymmetry parameter, 5. The angular distribution of photo-

electrons ejected from an atomic subshell by linearly polarized light is given by

dO’i(hI/, 8) O'i(hl/)
0 - [1 + Bi(hv)Py(cosh)], (2.4)

where 0 is the angle between the direction of polarization of light beam and the electron

velocity vector, and Py(cosf) is the second-order Legendre polynomial. The term w i

S
referred to as differential cross section, where o;(hv, #) is the partial cross section for ejection
of photoelectrons into all angles and €2 is the solid angle in which the photoelectrons are
ejected into. The [ parameters of atoms are typically well known in literature, therefore

they can be used to test and calibrate the spectrometer settings. In Chapter 3, the

parameter of the neon 2p photoelectron line is presented as an example.

2.1.1.1 Inner-shell Photoionization and Auger Decay

When an incoming photon has a higher photon energy than the binding energy of an inner-

shell electron in a molecule, photoionization can take place and the inner-shell electron can
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be ejected. During inner-shell photoionization, an inner-shell hole is created upon ejection
of an electron from that shell, leaving the system in a highly excited state. The excited
system usually has two pathways to liberate the excess energy: 1) through emission of
florescence light after a valence electron fills the inner-shell hole; or 2) through a non-radiative
Auger relaxation process where one or more secondary electrons are emitted from the system
following the filling of the inner-shell hole by an electron from a higher lying energy level.
Schematically, a simple two-step inner-shell photoionization of a system A can be expressed

as [41]:

A+ hv — [AT]* + e (2.5)

photo

[AT]" = AT + euger - (2.6)

In this case, the system charge state changes twice, once after the ejection of the first
electron and again after the subsequent Auger electron is emitted. The inner-shell photoion-
ization process can be expressed with an energy level diagram as shown in Fig. 2.3. It shows
some exemplary Auger-decay pathways following the 4d inner-shell ionization of a xenon
atom. The kinetic energy of the Auger electrons emitted from the system depends on the
decay pathway that the electron take. When an atomic or molecular system is inner-shell
photoionized after absorption of a photon, the valence-shell electrons will be rearranged con-
siderably in response to the reduced shielding of the nuclear attraction. In determining the
Auger pathways involved in an inner-shell photoionization process, the newly rearranged

valence energy levels need to be determined.

13



Binding energy (eV)

Xe Xe* Xe?* Xed*

Figure 2.3: Energy level diagram for 4d inner-shell ionization of a xenon atom showing some
of the Auger decay routes that can lead to a Xet™™ final state. Figure taken from [42]

The inner-shell photoionization studies reported in this thesis focused on multiple ion-
ization of cis/trans geometrical isomers and structural isomers. For reaching the triple
ionization channels of molecules, two Auger electrons are emitted from the system via Auger
process. In a single Auger process shown in panel (2) of Fig. 2.4, one electron is emitted. In
triple ionization processes involving two Auger electrons being emitted as shown in panel (3),
the Auger electrons can be emitted from the system simultaneously or in two steps (e.g. one
after another). If emitted simultaneously, the process is called double-Auger decay [43] or
shakeof f, a process reported first by Carlson and Krause [44, 45]. If the electrons are

emitted in stepwise manner, it is referred to as Auger-cascade [42].
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Figure 2.4: Schematic of Auger decay mechanism
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In the double-Auger decay, the two Auger electrons share the liberated excess energy
from the filling of inner-shell hole and the electron spectrum appear as continuum. In
contrast to that, the two Auger electrons from an Auger cascade process have distinct well-
defined kinetic energies [37]. However, if the electrons are not detected in coincidence,
it is not easy to distinguish experimentally between double-Auger processes and stepwise
cascade processes. Decay processes can involve many more types of relaxation processes
such as shake-up, resonant Auger decay, etc. For brevity, only the main Auger processes are
discussed here. Further details of the processes involved in the inner-shell photoionization

and Auger relaxation processes can be found in [37, 38].

2.1.2 Strong-Field Ionization

If the photon energy is lower than the ionization energy of the system, however the light
intensity is high enough, then the system can be ionized by absorbing multiple photons.
Multi-photon ionization (or: ”strong-field ionization”) of atoms and molecules depends on
the intensity and the wavelength of the incoming light. It can be classified with the Keldysh

parameter [46] v as expressed in

Erp
_ 2.
7720, (27)
r .
U, = 12 (ina.u). (2.8)

Here, U, is the pondermotive energy and I is the laser intensity. The pondermotive
energy is the cycle-averaged kinetic energy of a free electron which quivers in the alter-
nating field of the laser radiation. By comparing the strength of the electric field that an
electron is exposed to inside an atom to the strength of the electric field of the incoming

light, the ionization regime in a strong-field can be classified into mutiphoton regime and
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tunneling regime. If the Keldysh parameter v >> 1, the type of interaction is refereed to
as multi — photon tonization and if v << 1, the interaction belongs to tunneling ionization.
In the multi-photon ionization regime, the electric field strength is smaller than the atomic
binding potential of the system, while in tunneling ionization regime, the electric field
strength is comparable to or greater than the atomic binding potential of the system. Within
the tunneling regime, if the intensity of the incoming light continues to increase to a level
that the Coulomb barrier of the system is suppressed significantly, and the electrons start
to spill into the continuum without tunneling out of the Coulomb barrier, the ionization

process is often called over — the — barrier ionization.

Multiphoton ionization (MP1) Tunnel ionization (T1)

Figure 2.5: Strong-field ionization regimes: multi-photon ionization and tunneling ionization

An illustration of the multi-photon ionization and the tunnel ionization regimes is given
in Fig. 2.5. Typically, strong-field ionization occurs when atoms or molecules interacts with
a focused optical laser beam, e.g. from a Ti:sapphire lasers. At low laser intensities (<10
W/em? at A ~ 800 nm), multi-photon ionization caused by the absorption of n photons can
be described by the n-th order perturbation theory. Using a generalized cross section o,
the multi-photon ionization rate P can be derived as

" =o0,1", (2.9)

i—f

where [ is the intensity of the laser pulse, i and f represents the initial and final states, and
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n is the number of photons that are absorbed. In the multi-photon regime, the system can
absorb more photons than the minimum number of photons required for ionization. Such
ionization is usually referred to as above — threasholdionization or ATI for short.

In the experiments described in this thesis, triple ionization, e.g. the removal of three
electrons from the system is required. For such processes, the molecule is typically exposed
to high laser intensity on the order of 101"W /cm?. Expressing the pondermotive energy in
units of electron volts and as a function of the laser wavelength and intensity, equation 2.8

can be rewritten as

Uy[eV] = 9.34 x 102 x (A\[nm])*I[W /em?]. (2.10)

Using this equation, the pondermotive energy and the Keldysh parameter for the molecules
that are studied in this thesis can be calculated. At a typical laser intensity of 5x 10*W /cm?,
the pondermotive energy is 29.89eV. The calculated Keldysh parameters for this intensity
and the ionization potentials of the isomers studied in this thesis are shown in the table

below.

Molecules Ewp[eV] ]| ~

cis 1,2-CyH,Cl, 9.63 0.401
trans 1,2-CoH5Cly 9.66 0.402
cis 1,2-CoHsBro 9.63* | 0.401
trans 1,2-CyH,Bry 9.47° 0.398
2,6-DFIB 8.98 0.388
3,5-DFIB 9.03 0.389

The experiments performed in this thesis are thus in the tunneling ionization regime.
However, since not all molecules are exposed to the maximum intensity because of focal
averaging over different intensity regions along the beam direction and in the focal plane [49].
Most experimental strong-field ionization data therefore also contains a contributions from

multi-photon ionization stemming from lower-intensity regions.

Oa: Schander et al [47]; b: Wittel et al [48]
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2.2 Coulomb Explosion Imaging

One of the methods developed in the study of molecular structure and dynamics is to ionize
and stripe electrons away from the molecular system so that the resulting multiply charged
molecule can fragment (explode) into smaller charged constituents that can contain geo-
metric and dynamic information about the original system. The explosion of the charged
fragments happens due to the Coulombic repulsion between like charges. Thus came the
name Coulomb explosion imaging. However, if the equilibrium structure of the molecule
shall be studied, the process of Coulomb explosion needs to happen fast before the molecule
has undergone a significant structural change from its equilibrium position. If the ionization
process takes place on a time scale that is much smaller than the time scale of nuclear motion,
for example in a Coulomb explosion process initiated by inner-shell photoionization and fast
Auger relaxation that takes place within a few femtoseconds, one can use the momenta of
the fragment ions to extract geometrical information of the dissociating parent ion.

In this thesis, the Coulomb explosion imaging method is used to study the molecular
structure of isomers. However, before discussing complex polyatomic molecules, Coulomb
explosion imaging of diatomic molecules will be reviewed. The expression for the Coulomb

explosion energy between two positive charge QQ; and Qs is

1 Qi
Arey R

(2.11)

where R is the distance between two charges and ¢, is the electric constant. In the case of
a diatomic molecule, R represents the distance between the two charges, one on each of the
the two atoms. If a hypothetical diatomic molecule AB is photoionized and instantaneously
lost two electrons, the initial population in its ground state is vertically transmitted to the

Coulomb repulsion curve of AB** as shown in Fig. 2.6.

18



30

I \ 1 v I M I i I v 1 v I v
[ N
X 1 o
i
i 1 iz
- A++B+ -
=
') L .
| =
@ L .
© I )
e
S X ]
© " -
ok Y———initial population -
[ i 1 i 1 i 1 i 1 i 1 i 1 i
1 2 3 4 5 6 7 8

Internuclear distance

Figure 2.6: Schematic of Coulomb explosion process where the system’s initial population is
transferred instantaneously to the Coulomb repulsion curve by absorption of single photon.

The total kinetic energy release (KER) for the ionization of molecule AB into the A*+B*

channel can thus be calculated by

1 Qe
dmeg R

= KFE,+ + KEg+. (212)

The initial Coulomb potential energy is transferred to total kinetic energy release of the
system. This example is under the assumption that the double ionization of AB molecule
happened instantly and the nuclear motion is neglected during the transmission of the ground
state population to the dicationic state. However, in multiple ionization of molecules with
optical lasers and X-ray synchrotron beams, the process of fragmentation is rather compli-
cated. The removal of the first electron from the system often brings the system to a cationic
or an excited state where the molecular geometry can be distorted due to the nuclear motion,
before the molecule absorbs more photons to remove the next electron to reach to a dica-

tionic state. In such cases, the experimental result will include contributions from complex
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intermediate dynamic processes that the molecule has undergone during the interaction with
light. In strong-field laser ionization of the molecules with Ti:Sapphire lasers, the duration of
the laser pulse determines the maximum time it can take to strip multiple electrons from the
system. Using few-cycle laser pulses, the Coulomb explosion imaging of light molecules such
as hydrogen and deuterium have been reported [50, 51]. Due to the relatively slower nuclear
motion of heavier atomic constituents, laser pulses with longer pulse duration, e.g. 23fs,
can be used to perform Coulomb explosion imaging studies for molecules containing such
heavier atoms. However, it is still important to keep in mind that the internuclear distances
retrieved from this data may not correspond to the equilibrium values.

When the Coulomb explosion takes place among N number of ions, in another word, if
the system breaks into N ions, the total kinetic energy release is expressed in units of electron

volts as

QiQ;

N
Ei[eV] =144 Tt
( J

i#]
where Q; and Q; are the charges of the ith and jth fragment and |R; — R;| is the distance
between the two charges prior to the fragmentation.

The Coulomb explosion model assumes that the ionization happens immediately and
that there are no other effects disturbing the pure Coulombic potential. Such a model, when
it matches well with the experimental fragmentation results in either inner-shell photoion-
ization or ultrafast strong-field ionization, can be a powerful tool to image structure of a
molecule. In time-resolved experiments aiming to study the temporal behavior of molecules
after or during the excitation and fragmentation processes induced by external field, taking
"snapshots” of each step and record the transition states of the molecule as a function of
time with an imaging method is crucially important. Using Coulomb explosion imaging as
a means to record the dynamics and structure of the molecule and ultimately reveal infor-
mation about the initial or transitional state of the molecule and realizing the making of a

”molecular movie” is the final goal in studying molecular dynamics.
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2.2.1 Numerical Coulomb Explosion Simulations

In order to compare the experimentally determined fragment ion kinetic energies, momentum
vectors, and correlations among momenta of different fragments to a pure Coulomb explosion
model simulation based on classical mechanics, a simple numerical simulation is performed.
The simulation only considers the ions and does not take into account any electrons. It as-
sumes purely Coulombic repulsion between point charges with given masses, and the process
starts from an equilibrium geometry of the molecule. This assumption is by no means to
explain or give full theoretical support for the complex molecular dynamics that may take
place under external light field, it is to simply compare the classical Coulomb model to the
experimental data and provide an estimation for pure Coulomb explosion process.

The initial positions of the ions at the starting point, t=0 are the positions at the equi-
librium geometry of the molecule. This is assuming that the charges are instantaneously
created and the molecule stays at its equilibrium geometry during the localization of charges
onto the relative fragments. The equilibrium geometries of the neutral molecule are deter-
mined by optimizing the molecular geometry using Gaussian 09 software package. The next
step is to solve the numerical equation of motion for each ion involved in the Coulomb explo-
sion. The motion of the individual ion is governed by Newton’s law F=ma. For a diatomic

molecule mentioned in Section 2.2, the force between the two ions at a given time t is

1 r1(t) — 1a(t)
QLD )

F(t) (2.13)

4dmeg

where r; and ry are the position vectors of the fragments in three dimensional space. The

velocities of a fragment along the Coulomb explosion direction is expressed as

d

vV = %(rl(t) —r3(t)), (2.14)
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and the time dependent acceleration term is described with the following equation

" dv. 1 @QiQa Fi(t) — Pa(t)
Cdt Amey ™y (ri(t) —ra(t))?>

(2.15)

The force on the particle is determined by the Coulomb force between two particles and,
for a many-body Coulomb explosion model, the Coulombic forces from all the other charged
particles in the system. As the force is only dependent on the distance between the particles
at a given time t as shown in equation 2.13, the time becomes the independent variable
in which the system is evolved. In numerically solving the time dependent velocities and
acceleration terms for each new position r(t), the velocities and acceleration of the previous
point r(t-dt) are used. This is a way to track the ion’s position, velocity and acceleration
as time evolves by step sizes of dt. For the whole time range, typically, 0 to 10 us is set and
a commonly used 4th order RungeKutta algorithm is applied to calculate the momentum
vectors and kinetic energies of all fragments for an ideal Coulomb explosion model. The
4th order Runge-Kutta algorithm is provided by the Matlab library as a robust method to
calculate nonstiff ordinary differential equations. This library includes the use of an adaptive
step size that changes automatically to keep the overall error of the iteration steps as small
as possible. It also has options to provide exact step sizes, e.g. one can set the time step
to be Hfs instead of a system chosen automatic step size. However, if too small time step
is chosen for the simulation, the total time for the calculation will be rather large and for
simple two-body, three-body Coulomb explosion simulations, setting a fixed small time step
proven to be almost identical to the option where the system automatically choose the time
step by itself.

The Coulomb explosion simulation provides all kinematic information of point charges,
such as position in space, velocity, momentum and kinetic energies. From the momentum
vectors of those simulated fragments, the correlation angles can also be calculated between

fragment momenta.
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Figure 2.7: Coulomb explosion simulation of the kinetic and potential energy for a CHjl
molecule that fragments into CHy and I*

An example of the two-body Coulomb explosion simulation of methyl iodide molecule
(CHsl) is given in Fig. 2.7. The total kinetic energy release (KER), individual kinetic energies
as well as the potential energy between two fragmenting bodies are given as a function of
propagation time. Only the first 2000 fs time scale is given as an example. In order to obtain

final results at t— oo, the total time range is usually set to 10 us.
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Chapter 3

Experimental Methods

The purpose of this thesis is to gain insight into the fragmentation dynamics of isomeric
molecules after photoionization with soft X-ray synchrotron beams and ultrafast intense
laser pulses. In order to study the fragmentation of individual molecules and obtain full
three-dimensional kinematics of all fragmentation channels, ion-electron and ion-ion coin-
cidence momentum imaging techniques are applied [52-54]. Position and time information
of all ions and electrons resulting from the ionization of a molecule are measured in coin-
cidence with time and position sensitive detectors [55, 56]. Such detection scheme enables
the reconstruction of the final results of the interaction process by obtaining the momentum
vectors of ionic particles. In order to achieve coincidence momentum imaging, two main
experimental apparatuses, namely a double-sided coincidence VMI and a Cold target recoil
ion momentum spectroscopy (COLTRIMS) system, are utilized in the experimental work
described in this thesis. Both systems are equipped with a supersonic gas jet to prepare cold
gas-phase molecular targets. The other important parts of the experiment are the soft X-ray
synchrotron beam and the Ti-Sapphire infrared femtosecond laser pulses. The synchrotron
beam is provided by the beamline 10.0.3 of the Advanced Light Source of Lawrence Berke-
ley National Laboratory and the laser facility is provided by the PULSAR laser system of
J. R. Macdonald Laboratory at Kansas State University. In addition, a VUV synchrotron

beam at beamline 9.0.2 of ALS is also employed and time of flight (TOF) mass spectroscopy
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measurements are conducted in pursuit of finding the ionization potentials of the isomers
described in the thesis.

This chapter gives comprehensive details about the experimental procedures and appa-
ratuses utilized to conduct the measurements. The light sources applied in all experimental
work are described first and the details of the experimental apparatuses, molecular jet, and

detectors are given later.

3.1 X-ray Synchrotron Beams

The inner-shell photoionization experiments and the VUV photoionization yield scans re-
ported in this thesis were conducted at the Advanced Light Source (ALS) of Lawrence Berke-
ley National Laboratory (LBNL). The ALS began operations in 1993 as one of the world’s
first 3rd generation synchrotron sources, providing VUV and X-ray beams for probing the

electronic and magnetic structure of atoms, molecules, and solids, etc.
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Figure 3.1: Picture of the ALS from outside (left) [57]; Floor diagram of inside the ALS
(right) [58]

At the ALS, synchrotron radiation is produced from electron bunches that are generated

from an electron gun and are accelerated to nearly the speed of light, reaching a final energy of
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1.9 GeV. The trajectory of the electron bunches is forced onto a nearly circular path with 62 m
diameter by the magnets inside the storage ring. Between the magnets, there are straight
sections where there are dozens of magnets of alternating polarity contained in devices called
undulators. When electrons pass through undulators, they emit beams of electromagnetic
radiation from the infrared through the visible, ultraviolet, and X-ray regimes. The radiated
light beam are collimated with beamline optics (e.g. monochrometer, slits, reflection mirrors)
and directed to beamlines with experiment endstations. The synchrotron at the ALS runs
at two different modes, multi—bunch mode and two—bunch mode. All the experiments
reported here were performed in multi—bunch mode with linear light polarization. In this
mode, the storage ring is filled with 270-320 electron bunches with 2 ns separation time [59].
In electron-ion coincidence studies using a double-sided VMI apparatus, fast electron timing
signals can be used as timing—reference signal for the data acquisition system. This allows
the coincidence experiments to run under multi—bunch mode and to not be restricted to run

under two—bunch mode that comes with a "master—clock” signal.
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Figure 3.2: The photon energy resolution of Beamline 10.0.1 is demonstrated by a mea-
surement of the three optically allowed Rydberg series in the double-excitation region of He
below the N=2 ionization threshold of He. The inset shows the "+” Rydberg series from
n=20 to n=26; Figure taken from G. Kaindl et al [60].

The synchrotron beam utilized to perform the ion-electron coincidence experiments re-

ported in this thesis is provided by the beamline 10.0.1. The source of radiation for this
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beamline is a 4.5 m-long, 8 cm-period undulator in a straight section of the ALS. Originally
transferred from beamline 9.0.1, the beamline 10.0.1 has unprecedented spectral resolu-
tion. The measurements of the double-excitation resonances of He in a gas cell achieved a
linewidth of 1.0 meV (FWHM), corresponding to a resolving power of 64,000 for the (2p,
3d) double-excitation state of He at 64.12 eV [60]. Fig. 3.2 shows the original spectral res-
olution measurement on the double-excitation Rydberg series of He. Those Rydberg states
are very long-lived, and are thus ideally suited for analyzing mono-chromator resolution.
The beamline provides an intense source of linearly polarized light in the 17eV to 350eV
photon energy range. Further details on the optical layout of the beamline can be found in

reference [60, 61].

3.2 Ultrafast Femtosecond Lasers

This section gives a brief introduction to the femtosecond laser system that was used to
conduct the strong—field ionization experiments in this thesis.

The laser system used in the experiments is a state of-the art Ti:sapphaire ultrafast
laser system, named PULSAR: Prairie Ultrafast Light Source for Attosecond Research.
The laser system generates linearly p-polarized 2mJ laser pulses at 10 kHz repetition rate
with a pulse duration of 21 fs. The central wavelength of the laser pulses is around 800 nm.
The stability of the carrier envelope phase (CEP) is below 300 mrad, thus enabling CEP
dependence studies of molecular fragmentation. The high repetition rate of PULSAR allows
experiments that would be impractical with lesser laser systems. The two main compo-
nents of the PULSAR Ti:Sapphire ultrafast laser system, the ”oscillator” and ”amplifier”,
are briefly introduced below, further details of the laser system are described elsewhere in

detail [62].

27



3.2.1 Oscillator

The laser pulses from the PULSAR laser system are generated by pumping a Ti:Sapphire
crystal with a continuous (CW) 532 nm solid-state laser system. They are generated in a
Kerr-lens mode-locked Ti:Sapphire oscillator with a repetition rate of 75.2 MHz. A typical
mode-locked output from the oscillator has a full width at half maximum pulse duration of
14 fs; power of >300 mW, and a central wavelength of 780 nm with 80 nm bandwidth. The

output of the oscillator beam is used to seed the amplifier.

3.2.2 Multipass Amplifier

The amplification in the PULSAR laser system is based on the chirped-pulse amplification
(CPA) technique introduced by Strickland and Mourou [63]. A detailed description of a
CPA femtosecond laser system can be found in [64]. In the CPA technique, the laser pulses
provided by the oscillator are stretched in time from the femtosecond to the picosecond time
scale to avoid damage to the amplifier crystal. The stretchers are used in the amplifier system
of PULSAR are grating-based stretchers. The stretched pulses are selected by the Pockels
cell, and only the reduced number of laser pulses are further amplified by the multipass
amplification system. By doing so, the repetition rate of the laser pulses is reduced from
75.2 MHz to 10kHz. The laser amplification in PULSAR is done through two stages. In the
first stage, the laser pulses with 10kHz repetition rate are generated with 1mJ pulse energy.

In the second stage, the pulses are further amplified to 2mJ energy.

3.2.3 Spectrometers for Electron-Ion Coincidence Measurements

3.2.3.1 Double-sided Coincidence VMI

The velocity map imaging (VMI) technique is a powerful experimental tool that is capable
of simultaneously determining the kinetic energies and angular distributions of ejected ions
or electrons from gas-phase atomic or molecular targets [18]. In the experiments described in

here, a modified double-sided VMI spectrometer is used to achieve electron-ion and ion-ion
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coincidences at the same time. Similar spectrometer setups have been described by Rolles
et al [65] and Striider et al [66].

In the current version of the apparatus, both ions and electrons can be measured in
coincidence after photoionization with soft X-ray synchrotron beams. Microchannel plates
together with delay-line detectors are used to measure the TOF and the detector hit position

of ions and electrons. A sketch of the double-sided VMI spectrometer is shown in Fig. 3.3.
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Figure 3.3: A schematic diagram of the VMI spectrometer. The dimensions given in the
figure are in the units of millimeter (mm).

The voltages applied to the spectrometer, in particular to the electrostatic plates, la-
beled electron focus, ionrepeller, ion extraction and ionfocus and also the ion and
electron drift tubes, are chosen such that particles with equal momentum vectors (i.e.
equal kinetic energy and emission direction) hit the detector at the same position indepen-
dent of their starting point. Both ions and electrons generated from the interaction needs
to be focused onto their corresponding detectors. Due to the complex nature of choosing a
perfect voltage that focuses both the electrons on the electron detector as well as the ions
on the ion detector, the SIMION particle trajectory simulation software [67] is applied to
simulate ion and electron flight trajectories to predict a good focusing condition. During the
experiment, the voltage settings can be adjusted until ions with (almost) zero kinetic energy,
such as molecular parent ions or nobel gas targets such as Net, Art, are focused to the

smallest possible spot in the center of the ion detector, while the photoelectrons form sharp
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circular structures. Fig. 3.4 demonstrates a screen shot of a typical ion and electron trajec-
tory simulation with the SIMION software. The red curves are the electric field contours
and the voltages applied to individual parts of the spectrometer are given on the top. A
zoomed in box indicates the origin of particles that are initiated from three different points,
vertically separated by 1mm. It can be seen from the figure that both ions and electrons
generated from three different points with same initial momentum are focused onto same
points on their respective detectors.
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Figure 3.4: Ton and electron trajectories simulated in SIMION

The advantage of the spectrometer mentioned here is its capability to simultaneously de-
tect electrons within wide kinetic energy range (0—250eV) while performing high-resolution
ion-ion coincidence detection of molecular fragmentation. The choice of voltages largely
depends on the range of kinetic energies of the electrons that needs to be detected in the
experiment with 47 angle. If the kinetic energies of electrons are expected to be high, for
example, if 190—eV Auger—electrons that are ejected after inner-shell photoionization of ClI
2p needs to be focused, the voltages on the spectrometer should be set high enough so that
the strong focusing electric field projects all electrons in 47 angle toward the detector. At the
same time, in order to achieve high resolution ion momentum imaging on the opposite side,
on the ion detector (in coincidence with the electrons), the provided electric field strength
of the spectrometer can not be too high to worsen the temporal and spacial resolution of
ion-ion coincidence imaging. The voltage settings for both the spectrometer parts and the

detectors in the experiments described in current thesis are given in Appendix C.
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Figure 3.5: (a) Position spectrum of Neon 2s and 2p electrons after photoionization with
100 eV photons. (b) Ne™ ion position at the detector center

During the operation of an electron-ion coincidence measurement, a valid coincidence
event for the coincidence between one electron and one ion consists of a total of twelve
signals: MCP timing signal on the electron side, a timing signal from the ion-side MCP,
and ten position signals from which four of them are picked up from four ends of the two
quad delay-line wires for electron position measurement and the other six position signals
are generated from Hex delay-line wires, two from each wire for ion position measurement
(further details on the delay-line detectors are given in Section 3.2.5). Examples of an electron
and an ion position spectrum from a typical neon gas inner-shell photoionization experiment
are shown in Fig. 3.5. Both 2s and 2p photo-electron lines after photoionization with 100—eV
photons can be seen in electron spectrum on the left and the Ne™ ion distribution is shown
on the right. The well focused hot spot in the ion position distribution is from the cold
molecular jet and the wider ion distribution is due to the warm neon gas target in the

vacuum chamber.
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3.2.3.2 COLTRIMS

ion-detector e -detector

spectrometer
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Figure 3.6: A schematic figure of a COLTRIMS apparatus.  Figure taken from
http://www.atom.uni-frankfurt.de/research /coltrims/

In the context of this thesis work, the experiments that involve ultrafast laser ionization
and fragmentation of molecules are conducted using a COLTRIMS ion momentum imaging
apparatus. COLTRIMS, also refereed to as reaction microscope, was originally designed for
ion-atom collisions experiments [68]. Since then, COLTRIMS has become a versatile tool
for kinematically complete studies of atomic and molecular processes [52]. Similar to the
application of the double-sided VMI, where the goal is to image the final state momentum
vectors of an ionization or fragmentation process, the COLTRIMS apparatus is employed
to achieve coincidence ion-ion detection of gas-phase molecular targets after strong-field
ionization by ultrafast femtosecond laser pulses.

For low-energy electron detection, usually, an additional magnetic field is needed to
ensure 47 solid angle acceptance. However, in the experiments described here, the, electron
spectra were not recorded, so the following description of the apparatus will focus only on
the coincident detection of ions. Fig. 3.6 presents the schematics of a typical COLTRIMS

apparatus. Similar to the COLTRIMS utilized in this thesis work, two skimmers are imposed
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to generate the cold molecular beam target. The typical static electric field strength inside
the spectrometer is around 10 V/cm during the Coulomb explosion measurments described
in Chapters 4 & 5. This was achieved by applying 1400 volts across the spectrometer. For
high-resolution measurments of atomic targets for calibration purposes, only 400 volts was

applied across the spectrometer.

3.2.4 Microchannel Plates (MCP)

The micro-channel plate (MCP) detectors are micro fabricated arrays of channel tubes, each
with a diameter of a few tens of microns and working as an independent electron multiplier.
They are formed from a lead glass matrix and hexagonally packed to form a plate [69]. The
main purpose of an MCP in the experiments of this thesis work is to measure time signal
when the particle hits on the detector and to generate and amplify the secondary electrons
inside the channel tubes to create electron shower that will enable delay-line detectors to
generate position information of the particle. A schematic figure of a micro-channel detector
is shown in Fig. 3.7. An ion generated from the light-matter interaction is accelerated to the
MCP in the electric field provided by the spectrometer and hits the surface area or enters
one of the micro channels. The surface area of the MCP is usually coated with Nichrome, a
mixture between Nickle and Chrome elements. The channel tubes are made out of a specific
reduced-hydrogen glass (a high temperature heating treatment of the channel tube glass
material in order to increase electrical conductivity and secondary electron emission [70]),
and the glass has an emissive property that helps emitting secondary electrons when ions,

electrons or photons hit on the surface.
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Figure 3.7: A schematic figure of a Chevron stack MCP and particle trajectories in the
channel tube. Figure adopted from [71].

The surface open area ratio of the imaging quality commercial MCP for the experiments
described in this thesis is 60%. This means when ions hit the surface of the MCP, there is 40%
of the time that ions will hit the surface area between channel tubes and not enter the channel
tubes. The MCP surface open area ratio ultimately affects the efficiency of the ion detection.
The larger the open area ratio, the more efficient it is to detect particles. The ions that enter
the channel tubes will hit the inner surface and create a free secondary electron which is
accelerated by a large potential towards the back of the MCP. Each secondary electron
frees further electrons upon hitting the channel’s inner surface. Such electron multiplication
continues and eventually leads to an avalanche of electrons which carry a macroscopic current.
Generally, coincidence momentum imaging setups use matched plates, where two MCP plates
with similar resistance are stacked together in a v-like (Chevron) configuration as shown in
Fig. 3.7. In a chevron MCP stack, the electrons that exit the front plate start the cascade
in the back plate. The advantage of the chevron MCP over a straight channel MCP is
significantly more gain at a given voltage due to the increased number of surface impact in
chevron configuration. Typically, one particle that hits the front MCP is amplified and the
number of electrons generated will reach to about 10% after the first plate and ~10° when
all electrons departed from the back of the second MCP. The MCPs used in both the ion
and electron sides of the double-sided VMI apparatus and the MCP used in the COLTRIMS

apparatus are 80 mm in diameter.
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3.2.5 Delay-line Detectors
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Figure 3.8: Quad and Hex delay-line detectors. Figure adopted from [72]

The position-sensitive detectors consist of two (Quad) or three (Hex) helical wire prop-
agation (delay) lines, see Fig. 3.8. The detectors used in the experiments described within
this dissertation are delay-line-detectors (DLD) purchased from RoentDek. The electron
detector in the double-sided VMI and the ion detector in COLTRIMS are both Quad DLDs
and the ion detector used in double-sided VMI is a Hex DLD. After the secondary electrons
are multiplied and departed from the back of MCP, the cloud of electrons impinges onto
the position detector wires of which one is used to determine the x position and the other
one measures the y position. When the electron cloud hits the wires, it creates a pulse of
current traveling in these wires toward the two ends. The details of the detector electronics
and methods of how to pick up time and position signals from MCP and the ends of each
wire are described in detail in Roendtek detector manual [55]. Using four time signals X;,
Xy and Yy, Yy picked up from position wires of a Quad DLD, the position information of a

particle hit on the detector (x,y) is

T = (Xl - XZ)Usignal + Zo, (31)

Yy = (Yi - YVQ),Usignal + Yo, (32)
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where xq, yo are arbitrary offsets.

The total time it takes for the pulses to travel to the end of the wires are proportional
to the length of the wire. Since the length of each wire is a constant number, the sum of
two time signals picked up from opposite ends of a wire should be a constant. The total
time it takes for the position signals to propagate on the delay-line wires (Tysum, Tysum i
the case of quad delay—lines) is refereed to as ”"time-sum” and is often used to eliminate
useless random signals by setting gates on two sides of the sharp "time-sum” peaks. The
equations describing the ”time-sum” are given in 3.3. Note that due to the electronic settings,
e.g. signal amplifiers, CFDs (constant fraction discriminator), the signal transmission wire
lengths can be slightly different for each wire, so in the analysis of the signals, small offset

factors can be tweaked to symmetrize the position distribution (e.g. Equation 3.1).

L,
Trsum = =X+ X3 — 215 (33)
Vsignal
Ly
Tyum = =Y, + Y, — 2T, (3.4)
Vsignal
L,
Tgum = — 7, + Z, — 2T, (Hex DLD) (3.5)
Vsignal

L., L, are the length of X and Y wires and v;gnq is the speed of signal propagation, Xj,
Xy and Yq,Ys are time signals picked up from two wire ends. Ty is the time of impact on
the surface of the MCP. The typical time—sum on ion and electron detectors in double-sided

VMI apparatus is shown in Fig. 3.9.

36



2x105 LN D D R L D N B D BN DN DN D D (N N N N D N D DR D D N D N N R L B D B DR B BN N N |

ion detector wire
—— ¢ detector wire

| S S T

1x10°

counts

¥ r ¥ Li l ¥ Li ¥ L

-6 -4

1
o

time-sum (ns)

Figure 3.9: Time-sum distribution of two delay-line wires subtracted constants to center at
zero. The signals for the two curves are separably taken from one of the Hex-anode delay-line
wires from the ion detector and one of the electron Quad-anode delay-line wires in the VMI
system.

For brevity, only the expression for the position signals for Quad DLD is given, the
expression for position signals of Hex DLD can be found in the manual from Roendtek [55].
All time and position signals are amplified by a high-bandwidth fast amplifier and further
processed by a Constant-Fraction-Discriminator (CFD), before the timing information is
digitized by a multi-hit Time-Digital-Converter (TDC). The CFD is an electronic device
which produces a standardized NIM signal output, if the voltage exceeds an adjustable
threshold. The CFD plays an important role in providing timing output which is independent
of the original pulse height of the incoming signal. The TDC card allows up to 16 hits per
channel. In a typical multi-bunch operation of the ALS, the electron MCP signal provides
the common start for the TDC, while it is triggered by a photodiode signal for the laser
experiments. For each event, all TDC outputs are stored in a listmode (lmf) file, which

allows analysis of the data event by event.

3.2.6 Coincidence Detection

In the inner-shell photoionization experiments using the double-sided VMI apparatus, fast
electron time signals from electron’s birth to the time of impact on the MCP (~5ns) are
used as a trigger signals for the data acquisition system and all signals from MCP to position

wires are recorded with respect to the time signal of electron generetated on the electron
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MCP.

In the COLTRIMS measurement, a signal from a photodiode that is irradiated by a small
fraction of the laser pulse is used to trigger the entire data acquisition system with 10 kHz
repetition rate. The signals generated from the detector (TOF from the MCP and position
signals from the delay-line anode) are measured with respect to the signal generated from
this photodiode. The true time of each hit can be written as TOF;,, = Tiotar - Tpp, where
Tpp is the time difference between the time the laser pulse intersects the molecular target
and the photodiode signal (including the associated time difference due to electronics). The
photodiode signal is connected to the time to digital converter (TDC) as a start/reference
signal. A wide temporal window that usually covers the TOF of heaviest (slowest) ion species
from the interaction can be set starting from the reference signal Tpp. From the start time
until all ions generated from the interaction reach the detector, the detected ions will be
recorded as 1%%, 2" 37 hits in the order of their time of arrival. Their time and position

information are recorded accordingly in an event file.

3.2.7 Coincidence Maps: PIPICO and PIPIPICO/TRIPICO

In order to find out the breakup channels after the interaction of a molecule and a light beam,
a photoion-photoion coincidence map (PIPICO) is commonly used for identifying two-body
coincidence channels, and a photoion-photoion-photoion coincidence map (PIPIPICO or
also known as TRIPICO) for three-body channels. In the PIPICO spectrum, the yield
of ionization channels is plotted as a function of the time of flight of the first hit, TOF,
and the time of flight of the second hit, TOF;. In the TRIPICO spectrum, the yield of
channels is plotted with respect to the time of flight of one particle versus the sum of the
time-of-flight of the other two particles. Fig. 3.10 shows a PIPICO (a) and a TRIPICO (b)

spectra of the CoHsBry molecule after photoionization with 140-eV photons, see Chapter 4.

38



13000
9000

12800
8000

—

(7]
c 12600

—

— a o0

g 7000 '-o'-
= = 12400

8 +

o~

P 6000 [ o
= 12200
5000 (15 12000
11800

4000 [f%e

2000 3000 4000 5000 6000 2200 2600 3000 3400

TOF, (ns) TOF, (ns)

Figure 3.10: (a) PIPICO and (b) TRIPICO diagrams of CoH;Brs molecules after photoion-
ization with 140 eV photons. The yellow box in (b) is shown as an example of time gate on
a selected channel.

Due to the momentum conservation along the axis of the TOF direction, ions fragmented
from a molecule end up in a diagonal coincidence stripes. If the molecule breaks up into two
ions, the coincidence stripes can be observed in a PIPICO spectrum. For cases when the
molecule breaks up into three ions, the coincidence stripes can be seen in a TRIPICO spec-
trum. The TRIPICO spectrum can be plotted in three forms: TOF; vs TOF,+TOF3, TOF,
vs TOF;+TOF;3; and TOF3 vs TOF;+TOF;. The choice between those three TRIPICO spec-
tra depends on whether the fragmentation channel of choice can be easily separated from
other three-body channels that sometimes overlap on top of each other. The comprehensive
details of PIPICO and TRIPICO coincidence spectra can be found in [59, 73]. After selec-
tion of a channel of interest, time gates as shown in Fig. 3.10 (b) can be applied on such
coincidence spectra and only the events from within the chosen coincidence stripe area are

isolated for further analysis.
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3.2.8 Momentum Calibration: Double-sided VMI

The electric field in a VMI spectrometer is not homogeneous, as shown in Fig. 3.4, thus it is
impossible to derive analytical formulas for the electric field that can be used to reconstruct
the ion momenta from the measured time of flight and the hit positions of each ion. In-
stead, simulating the ion and electron trajectories with the SIMION software package allows
one to construct empirical formulas connecting the hit position with the momentum vector
components parallel to the detector and TOF of ions with momentum component that is
perpendicular to the detector. In this section, this reconstruction of transverse (parallel
to the detector) momentum components p, and p, and the longitudinal (along TOF axis)

component p, are introduced.

3.2.8.1 Transverse Momentum: p, and p,

The first step in the SIMION simulation is to "draw” the exact geometry of the spectrometer
and detectors in the SIMION workbench. This includes the spacial positioning of all compo-
nents inside the VMI spectrometer as well as the voltages applied in the specific experiment.
When all parameters are set as close as possible to the real experiment, compiling (refine)

the potential arrays in SIMION is needed before simulation.

(eV)

X

kinetic energy: KE

radial distance: | x| (mm)

Figure 3.11: (a) Ion trajectory simulation with SIMION. (b) Simulated ion radial distribution
on the detector vs. ion initial kinetic energy
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Two important steps that were taken to reconstruct momentum components p, and p,
are:

1) An array of ions whose initial energies are in an arithmetic sequence, e.g. E = nxAE
-AE (eV), where n is the n'* ion to be simulated and AE is the step size of ion energy
(constant arithmetic difference), are set to fly toward the detector driven by the simulated
electric field of spectrometer. All ions started out from the center of the spectrometer (center
of ion-extraction and ion-repeller, see Fig. 3.3). Fig. 3.11 (a) shows the ion simulation where
all ions with a constant energy difference fly toward radial direction. In the simulations
conducted within this thesis, AE is chosen to be 0.1eV.

2) SIMION outputs the final position x and y on the detector. The initial energies of
ions are plotted against the final position in Fig. 3.11 (b). The curve in the spectrum is
fitted with a polynomial to extract an empirical formula connecting the hit position with
the initial kinetic energy. A fifth order polynomial function 3.6 is used to get a higher level

of proximity to the simulation results.

KE, = Cy|z]® + Colz|* + Cs|z]* + Cylz|* + Cs|l; (3.6)

KE, = Cily]” + Caly|* + Csly|® + Culy|* + Cslyl; (3.7)

The x and y in the formula above stands for the coordinate of the particle on the detector.
From a fit to the simulation shown in Fig. 3.11 (b), one finds the empirical formula that
connects the initial kinetic energy and final position. Then, by inserting the experimentally
measured (x, y) position information of ions to this formula, the kinetic energies that corre-
sponds to the motion in x and y direction can be independently calculated. Due to cylindrical
symmetry, the final positions x and y have a same dependence on the initial energy, thus

the coefficients of the polynomial fits are identical for KE, and KE,. The momentum p,, p,
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can be expressed as,

T KE,
J,' = — —_— 3-8
P lz| V 2mion (3.8)
y | KE,
- 7 3.9
py |y| sz‘on ( )

Note that the momentum components p,, p, are assigned with the + signs of x and y.

3.2.8.2 Longitudinal Momentum: p,

The momentum component along the TOF axis is calculated using the TOF information of
ions and the empirical formula that connects the initial kinetic energy KE, to the ion TOF.
In order to find such formula, ions with initial kinetic energies are simulated to fly toward
and away from the detector. In the real experiment, the ions that fragmented with zero
momentum along TOF axis spend TOF,. time to reach to the MCP. In ion TOF spectrum,
TOF., is the center of the TOF distribution for a specific ion, see H" TOF peak and its
TOF, in Fig. 3.12 (a).
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Figure 3.12: (a) Experimental TOF distribution of H* ions; (b) Final ion TOF spread vs.
initial kinetic energy for ions simulated to fly toward and away from the detector surface.

The initial energies and the final TOF spread, TOF-TOF,, of ions are plotted in Fig. 3.12
(b). When TOF-TOF. is larger than zero, it means the ions are simulated to fly away

(backward) from the detector and when the TOF spread is smaller than zero, the ions are
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simulated to fly toward (forward) the detector. The simulated distribution in Fig. 3.12 (b)

can be fitted with a polynomial,
KE, = BIATOF® + B,ATOF* 4+ BsATOF? + B,ATOF? + BsATOF; (3.10)

where ATOF = TOF - TOF.. B; - By are coefficients that depend on the ion mass and its

charge. The momentum component p, along the TOF axis can be expressed as,

TOF —TOF. |KE,

= . 11
TOF — TOF| \ 2ms, (3:11)

P-

Note that the direction of the momentum component p, is decided by the signs of the TOF
spread. In the reconstruction of the momentum components for a specific ion, TOF, is first
assigned the value of the center of the TOF peak of the ion (chosen from TOF spectrum).
During the symmetrization of ion momentum components, e.g. symmetrizing forward and

backward p, components, TOF. can be slightly tweaked to optimize the symmetrization.

3.2.9 Calibration of Ion-ion Coincidence Measurements

As compared to COLTRIMS measurements, the electric field strength applied inside the
interaction region of the spectrometer is 3 to 4 times higher in the double-sided VMI ap-
paratus. The reason behind stronger electric field in the VMI is the need to measure high
energy electrons in coincidence with the fragmentation ion channels. The higher the en-
ergies of electrons that should be detected with full 47 angular detection efficiency, the
stronger electric field is required, thus compromising the TOF and kinetic energy resolution
of ion-ion coincidence measurement. In order to quantify the ion energy resolution in the
VMI apparatus and to calibrate the kinetic energy spectrum, inner-shell photoionization and
fragmentation of Ny molecule to N* + N* channel is studied and the kinetic energy release

spectrum of the channel is compared with the benchmark COLTRIMS measurement from

Weber et al [74].
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Figure 3.13: (a) PIPICO map of Ny and O, from air after photoionization with 160eV
photons. (b)Kinetic energy release of N*4+N* channel (black) from the VMI soft X-ray

measurements, (blue shaded area) compared to the kinetic energy release of N*+N* channel
adopted from Weber et al [74]

Fig. 3.13 (a) shows the PIPICO spectrum when air is fed to the supersonic gas jet with 1
atm backing pressure. Photoionization and fragmentation channels of Ny and Oy molecules
in the air with 160-eV photons can be seen in the PIPICO spectrum. Fig. (b) shows the
kinetic energy release spectrum of the current calibration measurement overlapped with the
previously reported KER spectrum (Fig.2 (b) in [74]). The two KER spectra overlaps closely.
The significant difference of the yield at high kinetic energies is due to different branching
ratios between the dicationic final states at different photon energies. In Weber et al [74],
419.3 eV photons were used to probe the K-shell in Ny while 160-eV photons were used in
the VMI experiment. The sharp central peak corresponding to the D' —N*(3P)+N*(!1D)
fragmentation pathway has similar peak width as compared to the COLTRIMS measurement.
(Weber et al [74] FWHM: 0.96 eV; double-sided VMI: 0.98 V). The peak assignment was
originally reported in a high resolution Doppler-free kinetic energy release spectrum of N *
in reference [75] as shown in Fig. 3.14. In this spectrum, the peak width of the dominant
peak at 10.316 eV was around 50 meV. In comparison, the broadening of the peak at around
10eV in both COLTRIMS and the VMI measurements can possibly be attributed to 1) the
difference in cross sections of ionization, especially inner-shell photoionization processes in

COLTRIMS and the VMI measurements and electron impact ionization measurement in [75],
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2) instrumental resolution.
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Figure 3.14: Doppler-free kinetic energy release distribution of N*4+N7* channel. Figure
adopted from Lundqvist et al [75]

3.2.10 Coincidence Electron Spectra

In the double-sided VMI spectrometer, electrons can be measured in coincidence with ionic
fragmentation channels. Electrons belonging to specific final states and fragmentation chan-
nels can be isolated by setting time gates for ions or ion-ion coincidence channels. In this

section, a brief introduction is given on channel-resolved electron spectroscopy.

3.2.10.1 Electron Detector Calibration with Neon 2s, 2p Lines

The principle of the VMI is that after photoionization, the charged particles are projected
onto the detectors by applying voltages to the spectrometer. In order to detect the position
distribution of the projected particles, phosphor plates or delay-line position detectors can
be used together with MCPs. The position distribution is the two-dimensional projections of
a three-dimensional momentum sphere of the charged particles. All particles with the same
velocity are mapped to the same radius, R. The radius is proportional to the velocity of the

outgoing particles.
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Figure 3.15: Position distribution of Neon 2s, 2p electrons after the system absorbs (a) 60eV,
(b) 90eV, (c) 100eV photons.

In the VMI experiments in this thesis, in order to calibrate the electron position detector
and find empirical formula that connects the electron radius (R) to its kinetic energies KE
= hv - Epinding, neon 2s and 2p electrons generated after photoionization of neon gas at
various photon energies are collected on the electron detector. Both the energies and the
photoelectron angular distribution with respect to the light polarization direction, e.g. [
parameter, of neon gas are well studied before [37]. The binding energies of 2s and 2p levels
are E(2p)pinding = 21.6 eV and E(28)pinging = 48.5€V.

Fig. 3.15 shows three electron position spectra of neon 2s and 2p photoelectrons at three
different photon energies, 60eV, 90eV and 100eV. The radius of the electron distribution
increases as photon energies increases. This is because both 2s and 2p electrons ejected
with higher kinetic energies when the system absorbs more energetic photons. In order to
convert the position information to kinetic energies of the electrons, an Onion Peeling [76, 77]
electron inversion code is applied.

One thing to pay attention before proceeding with the electron inversion is that, the
position spectra of the electrons do not always appear circular and electrons with a same
initial energy appear at different radius at different angles. There are a few reasons for
such imperfect electron spectra: 1) the earth magnetic field distorting the high energy elec-

tron trajectories; 2) the interaction region of the gas target shifted from the center of the
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spectrometer by small amount; or 3) non-cylindrically symmetric distortions of the electric
extraction field, e.g. due to the spectrometer mounts or the gas jet, which is in close prox-
imity of the spectrometer. As a result, the energy resolution of electrons will be affected
significantly. For that matter, a VMI image circularization method that can remove the
angular dependence of the radial distribution needs to be applied. Gascooke et al discussed
the ”circularization” correction method in reference [78]. Such image correction is applied

to to the distorted electron spectra included in this thesis.
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Figure 3.16: (a) Raw/Inverted position distribution of 2s, 2p electrons; (b) Inverted 1D
distribution; (c) Inverted radius vs. angle distribution of 2s, 2p electrons after circularization.
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Figure 3.17: (a) 2p electron angular distribution and 5 parameter extraction fit (b) Electron
radial distribution vs. electron energy.

After the electron inversion, the one-dimensional photoelectron spectrum is shown in

Fig. 3.16 (b). The S parameter (see Section 2.1.1) can be determined from the radial vs.
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angular distribution in Fig. 3.16 (c). The extracted § parameter of neon 2p electrons is
shown Fig. 3.17, the result matches well with the previously reported value of 1.46 [79]. In
the experiment, multiple electron spectra at photon energies ranging from 50 eV to 100eV
are measured and the correlation between the 2s and 2p electron energy peaks and their
radial position are incorporated in Fig. 3.17 (b). The SIMION electron energy simulation
curve is shown in red. A parabolic function is fitted to the the experimental kinetic energy
distribution in order to extract an empirical formula that connects the electron position to
kinetic energies.

The absolute error of this energy calibration, which is defined by the uncertainty of
the absolute photon energy calibration of the beamline monochromator and the precision
with which the radius in the experimental Ne photoelectron images can be determined, is

estimated to be less than 200 meV for an electron energy around 50eV.

3.2.11 Momentum Calibration: COLTRIMS

As illustrated in Section 3.2.7, in order to obtain three-dimensional momentum vectors of
coincidence events, a two-body or three-body fragmentation channel of interest first needs to
be isolated from PIPICO or TRIPICO spectrum. Unlike the momentum calibration proce-
dure of the coincidence VMI technique described in Section 3.2.8, which requires simulation
of ion flight trajectories with SIMION software, in the COLTRIMS data analysis, the mo-
mentum components of each ion in three dimensions can be calculated analytically using the
time and position of hits as well as spectrometer parameters such as spectrometer geometry
and electric field strength.
The ion flight distance [ on the TOF axis can be expressed as

| = %%TOFMQ + %TOFM + 2o, (3.12)

where p, is the longitudinal momentum of ion after fragmentation; E is the electric field

strength; q is ion charge, m is the mass of an ion and z, is the birth position of ions along
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TOF axis. Thus, from equation 3.12, the p, momentum component of ions can be expressed

as

= Mirop — 5 LOFin (3.13)

The ion flight distance [, also denoted as spectrometer length, is 23.705 cm. U is the voltage
applied to the spectrometer. By using the hit position on the detector, (x, y), and the initial

birth position of ions (xg, yo), the transverse momentum components can be described as

B (x — x0)

Pz =M TOF, (3.14)
_ (v — yo)

Py =M TOF, - (3.15)

3.3 Supersonic Molecular Jet and Vacuum System

In coincidence momentum imaging measurements with either the VMI or COLTRIMS ap-
paratus, having a cold atomic or molecular gas target is crucial to obtain high momentum
resolution. Typically, in COLTRIMS ion imaging experiments with ultrafast 800 nm laser
pulses, the recoil momentum transferred from ejected photo-electrons to the ions are on the
order of 1 a.u. In inner-shell photoionization studies in the coincidence VMI, energies of
electrons ejected from the system are much higher, thus the recoil momentum transferred to
ion counterparts are 1 to 4 times higher than the COLTRIMS measurement. However, the
typical mean quadratic momentum from Maxwell-Boltzmann distribution at a room tem-
perature is in the order of tens of atomic units. Thus, a cooled down gas target immensely

increases the ability to image ion and electron momenta with high precision.
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Figure 3.18: A schematic diagram of the vacuum system of the VMI instrument. Typical
pressures during the experiment are indicated.

A schematic of the gas jet and pressure status of each parts of the double-sided VMI
system is shown in Fig. 3.18. The target gas at room temperature is obtained from a gas
bottle or a ”bubbler” that contains liquid chemical sample that evaporates and expand into
the vacuum chamber at a stagnation pressure of 102 to 10 torr. The gas will expand through
a nozzle with 30pum diameter into the supersonic jet chamber that has pressure ranges from
1073 to 10~* torr. The supersonic gas jet chamber pressure is maintained by two large
turbo pumps with 800 1/s pumping speed each. In order to achieve a clean supersonic gas
beam, a skimmer with 500 ym diameter is placed at the end of the gas jet chamber and the
entrance port of the main chamber that maintains a high pressure differential between the
two chambers. As shown in Fig. 3.18, one skimmer is used in the double-sided VMI apparatus
to generate supersonic beam that has temperature of few tens of Kelvin. In supersonic gas
jet applied in COLTRIMS system, two skimmers are used in order to obtain cold gas-phase

atomic and molecular beams, see Section 3.2.3.2.
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3.4 VUYV Synchrotron Measurement of Ionization Po-
tentials

At the beamline 9.0.2 of the ALS, the undulator and beamline optical elements are suitable
for vacuum ultraviolet (VUV) radiation with photon energy spanning from 7.2eV to 24 eV
with 0.05eV energy resolution [80]. The beamline is mainly used for physical chemistry
research where valence ionization and fragmentation of large bio-molecules, cluster beams

and nanoparticle beams are studied [81-84].
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Figure 3.19: Schematic of the experimental apparatus at beamline 9.0.2 of the ALS with
voltages shown. (1) Microchannel plate detector, (2) Reflector mirror, (3) Molecular Beam
region, (4) Ion optics for extraction; Figure taken from reference [85].
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For this thesis work, the photoionization potential of cis- and trans-CoH,Cly isomers,
2,6- and 3,5-difluroiodobenzene molecules as well as 2(5H )-Thiophenone molecules were
measured by using a molecular beam machine equipped with a reflectron (a type of TOF
mass spectrometer) together with a VUV synchrotron beam. The photoionization yield
of the molecules in VUV synchrotron beam can be extracted from the TOF mass spectrum
measured by the system shown in Fig. 3.19. The details of system geometries and operational

procedures are discussed in [85, 86].
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Figure 3.20: Photoionization yield of 2,6-,3,5-DFIB cations; cis/trans 1,2-CoH,Cly and
2(5H )-Thiophenone cation.

By setting time gates on parent molecular ions such as 2,6- and 3,5-DFIB™; cis/trans 1,2-
CoH,Cly and C4H,OS™ (2(5H)-Thiophenone), the ionization energy can be determined from
the photoionization efficiency (PIE) curve. The photoionization energies of the molecules are
inserted in Fig. 3.20 (a,b,c) shown below. The resolution for the photon energy is 0.05eV.

The ionization energies are determined from the PIE curves by fitting a linear function to
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the increasing yield and then determining the crossing point between the fitted line and the
baseline. Details of methods on how to find the ionization potentials from photoionization
yield can be found in reference [86].

Isomers can have different ionization potentials due to their different electronic structure
and valence orbitals. In many cases, since the mass of isomers are identical, the photoion-
ization efficiency yield scanned with VUV synchrotron beams is a signature for determining
the geometry of the isomer [87, 88]. Previously, cis 1,2-CoH,Cl; isomer ionization potential
have been reported to be 9.631 eV [89] and the trans isomer was reported to be 9.658 eV [90].
The current measurements on 1,2-CoH,Cly ionization energies differ from the previous work
by less than 1%. For 2(5H)-Thiophenone molecule, the ionization energy of the molecule
was previously reported by Thorstad et al in 1975 [91] to be 9.78 eV which differs from the
current measurment by 0.31eV. The ionization potentials of 2,6- and 3,5-DFIB molecules

were not reported previously.
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Chapter 4

Identification of cis-trans Isomers via

Coulomb Explosion Imaging

4.1 Introduction

[somers, i.e. molecules with the same chemical formula but different geometric structures,
play an important role in many biological processes [92-97]. For example, our vision re-
quires a protein called rhodopsin, which inter-converts between different geometric structures
(i.e. isomers) during the absorption of light [29]. Another example is the green fluorescent
protein, which is used to investigate protein trafficking inside living cells and which changes
configuration from its well-ordered cis isomer to a highly disordered trans isomer [32] upon
absorption of light in the blue to ultraviolet range. Despite containing the same atomic
constituents, isomers can have very different physical, chemical, and biological properties.
Therefore, it is of particular interest to experimentally distinguish isomers in order to in-
vestigate isomer-specific reactions and, specifically, to study the interconversion between
different isomers in time-resolved experiments [98]. A prototypical example is the isomeriza-
tion between acetylene (HCCH) and vinylidene (H,CC) via hydrogen migration, which has
been studied, e.g. using synchrotron radiation [99] and by femtosecond time-resolved exper-

iments with intense, ultrashort optical [100, 101] and XUV or X-ray pulses [102-104]. All
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of these experiments have employed the Coulomb explosion coincidence momentum imaging
technique [23, 105-107], in which all charged fragments that are created when the multiply
charged parent ion breaks up (ezplodes) are measured in coincidence and their momentum
vectors are used to extract information about the dynamical change in the geometry of
the parent molecule. Recently, this technique was also used to separate two enantiomers
in a racemic mixture of the chiral molecules CHICIF and CHBrCIF by measuring five-fold
coincidences after strong-field laser ionization [33, 34], and the related beam-foil Coulomb
explosion method was used to study the absolute configuration of trans-2,3-dideuterooxirane
(CoH2D20) [108].

In this chapter, Coulomb explosion imaging of molecular structures of geometric isomers,
namely 1,2-dibromoethene and 1,2-dichloroethene, after photoionization with soft X-rays
synchrotron beams as well as ionization with ultrafast femtosecond laser pulses are discussed.
Earlier work on the Coulomb explosion of geometric isomers using intense laser pulses found
strikingly different angular distributions of ions in isomers, but since those experiments were
not performed using coincidence momentum imaging, the experimental data alone could not
be used to identify the geometric and positional isomers of the molecule [109]. Utilizing ion-
ion and ion-electron coincidence imaging techniques, this study shows an experimental route
to efficiently identify geometric isomers, namely cis and trans isomers of 1,2-dibromoethene
(CoHyBry) and 1,2-dichloroethene (CyHoCly) by inner-shell photoionization of Br(3d) and
Cl 2p with X-ray synchrotron beam. Furthermore, similar Coulomb explosion measurement
using ultrafast 800 nm intense laser pulses are conducted to study the feasibility of the
technique in strong-field ionization. The methodology is directly applicable to time-resolved
pump-probe experiments studying the cis-trans isomerization using either strong-field or
inner-shell ionization as a probe since it allows performing an in-situ measurement of the
isomer ratio of an isomerically mixed sample.

The results of the study show, both X-rays and ultrafast strong laser pulses can be
utilized to conduct Coulomb explosion imaging measurements in order to identify geometric
isomer structures. Albeit different physical processes are involved in photoionization with

different light sources, e.g. inner-shell photoionization with X-rays and valence ionization
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with infrared laser pulses, the study shows that the Coulomb explosion imaging method can
be used irrespective of light sources. Major part of the work described in this chapter was

published in the reference [35].

4.2 Coulomb Explosion Imaging of cis and trans 1,2-

dibromoethene

4.2.1 X-ray Synchrotron Studies: 1,2-CyH>Br»

The experiments were performed at beamline 10.0.1.3 of the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory during the standard ALS multi-bunch top-off mode
of operation. As described in experimental Chapter 3, a double-sided coincidence VMI
apparatus was utilized for the synchrotron measurements. The data acquisition system,
which consisted of two multi-hit time-to-digital (TDC) converters, was triggered by the
detection of an electron, which arrived at the detector after a flight time of approximately
5 nanoseconds. The time of flight of the ions was then measured with respect to the arrival
time of the prompt electrons. The position and time-of-flight information of the ions are used
to reconstruct their full three-dimensional momentum vectors. The experimental apparatus
is illustrated in Fig. 4.1 (a). The chemical sample used in the experiment was commercially
purchased (Sigma Aldrich, 98.3% purity) and contained a mixture of cis and trans isomers at
a mixing ratio of 32.1% (cis) to 66.2% (trans), according to a gas chromatography analysis
by the vendor. In the cis isomer, the two bromine atoms, each attached to one of the two
carbon atoms, are pointing in the same hemisphere with respect to the C=C double bond,
while they are across from each other in the trans isomer (see Fig. 4.1 (b)). The double
bond between the carbon atoms restricts the inter-conversion from one isomer to the other
such that the two isomers are stable at room temperature. For initiating the photoionization
and fragmentation of the molecule, we chose a photon energy of 140 eV (bandwidth + 20

meV), which is 63 eV above the binding energy of the bromine 3d inner-shell electrons in
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Figure 4.1: (a) Schematic of the experimental setup including a supersonic molecular beam
and a double-sided VMI spectrometer with time- and position-sensitive delay line detectors.
The spacing between the spectrometer electrodes is 15 mm, and the total distance between
the interaction region and the detector is 398 mm for the ions and 112 mm for the electrons.
(b) Molecular structure of cis and trans 1,2-dibromoethene. (c) Yield of the CoH! + Br
+ Br* (n =0, 1,2) coincidence channel shown in a photoion-photoion-photoion coincidence
(PIPIPICO) plot as a function of the time of flight (TOF) of the first hit versus the sum
of the TOFs for the second and third hits. (d) Ion time-of-flight mass spectrum of all ions
generated in the X-ray induced ionization and fragmentation of 1,2-dibromoethene at 140
eV photon energy.
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1,2-dibromoethene [110]. Absorption of a 140-eV photon thus leads predominantly to 3d
inner-shell ionization followed by Auger decay that typically ejects one or two additional
electrons. Depending on the specific relaxation pathway, the resulting doubly or triply
charged molecular cation typically breaks up into several charged and/or neutral fragments
(see Fig. 4.1 (d)). Here, we concentrate on the three-body fragmentation channel CoHy +
Br* + Br™, for which we measure the time of flight and hit positions of all three fragments
in coincidence. Due to the similarities of Br 3d photoionization to the case of Kr, we assume
that most of the triply charged final states are reached via sequential emission of two Auger
electrons in an Auger cascade [42]. The Auger-electron spectrum measured in coincidence
with the CoHJ +Brt+Br* channel shown in Fig. 4.10 supports this assumption. In Kr, the
Auger lifetimes are 8 fs for the first step and 20 fs for the second step [111], and we expect
the lifetimes to be of the same order in CoHyBry. In the zoomed-in triple-ion coincidence plot
in Fig. 4.1 (c), the three-body fragmentation channel CoHj + Br* + Br* appears as sharp
diagonal lines due to momentum conservation during the breakup process. In this case, a
total of nine diagonal lines are present corresponding to the CoHy + Brt + Br*, CoHT + Br
+ Br*, and CJ + Br* + Br* channels with different combinations of the two stable bromine
isotopes, "Br and # Br, which have approximately equal natural abundance ("Br: 50.69%;
81Br: 49.31%). Since several of these lines are overlapping, we selected only the region
containing the CoHY + 81Br* + 8 Br* channel for further analysis since this channel is clearly
separated. In order to reconstruct the ion momenta from the measured time of flight and
hit positions of each ion, we used the SIMION software package [67] to construct empirical
formulas connecting the hit position with the momentum vector components parallel to the
detector, P, and P, and the time-of-flight spread of each ion with the momentum component
along spectrometer axis, P,. Using this procedure, which is described in more detail in
Chapter 3 (Section 3.2.8), the momentum sum of all fragments in this triple coincidence
channel was found to peak at zero, as expected due to momentum conservation, with a full
width at half maximum of + 9 au. In the following, we selected this main peak around zero in
order to select only true coincidence events, where all fragments stem from the same parent

molecule. The three-dimensional momentum vectors of all three fragments were then used
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to calculate the emission angle of the fragments, their kinetic energies, and the total kinetic
energy release. Figure 4.2 shows the angle 6 between the momentum vectors of the two Br
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Figure 4.2: Angle between the Br* ion momenta in the triple-coincidence channel CoHJ +
Br* + Br*. A fit of two Gaussians (shaded areas) to the experimental data (black circles)
is shown as a red dashed line. The angles expected from a classical Coulomb explosion
model are indicated by arrows, with the horizontal bars indicating the broadening due to
the experimental momentum resolution.

fragments detected in coincidence with a CoHJ fragment. This angular distribution displays
two peaks which we attribute to bromine ions emitted from the trans (cosf = —1) and cis
(cos@ = —0.58) isomers. We corroborate this assignment by a numerical Coulomb explosion
simulation, assuming purely Coulombic repulsion between point charges located at the center
of mass of each fragment and instantaneous creation of the charges followed by explosion
from the equilibrium geometry of the neutral molecule. By numerically solving the classical
equations of motions for all the fragment ion in the Coulomb field using a 4th order Runge-
Kutta method as described in Chapter 2 (Section 2.2.1), the momentum vectors and kinetic
energies of all fragments can thus be obtained for an ideal Coulomb explosion model. The
simulated Br*-Br™ angles for Coulomb explosion of cis and trans isomers are shown as purple

arrows in Fig. 4.2 and are in excellent agreement with the two maxima in the experimentally
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determined distribution. By fitting two Gaussians to the experimental data, we determine
a ratio between the trans and cis isomers of 2.04 +0.07, which agrees with the isomeric

composition of the sample determined by gas chromatography. By selecting only those
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Figure 4.3: Kinetic energy distributions of the Brt and CoHj fragments as well as total
kinetic energy release in the CoHy + Brt + Br™ triple-coincidence channel for (a) trans and
(b) cis isomers, as selected by the Brt- Br* angle 6. The results of the Coulomb explosion
model are shown as dashed lines.

coincidence events for which the Brt-Br™ angles lie within the intervals of cos =[-0.45, -0.55]
and [-0.9, -1.0], respectively, we can experimentally distinguish the cis and trans isomers and
extract the isomer-selected fragmentation kinematics. The isomer-selected kinetic energies
of the individual ions and the total kinetic energy release are shown in Fig. 4.3. For the
trans isomer, the kinetic energy distribution of the CoHj -fragment has a maximum around
1 eV and that of the Br-fragments peaks around 6 eV, while for the cis isomer, the Brt-
fragments are emitted with lower and the CoHj -fragment with considerably higher kinetic
energy. This can be explained by an obstructed instantaneous explosion [112; 113] in the case
of the trans isomer, where the CoHj -fragment is trapped between the two Br'-fragments,

while it obtains a much higher kinetic energy in the fragmentation of the cis isomer, where
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Figure 4.4: Newton plot of the CoHF + Br* + Br™ triple-coincidence channel. The momenta
of CoHy fragments (upper half) and one of the Br' fragments (lower half) are shown in the
frame of the momentum of the second Br* fragment, which is shown as a black horizontal
arrow. The momentum vectors of the CoHj fragment and the first Br™ fragment are normal-
ized to the length of momentum vector of the second Br*. The contributions corresponding
to the cis and trans isomers are indicated.

it is repelled by the two BrT-fragments that are located in the same hemisphere. This simple
picture is also corroborated by the results of the Coulomb explosion model calculations shown
in Fig. 4.3, which predict values that lie very close to the maxima of the experimental kinetic
energy distribution and also reproduce the difference between the KERs of the two isomers.
It can also be visualized directly in a Newton plot [113] for this particular triple-coincidence
channel shown in Fig. 4.4, where the momenta of two fragments (CoH; and Br™) are shown
in the frame of the momentum of the third fragment (Br™). For the trans isomer, the Newton
plot shows that the two Br™ fragments are emitted close to back to back, while the CoHy
fragment remains almost at rest, as one would expect from an instantaneous fragmentation in
the undistorted equilibrium geometry, where the center of mass of the CoHy moiety is exactly
in the middle between the two Br atoms. The cis isomer, however, has a distinctly different

fragmentation pattern with CoHJ and Br* fragments being emitted at an angle of close to
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125 degree with respect to each other and carrying momenta of similar magnitude. From
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Figure 4.5: (a) Sum of the kinetic energies of the two Br™ fragments as a function of the angle
0 between them, and (b) correlation between the kinetic energies of two Br* fragments, both
for the CoHy + Br™ + Br™ triple-coincidence channel. The results of the Coulomb explosion
simulations for various stretching and bending modes are shown as symbols, with the stars
representing the results for the equilibrium geometries. The plots depict the isomerically
mixed sample, but selecting one isomer via selection of the Br™ - Br* angle as done for
Fig. 4.3 would select only the contributions shown in the regions marked cis and trans.

the shape of the momentum distributions seen in the Newton plots as well as from the good
agreement between the experimental data and the simulation, we conclude that the break-up
of the molecule into this three-body channel happens mainly via concerted fragmentation in
a molecular geometry that still resembles the equilibrium geometry. However, we attribute
the widths of the angular distributions and the kinetic energy distributions beyond the
experimental momentum resolution to small deviations from this equilibrium geometry due to
stretching and bending motions of the molecule in either the neutral molecule (e.g. vibrations
due to the temperature of the molecular beam) or in the cationic state(s) that are reached
after the ionization. These geometry changes can be included empirically in the Coulomb
explosion model by varying the bond lengths and angles is a systematic fashion (see Fig. 4.6
for a sketch of the stretching and bending modes considered here). The results are plotted and

compared to the experimental data in Fig. 4.5. Since the calculations slightly overestimate
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the kinetic energies, as seen in Fig. 4.3, the calculated Brt energies are shifted by -0.65
eV for better comparison to the experimental data. In Fig. 4.5 (a), the sum of the kinetic
energies of the two Brt fragments is shown as a function of the angle # between the Br*
fragments, while Fig. 4.5 (b) shows the correlation between the kinetic energies of the two Br*
fragments. In the Coulomb explosion calculations, the C-Br bond distance is varied between
100% and 40% of the equilibrium bond length (in steps of 10%) for the asymmetric stretch
mode, and the bond angle by + 25 degrees (in steps of 5 degrees) around the equilibrium
angle for bending in the scissor mode. A combination of both modes reproduces the shape of
the Br - Br™ kinetic energy correlation for the trans isomer, which is centered around the
line of equal energy sharing between the two Br* ions. According to the model calculations,
the spread in the angle between the two Br* ions for the trans isomer is mainly due to
bending in the scissor mode, while the the broadening of the Br™ kinetic energy sum and
the deviations from equal energy sharing are likely due to asymmetric stretching. For the cis
isomer, asymmetric stretching of the C-Br bonds reproduces well the almost constant sum
of the Brt kinetic energies, but it cannot fully explain the spread in the angle that reaches
values up to cos = —0.2 in the experimental data. This may be an indication that some
channels that lead to the fragmentation of the cis isomer possibly involve a delayed charging
of one of the Br atoms, thus resulting in deviations from the concerted fragmentation model.
Further information on the pathways and intermediate ionic states that give rise to these
events could be obtained, e.g., from coincident high-resolution Auger electron spectra. Some
of the events that are not accounted for in the Coulomb explosion simulation might also
stem from a two-step fragmentation mechanism involving intermediate states that are long-
lived as compared to the rotational period of the molecule. Such a ”delayed fragmentation”
usually leads to a ring-like structure in the Newton plots [73, 114], which seems to also be
present in Fig. 4.4. Further information about differences in the fragmentation dynamics
between the two isomers or possible isomerization dynamics in the cationic state may be
obtained from future time-resolved pump-probe experiments.

In the Coulomb explosion simulation that is used to compare with experimental data

in this chapter, the equilibrium geometry of the neutral trans and cis dibromoethelene
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(CoHyBrs) and the dichloroethene (CoHyCly) molecule are determined by the Gaussian soft-
ware package. It is well known that the molecule may undergo geometry changes, e.g. due
to vibrations in the neutral or cationic states or due to a geometric rearrangement, such
as the beginning of an isomerization, that may occur during the photoionization process
prior to the Coulomb break-up. In order to model the effect of these deviations from the
equilibrium geometry in Coulomb explosion simulations, the large number of vibrational
modes and other possible geometry changes have broken down into a few basic stretching
and bending motions, as shown in Fig. 4.6. In this study, two stretching and two bending
modes involving the C-Br bonds that are considered to be the most likely and most rele-
vant are selected. Within such classical calculations, one cannot distinguish if the geometric
changes occur in the neutral or cationic state, but this information may be derived from more
detailed calculations of the electronic structure and dynamics or from future time-resolved

experiments.
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Figure 4.6: Overview of stretching and bending modes in trans and cis CoHyBry considered
in the Coulomb explosion simulations. The effect of bending in the rocking mode (i.e. both
Br atoms rotating in the same direction) is not shown in Fig. 5 since it barely influences
the outcome of the model calculations, while symmetric stretching of the C-Br bonds simply
broaden the kinetic energy distribution at a fixed value of cos#.
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4.2.2 Photo- and Auger-electron spectra of 1,2-C,;H5Br»

X-ray photoelectron spectroscopy of gas-phase molecules has long been a popular subject.
The technique probes the energy and angular distribution of electrons ejected from molecular
systems via irradiation by X-rays. The ejected electrons contain information regarding the
electronic structure and atomic composition of the system. In recent years, ion-electron
coincidence measurements have also been conducted widely. Such coincidence measurements
can provide element specific information and can help resolve many overlapping electronic
states that often form broad bands in molecular electron spectra. The advantage of the
electron-ion coincidence technique that is utilized in this experimental work is that it allows
resolving such complicated overlapping photo- and Auger-electrons to specific final charge
states and fragmentation channels. For example, it can distinguish the electrons that are in
coincidence with CoHoBr*™+Br™ and CyHJ +Brt+Brt channels. For CyHyBry, absorption
of a 140-eV photon leads predominantly to Br 3d inner-shell ionization followed by Auger
decay processes that typically ejects one or two additional electrons. This is due to the large

cross section for photoionization of Br 3d at this photon energy.
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Figure 4.7: X-ray photoionization cross sections for different energy levels of Bromine atom.
Figure taken from reference [40].
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At the energy of 140eV, the photon can probe the 3d inner-shell which has a binding
energy of 69eV for 3dss, and 70eV for 3dss, levels [115]. The photoionization cross section
for 3d is 5.97 Mbarn, see Fig. 4.7. The deeper electronic levels, e.g. 3p, 3s and 2p, 2s
are not reachable with the photon energy due to higher binding energies. Valence electrons
can be ejected after absorption of a 140-eV photons, however the photoionization cross
sections for valence levels are about factor of 2.5 lower than the 3d shell. Fig. 4.8 shows a
raw position, recorded by the delay-line detector, spectrum containing the majority of the

electrons produced from the photoionization.
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Figure 4.8: Raw position distribution of all electrons generated from the interaction of 1,2-
CoH5Bry molecules with a 140-eV synchrotron photon.

Parts of the high kinetic energy valence electrons are lost at the left edge of the detector.
The major reason of the electron loss in this particular case is the offset of the electron
position distribution with respect to the center of the detector, which is possibly due to the
imperfect alignment of the spectrometer and experimental chamber and/or due to magnetic
fields. Such an offset does not affect the electron measurement other than causing parts of
the high energy electrons to escape from the detector. Using the cylindrically symmetric
nature of the electron-detection with the VMI, one can first shift the whole position image

to the center of the coordinate system (0,0) and then choose half or quarter of the position
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image and replicate such ”complete” part of the spectrum to the rest so that a symmet-
ric image can be further used for electron inversion. The Onion-Peeling image inversion
method [77] is employed to invert the electron position spectrum in order to extract kinetic

energy distribution.
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Figure 4.9: (a) Position spectrum of valence electrons after gating on CyHyBry ion TOF;
(b) Inverted position spectrum of (a); (c) Extracted kinetic energy distribution of valence
electrons after photoionization of the CoHyBry molecule with a 140-eV photon.

By selecting individual ions in the TOF spectrum in Fig. 4.1 (¢) and applying time gates,
one can assign coincidence electrons to specific final states. For two- and three-body ion
coincidence channels, time gates are applied in PIPICO and PIPIPICO spectra in order to
extract the coincidence electrons. Fig. 4.10 demonstrates the position and energy distribution
of electrons that are in coincidence with, Br*, CBr* and CoH,Br™ as well as two- and three-
body ion coincidence channels: CoHyBr+Br™ and CoHy +Br™+Brt. In panels (k)-(o) of
Fig. 4.10, the peak at 61 eV represents the photo-electrons ejected from the Br3d shell. This
means the binding energy of Br3d electrons in 1,2-CyH;Bry molecule is E,_.qy - KEp,(34) =
79eV.

An electron spectrum generated by gating on an individual ion TOF contains all electrons
that are emitted during the photoionization and the generation of such ion. For example, if
the electrons in coincidence with Br™ ions are extracted, it includes electrons emitted during
any fragmentation channel that produce Br* ion. Such electron spectra is still complicated
due to the contribution from many overlapping final states. If an ion coincidence channel is
selected, only two or three kinds of electrons remain that are ejected during the production

of this particular fragmentation channel.
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Figure 4.10: Position spectrum of coincidence electrons after gating on (a) Br*; (b) CBr*; (c)
CoHyBr™; (d) CoHoBr™+Br' channel (e) CoHy +Br™+Br' channel; (f-)) Inverted position
spectrum for (a-e) by using Onion Peeling inversion algorithm; (k-o) Extracted kinetic energy
distribution of coincidence electrons shown in (a-e) after photoionization of the CyHyBry
molecule with a 140-eV photon.

There are three important conclusions one can draw from this set of electron spectra:
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e In inner-shell photoionization and fragmentation of the molecule into CoHyBrt+Br+
channel, a photo-electron is ejected with 61 eV kinetic energy, which is then followed

by an emission of a 46-eV Auger electron.

e In single ionization of the molecule by the synchrotron beam, a valence electron is

ejected and the parent ion CoHyBry can fragment into CoHyBr™+Br channel.

e After inner-shell photoionization and fragmentation of the molecule to triple coinci-
dence channel CyHJ +Br*+Br*, Auger-electrons with lower kinetic energy (e.g. <20eV)

are emitted from the system.

4.2.3 Strong-Field Laser Studies: 1,2-CsH>Br,

The Coulomb explosion imaging study conducted on 1,2-CoHyBry after inner-shell photoion-
ization with soft X-rays demonstrates that the imaging technique can be used to identify
and separate cis and trans geometrical isomers from a mixed sample. The physical process
in inner-shell photoionization is to first remove an electron from inner-shell after absorbing
an X-ray photon, then due to Auger relaxation processes, one or multiple Auger electrons
can be emitted from the system. Another approach to efficiently ionize the molecule is to
use high intensity laser pulses to strip valence electrons from the system. The availability of
ultrafast femtosecond Ti-Shaphire laser facility as well as ion-ion coincidence measurement
apparatus: COLTRIMS at J. R. Macdonald Laboratory of Kansas State University made it
possible to conduct strong-field measurements of gas-phase molecular samples. This section
introduces the Coulomb explosion imaging measurement of 1,2-CoH,Bry cis and trans mix-
ture after strong-field ionization with ultrafast laser pulses. The gas-phase dibromoethene
isomers are delivered to the interaction region of the COLTRIMS spectromter via supersonic
jet in the form of cold and continuous molecular beam. The Fourier-transform limited laser
pulses with 25 fs pulse duration and 4x10W /cm? intensity crossed with the molecular
beam at the center of the spectrometer. Ions generated from the laser-molecule interaction

are detected on the microchannel plate and the ion time of flights are shown in Fig. 4.11. It
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Figure 4.11: Time-of-flight mass spectrum for cis and trans mixture 1,2-CoHyBry isomers
after ionization with 25 fs laser pulses at 800 nm with 4x10W /cm? laser intensity.

is evident from the spectrum that the laser intensity is strong enough to doubly and triply
ionize the parent molecule. There are long lived CoHyBry ¥ and CoHyBry v ions that are
detected before further fragmenting into multiple ionic species.A new bond between two Br
atoms can be formed by isomerization process and, as a result Bry ions are generated. It is
an interesting task to compare the Bry formation and study the fragmentation dynamics of
such ”isomerization” channel after inner-shell photoionization with X-rays and strong-field
ionization with laser pulses. However, in this thesis, Br-Br bond formation will not be dis-
cussed in further detail. Fig. 4.12 shows the coincidence PIPICO spectrum taken at the
same conditions as in Fig. 4.11. The observed two-body coincidence channels are labeled
in white and the fragmentation channel from residual gas CHsl in the background is la-
beled in red. All two-body coincidence channels, meaning the molecule breaks into two ionic
species with both ions containing one or two charges, appear as sharp diagonal lines due to
momentum conservation. Fragmentation channels of three or more ions and the channels
containing neutral fragments appear as ”blobs” in PIPICO spectrum. The triple-ion channel,
e.g. CoHS +Brt+Br* that is used in the study for determining isomer structures is selected
from the TRIPICO map shown in Fig. 4.13. It is interesting to note that in strong-field
ionization of 1,2-CyH,Bry, the only observed triple-coincidence channel is CoHy +Brt+Br™,
while in a synchrotron measurement, the inner-shell photoionization lead to the deproto-
nation of the molecule and CoHJ fragment and C;, CoHT fragments were also detected

in coincidence with two Br™ ions. The isotope of bromine with mass 79 amu and 81 amu
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Figure 4.12: Ion-ion coincidence map (PIPICO) for cis and trans mixture 1,2-CoHyBry
isomers after ionization with 25 fs laser pulses at 800 nm with 4x 10 W /cm? laser intensity.

produce three triple-coincidence combinations: CoHi +Br™+"™Br", CoHS +7Brt+8!Br,
CoHi +31Brt+81Brt.

In the next step, the ion momenta are calculated using the measured time of flight and
hit positions of each ion. The momentum sum of all fragments in this triple coincidence
channel peaks at zero due to momentum conservation, see Fig. 4.14. The molecules have
initial momentum before the fragmentation due to the finite temperature and the recoil
momentum from the electrons, thus, total momentum conservation is not fulfilled exactly
and the momentum sums in all three directions appear as sharp peaks with certain width.
The momentum sum of p, component of three ion momentum vectors have the smallest
FWHM of only 2.3 au. The widest momentum sum peak appears in p, component, which is

in the direction of the molecular jet. Momentum sum gates are applied and only the events
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Figure 4.13: Ton-ion-ion coincidence map (PIPIPICO) for cis and trans mixture 1,2-CoHyBry
isomers after ionization with 25 fs laser pulses at 800 nm with 4x 10 W /cm? laser intensity.

fall under the sharp peaks in p,, p, and p, momentum sums are chosen in order to study

the true triple coincidence events.
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Figure 4.14: Momentum sum of p,, p, and p, components in CoHy +3'Brt+3Br* channel.
The experimental data (squares) are fitted with Gaussian (shaded area).

73



Correlation between two Brt momentum vectors is shown in Fig. 4.15. The two angular
peaks correspond to cis and trans geometries of 1,2-CoHsBry. The values of angular peaks
correspond to trans and cis geometry are cosf=-1 and cos#=-0.58. The Coulomb explo-
sion simulation values are shown as arrows. It is apparent that the experimental angular
peaks matches closely with the numerical Coulomb explosion simulation. The area ratio of
gaussian fits for trans and cis isomer peaks are estimated to be 3+0.8 in Fig. 4.15. This
result is different from the trans/cis isomer ratio estimated from the synchrotron measure-
ment:2.04 + 0.07. The reason behind the differences in trans/cis ratios can be directed to
the difference in strong-field ionization cross sections of isomers that is recently discussed
the work of Zigo et al [116]. In order to study the isomer resolved kinetic energies of ions,
angular gates on cos @ spectrum are applied. The kinetic energy distribution of CoHJ and
Br and total kinetic energy release in both isomeric cases are generated from the events

that fall under cos f gates of trans: -1< cosf <-0.9; cis: -0.65< cos <-0.55.
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Figure 4.15: Angle between the Br™ ion momenta in the triple-coincidence channel CoHy +
Br* + Br™. A fit of two Gaussians (shaded areas) to the experimental data (black boxes) is
shown as a red dashed line. The angles expected from a classical Coulomb explosion model
are indicated by arrows.
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As it can be seen from Fig. 4.16 (a,b) that the Coulomb explosion simulation values
overestimates the total kinetic energy distributions. A possible explanation could be that
in the strong-field ionization with 25 fs laser pulses, the presence of the electric field is
long enough for the bonds between atoms to stretch before fragmentation [117, 118]. This
process can possibly happen in the neutral, cationic or di-cationic electronic states. At first,
the system can absorb some photons to reach to a certain state where the C—Br bonds can
stretch to a larger bond length R(C—Br), then the molecule absorbs more photons in the
presence of the laser pulse and reaches the final Coulombic potential curve of CoHyBrg ©.
Finally, the molecule explodes due to the Coulombic repulsion among three ions starting
from a longer bond length than original equilibrium molecular geometry. As a result, the
total kinetic energy released from the system is smaller than the Coulomb explosion model

projection. The schematics of such process is shown in Fig. 4.16 (c).
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Figure 4.16: Kinetic energy distributions of the Br™ and CyHj fragments as well as total
kinetic energy release in the CoHj + Br* + Brt triple-coincidence channel for (a) trans
and (b) cis isomers, as selected by the Brf- Br* angle 6. The results of the Coulomb
explosion model are shown as dashed lines. (c) Schematics of C-Br bond stretching at
different electronic states of CoH5Bry molecule.
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Figure 4.17: Newton diagram of CoHj +Br™+Br" channel after ionization of 1,2-CoHyBrs
with 25 fs laser pulses at 4x10W /cm?.

This is different from the case of inner-shell photoionization discussed in Section 4.2.1,
where the Auger decay processes seem to occur so fast that the molecule can emits all
three electrons and Coulomb explosion process happens before significant distortion of the
molecular geometry occurs. The Newton diagram for CoHy +Br*+Br™ channel is shown
in Fig. 4.17. The momentum distribution is strikingly similar to the result from X-ray
photoionization measurement in Section 4.2.1. The clearly separated momentum structures
of fragments originated from cis and trans isomers are the further proof that the application
of the Coulomb explosion imaging together with strong-field ionization can be used to identify

and separate geometrical isomers.
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4.3 Coulomb Explosion Imaging of cis and trans 1,2-

dichloroethene

4.3.1 X-ray Synchrotron Studies: 1,2-C,H,Cl,

In previous sections, the Coulomb explosion imaging study was conducted on the mixed cis
and trans samples of 1,2-CoHyBry after inner-shell photoionization with X-rays as well as
ionization with strong 800 nm laser pulses. In this section, as an extension of the study
to distinguish geometric isomers as well as to study a pure individual cis or trans sample,
1,2-dichloroethene (1,2-CoH5Cly) isomers are chosen as targets of study. Contrary to 1,2-
dibromoethene, which could not be purchased as isomerically pure sample, pure cis and
trans samples of 1,2-dichloroethene are commercially available from Sigma Aldrich. In this
experiment, a photon energy of 240 eV was chosen in order to photoionize the Cl (2p)
inner-shell in the 1,2-C;H,Cly molecule. The binding energies of the 2s, 2p;, and 2ps/,
levels are 270, 202, 200 eV respectively [115] (Note that the references for the inner-shell
electron binding energies were determined for Cly molecule). Previous experiments on 1,2-
C5H,Cly molecule reported the valence ionization energies of the two isomers are cis: 9.631
eV [89]; trans: 9.658 eV [119]. Using the valence ionization energies and the 2p electron
binding energy, one can roughly estimate the highest Auger electron kinetic energies to
be around Epinging-Erp-Erpofion = 180 €V [120], where Epinging is the binding energy of 2p
core hole and E;p is the approximate energy of the level from which a valence electron
falls down to fill the core hole. The E;p,tion is the binding energy of the valence electron
that is ejected from the ionic system as Auger electron. The photoelectron kinetic energies
are estimated to be Eppoton-Etinding =40 e€V. Since the extraction voltages that need to be
applied on the spectrometer depend on the kinetic energies of electrons that needs to be
focused, this estimation is of great importance to the experiment in setting and optimizing
the spectrometer voltages. In order to capture 180-eV Auger electrons with the coincidence

VMI apparatus, voltages up to 3.3 kV are applied to spectromter plates in order to create
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a strong focusing field to image all electrons in 47 angle. The details of voltage values and
other experimental parameters used in this measurement are shown in Appendix C. The

resulting photo- and Auger-electron spectra for both cis and trans isomers are discussed in

Section 4.3.2 .
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Figure 4.18: Time-of-flight mass spectrum for cis and trans 1,2-CyH5Cly isomers after pho-
toionization with 240 eV X-ray synchrotron beam.

Fig.4.18 shows the ion TOF spectrum for all ions generated after inner-shell photoioniza-
tion of C1(2p) electrons of 1,2-CoH5Cly isomers. TOF spectra of cis and trans measurements
are overlapped on top of each other for comparison. The natural abundance of the two stable
chlorine isotopes are *Cl: 75.6% and 3°Cl: 24.1%. Multiple sharp peaks corresponding to
the parent ion, namely CoH,*>Cly and CoH,37Cl, (x is the number of hydrogen) can be seen
around 5100 ns. It is evident from the TOF spectrum that a bond-recombination takes
place in cis isomer where a new bond forms between two Cl fragments and the ClJ ions
are generated. The fact that in 1,2-CoHyCly, only in cis, after inner-shell photoionization,
one can see the formation of Clj species is, by itself, a separate methodology to identify a
cis geometry from trans in 1,2-CoH5Cly. In this section, the main focus is using the similar

momentum imaging technique described in previous sections to identify geometric structure

of 1,2—C2H2C12.
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Figure 4.19: Angle between the C1™ ion momenta in the triple-coincidence channel CoHy +
Cl* + CIT in (a) trans 1,2-CoH5Cly and (b) cis 1,2-CoHyCly. The angles expected from a
classical Coulomb explosion model are indicated by arrows.

Fig. 4.19 (a,b) shows the momentum correlations between two Cl* ions. The arrows in
the figure point to cosf values that are expected from Coulomb explosion simulation. In
both cis and trans measurements of 1,2-CoH,Cly isomers, the Coulomb explosion simulation
closely match the experimental distribution. The Newton diagrams of two measurements are
shown in Fig. 4.20. In trans measurement, two chlorine ions fly toward opposite directions,
thus the distribution of the second CI* is close to the horizontal axis and separated far from
the unit vector that represents the first CIT. The relative momentum of CoHJ is distributed
around 0 due to the fact that the ion is trapped between two ClIT and gained least momentum
from the breakup. In cis scenario, all three ions fly toward three separate directions with
large angles between them. The kinetic energy distribution of both isomer measurements are
plotted in Fig. 4.21. The coincidence events included in the energy spectra are selected from
a narrow cosine gates (trans:-l1<cosf <-0.9; cis:-0.45<cos <-0.35;) set in Fig. 4.19. The
kinetic energy distributions and the matching Coulomb energy simulation values in dashed

lines further prove that the imaging technique can identify geometrical isomers.
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The momenta of CoHy fragments (upper half) and of one of the CIT fragments

(lower half) are shown in the frame of the momentum of the second CI" fragment, which is
shown as a black horizontal arrow. The momentum vectors of the CoHy fragment and the
first CIT fragment are normalized to the length of momentum vector of the second C17.
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4.3.2 Photo- and Auger-electron spectra of 1,2-C,H,Cl,

As discussed in Section 4.2.2, the advantage of double-sided coincidence VMI in terms of
electron measurement is that one can not only resolve photo- and Auger-electrons that are in
coincidence with corresponding ions, but also resolve electrons that are in coincidence with
a specific ion-ion coincidence channels, for example, the detection of electrons in coincidence
with CyHoClT+Cl1" channel. In this section, the electrons that are in coincidence with
selected ion species as well as two- and three-body ion-ion(-ion) coincidence channels are
demonstrated.

Fig. 4.22 contains rich information about the electrons emitted from the cis isomer of
1,2-CoH5Cly after inner-shell photoionization of Cl 2p electrons. The raw electron position
spectra (a-e) are first generated by setting time gates on the ion TOF spectrum shown in
Fig. 4.18. Then the spectra are symmetrized along horizontal and vertical axis and inverted
using the Onion-Peeling electron inversion technique [77]. The kinetic energy distribution of
electrons that are extracted from the position spectra are shown in (k-o) panels. It is clear
that both CI* and CCI* ions are in coincidence with a 40-eV photo-electron and an Auger-
electron with a 180—190 eV kinetic energy. In panel (m), one can see that the CoH,C1* ions
coincide with not only photo- and Auger-electrons but also with valence-electrons with high
kinetic energy of around 230—240¢eV.

However, when the 1,2-CoH,Cl, molecule breaks into CoHyClT+CI1™ channel, there is no
high energy valence electron appear in coincidence electron spectrum, see Fig. 4.22 (n). Thus,
by combining electron spectra in (m),(k) and (n) panels, one can conclude that in order for
the molecule to break into CoH,CIT+CI™ channel, a 2p inner-shell electron together with
an Auger-electron are emitted from the system. However, for the molecule to fragment into
CoH,CI*+CI channel, only a valence ion is ejected after absorbtion of an X-ray photon. The
electrons coincide with the triple-ionization channel: CoHf +CIT+Cl1™ are shown in the last
panel of Fig.4.22. The three electrons emitted from the system during the fragmentation
are (1) the photo-electron ejected from 2p inner-shell, (2) a high energy Auger-electron

(~180eV) and (3) a low energy Auger-electron (10eV). The coincidence electron spectra
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of trans isomers are given in Fig. 4.23. Overall, there is no significant difference between

coincidence electron energy distributions of cis and trans isomers.
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Figure 4.22: Position spectrum of coincidence electrons after gating on (a) Cl*; (b) CCl*;
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spectrum for (a-e) by using Onion Peeling inversion algorithm; (k-0) Extracted kinetic energy
distribution of coincidence electrons shown in (a-e) after photoionization of the cis CoHyCly
molecule with a 240-eV X-ray photon.
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4.3.3 Strong-Field Laser Studies: 1,2-C,H,Cl,

Similar to the goals of strong-field Coulomb explosion imaging studies of 1,2-dibromoethene,
cts and trans mixed samples described in Section 4.2.3, the focus in the current section is
to investigate the strong-field laser ionization of cis and trans 1,2-dichloroethene, specifi-
cally, to test the feasibility of Coulomb explosion imaging method to identify cis and trans
samples after valence ionization with strong femtosecond laser pulses. This experiment
was also conducted using COLTRIMS apparatus. In previous measurements, Yatsuhashi
et al [109] reported the strikingly different Coulomb explosion behavior for cis and trans
1,2-dichloroethene using 40 fs laser pulses with 800 nm wavelength. The authors used time-
of-flight mass spectrometer to measure individual ion yields at different laser polarization
angle and found out a drastic difference between angular distributions of H*, CI*, C* in
cis and trans samples. Another detailed study [121] of the dissociative photoionization of
cis/trans 1,2-CoH,Cly and 1,1-CyHCly using VUV synchrotron radiation measured the ion
yield dependence on incident VUV photon energy. The ion yield scan of the dichlorothene
isomers combined with ab initio calculations provides rich information for the valence ion-

ization dynamics of the molecule.
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Figure 4.24: Time-of-flight mass spectrum for cis and trans 1,2-CoHyCly isomers after ion-
ization with 25 fs laser pulses at 800 nm with laser intensities at ~1x10"W /cm? for mea-
surement in (a) and ~5x10W /cm? for measurement in (b).
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In this work, ion momentum imaging technique is applied to study the strong-field frag-
mentation dynamics of 1,2-dichlorothene isomers, specifically to identify isomer structures
with Coulomb explosion imaging. Fig. 4.24 (a,b) show the ion time-of-flight mass spectra of
cis and trans 1,2-CoH,Cly isomers after ionization with 25 fs transform limited laser pulses
with 10kHz repetition rate. The laser intensities are cis: (a) ~1x10W /cm?; trans: (b)
~5x10"W /cm?. The reason for the choice of different intensities for two isomers is merely
due to the selection of available data sets with the highest statistics for analysis. From the
TOF spectrum, one can see that the Cly and CClJ ions that are generated through a bond-
recombination reaction in which a new CI-Cl bond forms after the laser molecule interaction
is only present in cis isomers. Similar to the previous sections, correlation angle 6 between
momentum vectors of two CI* ions are given in (a,b) of Fig. 4.25. It is evident from the
figure that the angular peaks for both cis and trans isomers are similar to the results from
X-ray synchrotron measurements described in Section 4.3.1. However the width of the angu-
lar distribution is narrower when compared to the synchrotron measurement shown in 4.19.
This can be caused by two reasons, the first one is the possibility of the bond-stretching and
bending modes of the molecule are different in two processes and strong-field ionization of
the molecule result in less spread in angular distribution. The second reason is the poorer
ion momentum resolution of the CoH,Cly synchrotron data as compared to the strong-field
measurement as well as synchrotron measurements of CoHyBrs. The relatively poor resolu-
tion is due to the need to focus high energy Auger-electrons produced by photoionization
of Cl(2p) and thus applying high focusing electric field for electrons and ions. The arrows
representing the Coulomb explosion model simulation closely match the experimental val-
ues. It is worthwhile to note that in Fig. 4.25 (a) there is a small peak at cosf = —1. There
can be two possible reasons for a peak at cosf = —1, one could be due to the impurity of
the cis chemical sample (Sigma Adrich cis 1,2-CoHCly: 96% ) and contamination of small
amount of trans isomers in the chemical sample and the second reason can be cis to trans
isomerization process that lead to the geometric change in molecular structure. In order
to see the relative momentum distribution among ions, Newton diagrams for both isomers

are presented in Fig. 4.26. The cartoons that represent geometries of cis and trans isomers
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are embedded in Newton diagrams to help visualize the fragmentation pattern. The kinetic
energy distribution for both cis and trans isomers are plotted in Fig. 4.27 and the Coulomb

explosion simulation values are plotted in dash lines.

200 ———r———r———r —————— 1000 . . . . . . :
(@) ! g 0 (b) |
{ 800 F < 4
@ 1600 Fg 4
5100} 4
(o]
© PP S 1 400 :.>i 4
§FWHM:O.174 FWHM:0.1
: B .
{ 200 | 4
E [ ]
iii EE 5 ] L "
F L i.;i¥i!- L., e, 0 " - .I. "um LN T T e T ey Sy S
1.0 05 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
coséd cosfd

Figure 4.25: Angle between the C1™ ion momenta in the triple-coincidence channel CoHy +
Cl" + CI" in (a) cis 1,2-CoHCly and (b) trans 1,2-CoHoCly. Fit of Gaussian (shaded areas)
to the experimental data (black boxes) are given for both isomers. The angles expected from
a classical Coulomb explosion model are indicated by arrows.
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Figure 4.26: Newton plot of the CoHy + C1T + CI7 triple-coincidence channel after inner-
shell photoionization of Cl 2p in 1,2-CyH,Cl, isomers. The momenta of CoHy fragments
(upper half) and one of the Cl" fragments (lower half) are shown in the frame of the mo-
mentum of the second CIT fragment, which is shown as a black horizontal arrow. The
momentum vectors of the CoHy fragment and the first C1™ fragment are normalized to the
length of momentum vector of the second CI7. The contributions corresponding to the cis
and trans isomers are indicated.
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(b) cis isomers. The results of the Coulomb explosion model are shown as dashed lines.
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4.3.4 Conclusion

Driven by the availability of intense, short-pulse XUV- and soft X-ray sources such as free-
electron lasers and high-order harmonic sources, there is a high current interest in developing
schemes to directly image molecular structure during ultrafast photochemical reactions. The
coincidence Coulomb explosion imaging technique is a promising candidate in this respect,
and was used already in a number of time-resolved experiments studying, e.g., the isomer-
ization between acetylene and vinylidene [100-104].

In this study, it is shown that both (single-photon) soft X-ray inner-shell photoionization
and strong-field laser induced ionization can be used to distinguish geometric isomers and
determine their isomer ratio. In particular, the experimental results demonstrate that the
Coulomb explosion of 1,2-dibromoethene into CoHy + Br* + Br* and the Coulomb explosion
of 1,2-dichloroethene into CoH3 + CIT + CIT can be used as a probe for the initial geometric
structure of the molecule, enabling us to experimentally distinguish the cis and trans isomers
and to measure the isomer-specific ionization and fragmentation dynamics. While some
isomers can be easily separated due to their different physical properties, others cannot be
easily prepared as pure samples, e.g. in cases where they can interconvert between different
structures at room temperature. The coincidence Coulomb explosion imaging method allows
studying isomer-specific properties also in the latter case.

Furthermore, in the X-ray inner-shell photoionization studies, position spectra of over-
lapping photo- and Auger-electrons as well as valence-electrons emitted from the system are
disentangled by selecting coincidence ions in TOF spectrum and ionic channels in PIPICO
and TRIPICO spectra. Electron spectra of CoHsBrsy isomers show that the binding energy
of Br 3d electrons in the molecule is 79eV, and during the inner-shell photoionization, a
group of different Auger electrons of which the energy is centered around 41-eV are emitted
from the system. In triple ionization channel CoH™+Br™+Br*, additional Auger-electron
with <20eV kinetic energy is emitted. In inner-shell photoionization of CoHsCly cis, trans
isomers, no significant difference in photoelectron spectra were found. The system emits

230-eV Auger-electrons after photoionization of a Cl 2p shell electrons. In triple ionization
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of the molecule, an Auger cascade process result in the emission of one 230-eV and another

low energy ( 10eV) Auger electrons.
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Chapter 5

X-ray and Laser-Induced
Fragmentation of 2,6- and

3,5-Difluoroiodobenze

5.1 Introduction

The fragmentation or Coulomb explosion of polyatomic molecules after VUV or X-ray
photoionization [22, 23, 34, 102, 104, 122], strong-field ionization in intense laser fields
(33, 100, 101, 123-125], or electron and ion impact ionization [73, 126-130] has been investi-
gated extensively in order to understand the dynamics of the ionization and fragmentation
processes as well as to study the link between the fragmentation pattern and the geometric
structure of the molecules. Early experiments were mostly performed using ion time-of-
flight mass spectrometry techniques such as ion-ion coincidence spectroscopy [112, 131-133].
Later, the development of ion imaging techniques [12, 18, 134] and, in particular, coincident
ion momentum imaging [52-54] has significantly increased the amount of information that
can be extracted from such fragmentation studies. Recently, several studies have focused
on the identification of molecular isomers, i.e. molecules with the same chemical formula

but different geometric structures, from the fragmentation patterns. For example, it was
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demonstrated that it is possible to separate two enantiomers in a racemic mixture of small
chiral molecules by measuring five-fold ion coincidences after strong-field ionization [33, 34] or
beam-foil induced Coulomb explosion [108], while three-fold ion coincidences after inner-shell
photoionization were used to identify the cis and trans geometric isomers of dibromoethene
[35], as also discussed in Chapter 4.

In this chapter, an experimental study of the fragmentation dynamics of structural iso-
mers, 2,6- and 3,5-difluoroiodobenzene (CgH3F,I; DFIB;) after I (4d) inner-shell photoion-
ization with X-ray synchrotron beams using coincident electron and ion momentum imaging
in a double-sided VMI system is reported. As part of the study, ultrafast strong-field laser
ionization of both isomers is studied using a COLTRIMS setup. The study aims at extend-
ing the coincidence momentum imaging investigations to larger and more complex molecules
and, in particular, at determining if, for such complex molecules, (i) if it is still possible to
distinguish the geometric structures of different isomers via coincident momentum imaging,
and (27) if the fragmentation can still be described by a simple, classical Coulomb explosion
model. The choice of the particular molecules was motivated by previous work on laser align-
ment of difluoroiodobenzene molecules [135-139], where both strong-field and X-ray photon
induced Coulomb explosion were used to diagnose the degree of one- and three-dimensional
molecular alignment. Since those measurements showed very distinct angular distributions
of the F* fragments, it is interesting to investigate if a coincident momentum imaging exper-
iment that can determine the angle between the It and F* fragment ion momenta would be
able to separate the different isomers in a similar way as our previous study on dibromoethene
reported in Chapter 4.

The two isomers indeed show characteristically different ion momentum correlations and
fragmentation patterns that can be linked to the geometric structure of the molecules and
that can still be described adequately in terms of a classical Coulomb explosion. However, the
comparison of the experimental data with the Coulomb explosion simulations also reveals
some distinct differences that may be the result of ultrafast charge separation across the
benzene ring as well as of a sequential breakup of the triply charged cation on a time scale

of several hundred femtoseconds, which seems to occur only in the 2,6-DFIB isomer. Other
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many-body fragmentation channels show clear evidence of sequential fragmentation on a

time scale larger than the rotation period of the fragments.

5.2 Soft X-ray induced fragmentation of 2,6- and 3,5-

DFIB

As described in Chapter 1, the emission of an inner-shell photoelectron is often followed by
the emission of one or multiple Auger electrons and the subsequent breaking of chemical
bonds, which causes the molecule to fragment. The positively charged molecule fragments
into ionic and/or neutral species. The process of fragmentation after photoionization can be
simultaneous (concerted), where the molecule breaks simultaneously into multiple fragments,
or sequential, where for example, one chemical bond of the molecule breaks first, generating
two fragments, and after some delay, the second step fragmentation happens where another
chemical bond breaks, causing the molecule to break into even smaller ions or neutrals [73,
140].

Previously, X-ray photoelectron spectroscopic studies of gas-phase iodine containing
molecules are widely investigated. Lindle et al [141] and Holland et al [142] measured the
photoemission of the 4d and 4p subshells in methyliodine and Cutler et al [143] measured
I (4d) photoelectron spectra for iodine containing molecules. Recently, Mertens et al [144]
studied the fragmentation patterns of CHsl; and CHsl molecules following a multiphoton
excitation in the vicinity of 4d giant resonance regime. In this study, 4d inner-shell elec-
trons of iodine atom in DFIB molecule is targeted with 107 eV photons provided by the ALS
synchrotron beam in order to photoionize and fragment the molecule. Photoionization will
result in breaking the DFIB molecule into two, three or multiple ionic and neutral fragments.
In this experimental work, only the ionic fragments are detected with the double-sided VMI
spectrometer that is described in Chapter 3.

Fig. 5.1 (a) shows the ion TOF mass spectra of 2,6- and 3,5-DFIB, and the normalized

difference of TOF spectra recorded at 107eV photon energy is shown in (b). In order to

92



see the spread in position of each ion on the detector, the horizontal position of ion hits on
the detector is plotted as a function of TOF, Fig. 5.2. Both CgH3F,I" and CgH3FoI™* ions
appear as small hot spots at the center of the detector due to the negligible recoil momentum

gained by ejection of one and two electrons.
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Figure 5.1: (a) lon time-of-flight mass spectra generated by photoionization of 2,6- and 3,5-
DFIB at 107 eV photon energy. Peaks from residual gas are labeled in red. (b) Normalized
difference between the two ion mass spectra.

With 107eV photon energy, which is approximately 50 eV above the I (4d) ionization
threshold but below the iodine 4p ionization threshold in DFIB, a single photon can ionize
any of the molecular valence and inner-valence shells as well as the iodine 4d shell. While
valence ionization predominantly leads to singly charged final states that either remain bound
or fragment into one ionic and one or several neutral fragments, emission of an I (4d) inner-
shell photoelectron is typically followed by rapid Auger decay processes that will put the
molecule into doubly or triply charged cationic states. As a reference, the typical Auger
lifetimes of a 4d-ionized Xe atom, which is electronically similar to iodine, are 6 fs for the
first Auger decay and 23 fs for the second Auger step [145]. It is reasonable to expect these
values to be a good order of magnitude estimate of the lifetimes of the dominant atomic-like
Auger channels in DFIB molecule.

After Auger decay processes, the di-cationic and tri-cationic states in DFIB generally
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Figure 5.2: Time-of-flight vs. the position distribution of all ions after photoionization of
(a) 2,6- and (b) 3,5-DFIB at 107 eV photon energy.

fragment into two or three charged fragments that are emitted with relatively high kinetic
energies due to the Coulomb repulsion of the positive charges (hence, this process is referred
to as a Coulomb explosion). Additionally, further neutral fragments may be produced,
which are not detected in this experiment. The coincidence fragmentation channels can be
represented in a PIPICO map, as shown in Fig. 5.3, where the ion-ion coincidence channel
yields are shown as a function of the time of flight of the first and second detected ions.
The PIPICO maps for both isomers show that the molecule can break up in a large number
of different channels, producing almost every charged fragment that is stoichiometrically
possible. In particular, narrow diagonal peaks in the PIPICO map correspond to two-
body fragmentation channel or channels where the remaining fragment(s) carry negligible

momentum, while broader features correspond to breakup into three or more heavy and
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energetic fragments. If the molecules breaks up into three ionic fragments, one can construct
a PIPIPICO map, as shown in Fig. 5.4, where the ion yield is plotted as a function of
the time of flight of one of the fragments and the sum of the time of flight of the other
two fragments that were detected in coincidence. Again, narrow peaks correspond to events,
where the momenta of the three ionic fragments add to zero, while broader features represent
the molecule break up into more than three species or one of the constituent in the breakup
channel is neutral.

While the ion TOF mass spectra and PIPICO/PIPIPICO maps of 2,6- and 3,5-DFIB look
rather similar at first sight, some differences, especially in the yield of F*, CoHj and fluorine
containing fragments such as CoHF™, as well as of heavy fluorine and iodine containing
fragments, such as IF™ and CoFIt are visible upon closer inspection. This can also be seen
in Fig. 5.1 (b), where the normalized difference between the ion time-of-flight mass spectra
of 2,6- and 3,5-DFIB is shown. The generation of F* ions from both 2,6 and 3,5-DFIB is
very rare due to the large electronegativity of fluorine, as can be seen from Fig. 5.1 (a), but
it is higher in 3,5-DFIB than in 2,6-DFIB. Many of the other differences in the fragment ion
yield can be explained when considering the geometry of the molecule, which favors certain
fragments in one isomer as compared to the other. This is particularly evident for the CoFI*
fragment, which is only formed from 2,6-DFIB, since a CoFI group does not exist in the 3,5-
DFIB molecule. In this context, it is interesting to point out the IF* fragment, which is only
produced from 2,6-DFIB. Formation of this fragment requires the breaking of two bonds,
C—F and C—I, and the formation of a new bond between the iodine and fluorine atoms.
As one may intuitively expect, this bond formation only occurs in 2,6-DFIB, where iodine
and fluorine are bound to neighboring carbons. The following will focus on the discussion of
the kinetic energies and momentum correlations observed in particular coincidence channels,
and on the conclusions about the fragmentation dynamics that can be drawn from this

information.
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5.2.1 CgH3F>t + I and C¢H3F>tt + IT two-body fragmentation
channels

As briefly mentioned in Section 5.2, the conceptually easiest fragmentation channels are
”complete” two-body fragmentation, where the molecule breaks into two charged fragments,
which, when combined, contain all atoms that were in the original molecule. In these cases,
the two fragments are emitted strictly back-to-back due to momentum conservation, and they
share all of the available Coulomb energy. The strongest two-body fragmentation channel of
this type is the CgH3Fy™ + I channel, which is predominantly produced by I (4d) inner-shell
ionization followed by ultrafast Auger decay, as proven by the electron spectrum measured
in coincidence with this fragmentation channel, which is shown in Fig. 5.5 (¢). The I (4d)
photoelectrons have a kinetic energy of 50 eV, while a distinct Auger peak appears at 29
eV, which is similar to the energy of the most energetic Auger lines observed after I (4d)
ionization of CH3l [141, 142]. Note that there is also a smaller peak between 70 and 80 eV
kinetic energy that is attributed to valence double ionization process, which also produces a
doubly charged final state that can fragment into CgHsFo* + I7.

The electron spectrum for the triply charged CgHsFo™™+I7 final state shown in Fig. 5.5
(d) also contains the T (4d) photoelectron peak, but instead of the Auger peak at 29 eV, the
spectrum contains a broader Auger feature with a maximum slightly above 10 eV, which
is reminiscent of the lower-energetic Auger group observed in CH3I [141]. Although the
electron spectra are only shown for one photon energy, we have recorded the spectra at
other photon energies to confirm that the photoelectrons indeed change their kinetic energy,
while the Auger electrons remain at a fixed kinetic energy, as expected.

The kinetic energy distributions of the CgHzFo* and the It fragments in the CgHsFo™
+ I* coincidence channel as well as the total kinetic energy release (KER) for 2,6-DFIB and
3,5-DFIB are shown in Fig. 5.6 (a,b), respectively. In both isomers, the KER is peaked at ~
3.1 eV, with each fragment carrying about half of the energy since they have almost the same
mass (the peaks of the experimental kinetic energy distributions are at 1.65 eV for C¢H3Fo™

and 1.45 eV for I7). Assuming that the two charged fragments can be approximated as
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Figure 5.5: Electron image and kinetic energy spectrum measured in coincidence with the
CeH3sFom+17 (a,c) and CgHsFo™t+IT (b,d) channels in 2,6-DFIB; (a,b): Raw (right) and
inverted (left) electron image. (c,d) Electron kinetic energy spectrum.

point charges and that the molecule breaks up on a purely Coulombic potential energy curve
after both charges are created, Coulomb explosion energies can be calculated for different
locations of the two charges, as described in Cahpter 3. The dashed lines in Fig. 5.6 show the
value of this Coulomb energy if one of the two charges is localized on the iodine fragment,
while the other one is located at three different positions on the phenyl ring: (A) on the
carbon atom furthest away to the iodine (corresponding to a distance between the charges
of 4.91A), (B) at the center of the ring (corresponding to a distance of 3.52A), and (C)
on the carbon atom closest to the iodine (corresponding to a distance of 2.12A). Case (A)
agrees almost perfectly with the maximum of the measured KER distribution, case (B) lies

in the high energy ”shoulder” of the KER distribution, while case (C) clearly overestimates
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the energy significantly. From this, we conclude that either (i) the fragmentation does not
occur along a Coulombic potential curve and a significant fraction of the Coulomb energy is
transformed into internal energy, e.g. in electronic, vibrational or rotational excitations; (ii)
the C—I bond has stretched significantly before the second charge was created; or (iii) the

second charge has localized at the far end of the phenyl ring before the Coulomb explosion

occured.
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Figure 5.6: Kinetic energy release (black squares) of the CgHzFo™+17 two-body fragmenta-
tion channel for 2,6-DFIB (top) and 3,5-DFIB (bottom) along with the kinetic energies of

the CgH3F2" (red) and It (blue) fragments. The simulated fragment ion kinetic energies in
case A are 1.38 ¢V for It and 1.54 eV for C¢gHsF,™.

Since one cannot distinguish between these possibilities without detailed quantum chem-
istry calculations, another two-body fragmentation channel can be used to provide further
information. Fig. 5.6 (c,d) show the measured fragment ion kinetic energy distributions and
KER for the C¢gH3F,™+ + I channel in both 2,6- and 3,5-DFIB, compared to the calculated
Coulomb energies for two of the three scenarios described above (the dashed line for scenario

c is outside of the range of the plot and is therefore not shown). Again, the situation where

100



both charges on the CgH3sFy** fragment are located at the far end of the phenyl ring gives
almost perfect agreement with the experimental data. Since it is unlikely that the amount
of internal energy in the molecular fragment, which would have to be 6 eV to explain the
difference, would have increased so drastically in this case as compared to the doubly charged
fragmentation channel, so it can be concluded that ultrafast charge localization is the most
likely scenario: After photoionization removes an I (4d) electron, the inner-shell vacancy in
the iodine atom is filled by a valence or inner-valence electron via an Auger process that ejects
a second and sometimes a third valence electron. This leaves the system with two or three
holes in the valence shell. Charge migration along the phenyl ring, driven by the Coulomb
repulsion between the holes, could lead to a situation where the holes localize at opposite
ends of the molecule before the molecule fragments. Similar ultrafast charge migration after
inner-shell ionization of a benzene compound was recently suggest in a theoretical study of
nitrosobenzene molecules [146]. In that study, the authors investigated charge migration in
the valence shell that is driven solely by electron correlation and electron relaxation. The
phenomenon is termed charge migration to underline the difference from standard electron
and hole transfer, which is driven by nuclear motion [147, 148] and is consequently much
slower, in general. The calculations show that in core-ionized nitrosobenzene, charge migra-
tion occurs within slightly less than 1 femtosecond and, in particular, even faster than the
Auger decay. In the present experimental data, there is no direct evidence for such a charge
migration effect in DFIB nor can one draw any conclusions about the quantum mechanical
origin of the possible charge migration or about its time scale, but it has to be noted that
such effect could explain the experimentally observed fragment energies.

The differences in the yield of F* ions and fluorine-containing fragments seen in Fig. 5.1
(a) and the ratio between F* and I™ fragments presented in Fig. 5.7 may further support
this hypothesis: If charge migration leads to a positive charge at the end of the ring opposite
to the iodine, i.e. close to the fluorine atoms in 3,5-DFIB, a lack of electrons in the vicinity of
the fluorine might make it more likely to produce F* ions and fluorine containing fragments
than in the case of 2,6-DFIB, where the positive charge on the benzene ring is further away

from the fluorine atoms.
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Figure 5.7: Ratio of yields for F* and I* in 3,5-DFIB (red), 2,6-DFIB(black).

5.2.2 Sequential breaking of C-I and C-C bonds

While the majority of DFIB molecules are in a doubly ionized final state after I (4d) inner-
shell ionization and subsequent Auger decay, a significant fraction of the molecules end up in
a triply charged final state, as demonstrated by Fig. 5.4. This can happen via direct double
ionization, most likely via a shake-off process [142], in the first ionization step followed by
a single Auger process, or via emission of a single photoelectron followed by emission of two
Auger electrons, either simultaneously (double-Auger) or sequentially (Auger cascade) [42,
149]. For the triply charged C¢HsFo*tT+I* final state, the electron spectrum in Fig. 5.5 (d)
clearly shows that this state is reached via single photoelectron emission in the first step, since
direct double photoionization would not yield a well-defined photoline at 50 eV kinetic energy.
This first step is followed, most likely, by a sequential Auger cascade, since ”double-Auger”
emission would also produce a more continuous electron kinetic energy distribution than what
is observed here [42]. The triply charged DFIB parent ion is not stable, thus it decays after the
Auger processes into two or three charged fragments and, possibly, further neutral fragments.
As the triple-ion coincidence maps in Fig. 5.3 show, the strongest contributions among the
channels with three ionic fragments are those fragmentation channels where an I* ion and two

fragments from the benzene ring are produced. Here, three triple ion coincidence channels,

namely CF*+CsH3F*+17, CoHF T+ C,HF T +17, C3HFT+C3HoFT+17 are discussed.
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Figure 5.8: (a,b) Kinetic energy distribution of CF* and CsH3F* ions in CFT4+CsHgF++1*
channel with respect to IT kinetic energy. (c) Kinetic energy distribution of CE*+ vs. CsH3F™*
ions in 2,6-DFIB measurement.

After obtaining the three dimensional momenta of all ionic fragments in these coincidence
channels, individual ion kinetic energies can be calculated. The distribution of an ion’s
kinetic energy with respect to the other ions in the CF*+CsH3F™+I" channel from 2,6-
DFIB measurement is shown in Fig. 5.8. The similar energy spectra for the other two
coincidence channels are not shown due to the similarity of such energy distribution in all
three channels. The kinetic energies of I* vs. CFT and CsH3F ' as well as CF* vs CsHzF*
fragments in Fig. 5.8 (a,b,c) as well as individual kinetic energies in Fig. 5.9 show that )
[* kinetic energy distribution is very narrow (FWHM: 1.25eV) and i) its value stays as
constant with respect to the broad kinetic energy distributions of both CF* and CsH3F™.
iii) In Fig. 5.8 (c), the diagonal distribution of two ion energies indicate that the sum
of those kinetic energies, namely CF* and CsH3F*' appears to be constant. For all three
fragmentation channels, the kinetic energy distributions are similar in both isomers, 2,6- and
3,5-DFIB, see Fig. 5.9. Furthermore, it is interesting to note that the narrow kinetic energy
distributions of the iodine ions are almost identical to those in CgHsFy™T+I1 two-body

Coulomb explosion channel.
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Figure 5.9: Kinetic energies of individual ionic fragments and total kinetic energy release
from channels, respectively, CFT+CsH3FT+1", CoHF*+C,HFt 417, C3HF T +C3HoFt+17;
a,b,c) 2,6-DFIB; d,e,f) 3,5-DFIB;
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Figure 5.10: Newton diagrams of three coincidence channels where 17 is a unit vec-
tor (black arrow) and two other ionic fragment momenta are plotted respectively on up-
per and lower panels;, respectively for channels, CF*+CsH3FT+11, CoHFT+C,HF 41,
CsHE+t+C3HoFT+17; a,b,c) 2,6-DFIB; d,e,f) 3,5-DFIB.

In order to gain further insight into the fragmentation mechanism leading to these three-
body channels, Newton plots are shown in Fig. 5.10, where the momenta of the two carbon-
containing fragments are plotted with respect to the momentum of the iodine ion, which
is represented by a black arrow. The curved, semi-circular structures that appear in these

Newton plots are a strong indication for a sequential fragmentation [73, 114, 128, 130, 150
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153], with a delay between the breaking of the C—I bond and the subsequent breaking of the
C—C bonds longer than the rotational period of the C¢gH3F5*™ fragment, which is on the
order of 100 ps in the rotational ground state. Thus, a hypothesize about the process leading
to these three-body channels proceeds as follows: Inner-shell photoionization followed by
emission of two Auger electrons leave the molecule in a triply charged state, which undergoes
Coulomb explosion into CgHzFo™T+I17, leading to a singly charged iodine ion with about
3 eV final kinetic energy and a metastable CgH3zFo™ " di-cation with about 3.5 eV kinetic
energy, both repelled in opposite directions. The sequential fragmentation mechanism can
also be revealed in Dalitz plots [73]. Fig. 5.11 demonstrates the Dalitz plot, the energy
sharing, of three ions in CF*4+Cs;H3F™+I" channel. The diagonal distribution inside the
circle of the Dalitz plot represents the sequential nature of the fragmentation. The other

two sequential triple fragmentation channels have similar Dalitz plot distribution.
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Figure 5.11: Dalitz plot for CFT+CsH3F*+I* channel in 3,5-DFIB measurement.

As illustrated in the cartoon shown in Fig. 5.12, after a delay longer than its rotational
period, the metastable CgH3Fo™ " di-cation breaks up into two singly charged fragments,
each containing a fluorine atom and different numbers of carbon atoms. The rotation of the
CegH3Fo ™ di-cation around its center of mass before the second fragmentation step results

in an isotropically distributed angle between the iodine ion momentum and the momenta of
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step 1 step 2

Figure 5.12: Schematics of sequential fragmentation for 2,6-DFIB

the other two fragments, which leads to the distinct semi-circular structures in the Newton
plots. Moreover, from the narrow I™ kinetic energy distribution that is independent of the
kinetic energies of ions generated in the second fragmentation step, it can be concluded that
the distance between the C4HsFs™* di-cation and the iodine ion at the time of the second
fragmentation is large enough that the Coulomb force between the two is negligible. Under
this assumption, one can retrieve the kinetics of the second-step fragmentation by subtracting
the center-of-mass velocity of the CgH3Fot™ di-cation, which can be calculated from the
measured [T momentum because of momentum conservation, from each of the other fragment
velocities, thus retrieving the kinetic energy spectrum of the second Coulomb explosion step,
which is shown in Fig. 5.13. The momenta used in the second step fragmentation is in the
center of mass frame of the metastable di-cation CgHzFy*™* and the momentum of CF* and

CsHsF* in this frame can be shown as:

- = Mcp+ =
cp+ = Popr — p 5.1
CF+ CF+ Mors + Monrs I+ (5.1)
= = Mg, p+ =
sty P+ = Pogmgpt — BV Pr+. (5.2)

MCF+ + MC5H3F+
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where, Pop+ and Py, p+ are the momentum of respective fragments in total center of mass

frame, e.g. laboratory frame.
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Figure 5.13: Kinetic energies of individual fragments and total kinetic energy release for the
second step Coulomb explosion

The classical model simulation, shown as dashed lines in Fig. 5.13, are in good agree-
ment with the experimental data, suggesting that the second-step decay also occurs along
Coulombic potential curves. To obtain the best match with the experimental kinetic ener-
gies, in Coulomb explosion simulation of the second step, two charges are placed on the two
edge of the remaining system, one on the fluorine atom and the other one on the carbon
atom that is furthest away from the fluorine atom. This yields very good agreement in the
two asymmetric fragmentation channels but overestimates the kinetic energies in the sym-
metric CsHF*4+C3HoFt 41" fragmentation, suggesting an intermediate geometry where the

two charges are even further apart in that case, possibly due to a deformed geometry of the
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metastable di-cation.

5.2.3 Identification of molecular isomers via fragment-ion momen-
tum correlations in three-body fragmentation channels

In Chapter 4, it is shown that the momentum correlations in certain three-body fragmenta-
tion channels can be used to identify geometric isomers by determining the angle between
the momentum vectors of the two Br™ ions that are emitted in coincidence with a CoHy
fragment. For DFIB molecule, one might expect that the angle between It and F* frag-
ments could be used to distinguish between 2,6- and 3,5-DFIB, if the fragmentation occurs
fast enough to preserve the angular correlation between these two fragments. First, the
section will concentrate on the F* + CgHF' + I fragmentation channel, in which all the
heavy atoms are accounted for in the ionic fragments, and only two hydrogen atoms are
missing. The missing hydrogens were most likely emitted as neutrals since the momentum
sum of the three ionic fragments is very narrow around zero (FWHM==+7.5 a.u). Fig. 5.14
shows the Newton plots for this fragmentation channel in both 2,6- and 3,5-DFIB. The first
observation from these Newton plots, where the momenta of two fragments (F* and CgHF*)
are plotted in the frame of the momentum of the third fragment (I7), is the appearance of
well-defined peaks rather than smeared out circular structures, suggesting that both bond
breaks between the charged fragments occur on a time scale faster than a molecular rotation.
Furthermore, there is a clear difference in the fragmentation patterns of the two isomers, with
smaller relative momenta of the F* and CgHF* fragments in the case of 3,5-DFIB and a
larger angle between 1T and F* fragments as compared to 2,6-DFIB. The difference in the
fragmentation patterns for the two isomers is also very apparent in Fig. 5.15, where the KER
and the fragment ion kinetic energies for this channel are shown for both isomers, along with
the angle 6 between the momentum vectors of the F*, It and CgHF* fragments detected
in coincidence. The KER and F* kinetic energies are rather similar in 2,6- and 3,5-DFIB,
with the main difference being a lower It and higher C¢gHF* kinetic energy in 2,6-DFIB in

comparison to 3,5-DFIB, where both fragments have almost identical kinetic energies. The
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angles show large differences between the two isomers, with the angle between F™ and I*
fragments peaking at &~ 84° (cos 6 = 0.1) for 2,6-DFIB in contrast to 120° (cos § = —0.6)
for 3,5-DFIB.

Z ' ! ' ! ' ! ' ' ! ' ! ) !

momentum [arb. unit]

momentum [arb. unit] momentum [arb. unit]

Figure 5.14: Newton plots of the F* + CgHF T + I fragmentation channel for (a) 2,6-DFIB
and (b) 3,5-DFIB. The momentum vectors of F* and C¢HF " are normalized to the size of
the momentum vector of I'*.

While these plots show that the momentum correlation between the F* and I fragments
can indeed be used to separate and identify the two isomers, the experimentally observed
angles are surprising for 2,6-DFIB, where one may have naively expected a smaller angle
between F™ and I since the angle between the F and I atoms in the equilibrium geometry
of the neutral 2,6-DFIB molecule is 61°. The Coulomb explosion simulation for the three-
body fragmentation shows that this naive expectation is not justified, since the charged
fragments repel each other in a way that the angles between the detected ion momenta are
not necessarily equal or even close to the bond angles in the molecule. While the Coulomb
explosion simulations, shown as dashed lines in Fig. 5.15, are in good agreement with the
experimentally observed kinetic energies and angles in 3,5-DFIB, they do not reproduce the
observed angles for 2,6-DFIB. In this simulation, one charge is placed at the position of the
iodine atom, the second at the position of the fluorine atom, and the third one in the center of
the ring. Both the C—I and the C—F bond are assumed to break simultaneously, a scenario

commonly referred to as concerted fragmentation. For 2,6-DFIB, concerted fragmentation
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Figure 5.15: Total kinetic energy release, kinetic energies of the individual ionic fragments,
and angle 6 between the momentum vectors of the F*, 7, and CgHF ' fragments for the
F* 4+ C¢HF" + I* fragmentation channel in 2,6-DFIB (top) and 3,5-DFIB (bottom). The
kinetic energies and angles obtained from a classical Coulomb explosion simulation are shown
as dashed lines.

for any charge configuration yields angles between the fragments that do not match the
experimentally determined angles. Various other possible positions of the charge on the
CgHEF* were also simulated but none of them could reproduce the experimentally observed
energies and/or angles. In particular, they all yield too large of an angle between the F*
and 1T fragments. Interestingly, for some charge configurations, concerted fragmentation
of 2,6-DFIB can even lead to F*-I" angles that are very similar to those observed in 3,5-
DFIB, suggesting that the seemingly "obvious” link between the molecular geometry and the
fragment angle correlations should be considered with caution and on a case-by-case basis,
rather than as a general rule.

A mechanism that could lead to a smaller angle between Ft and I fragments would be a
step-wise ionization and/or fragmentation, where the I-C bond is broken first, e.g. after the
first Auger decay, and the remaining C¢H,F5* remains in an excited state that decays, via a

second Auger decay, after a few hundred femtoseconds, when the distance to the iodine has
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already increased considerably due to the first Coulomb explosion step. A further indication
for such a delay of the second-step Auger decay is the kinetic energy of the I fragment,
which is significantly lower than any concerted fragmentation scenario would allow. One
scenario that would lead to a smaller angle between F™ and I* fragments would be a step-wise
ionization and/or fragmentation, where the I-C bond is broken first, e.g. after the first Auger
decay, and the the remaining C¢H,F5* remains in an excited state that decays, via a second
Auger decay, after a few hundred femtoseconds, when the distance to the iodine has already
increased considerably due to the first Coulomb explosion step. A further indication for such
as delay of the second-step Auger decay is the kinetic energy of the I™ fragment, which is
significantly lower than any concerted fragmentation scenario would allow. As described in
Section 2.1, one can model a delayed ionization and fragmentation by introducing a time 7,
after which the charge of a specific fragment is increased and/or a specific bond is broken.
Fig. 5.16 shows the result of these calculations for step-wise fragmentation of 2,6-DFIB for
the case that the two charges, in the first step, are located at the position of the iodine
atom and the carbon atom that is furthest away from it, and for two different locations of
the charges in the second step, as a function of the delay 7 between the two steps. When
assuming that the charge on the CgHF,* fragment in the second step is located in the
vicinity of (but not too close to) the F* fragment, the simulation can reproduce all of the
experimentally observed kinetic energies and angles, within reasonable accuracy, at a delay

7 around 400 fs, as shown in Fig. 5.16 (e,f).
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Figure 5.16: Fragment ion kinetic energies and angles between the momentum vectors ob-
tained from the Coulomb explosion simulation of a two-step fragmentation of 2,6-DFIB with
a variable time delay 7 between the two fragmentation steps (see text) and for different
locations of the charge on the CgHF™ fragment. Top row: one of the charges in the second-
step Coulomb explosion is placed on the carbon furthest away from the iodine (labeled A);
Middle row: placed in the center of the benzene ring (labeled B), and in the bottom row, it
is placed close to the fluorine atom at the position labeled X.

Any other scenario (including many more that have been tried but that are not shown
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here) yields significant deviations in at least one observable. Without having a direct proof
for this hypothesis beyond the agreement between the Coulomb explosion simulation and
the experimental data, the observation can be tentatively explained as follows: After the
initial Auger decay following the creation of a I(4d) vacancy, there is a certain probability
that molecule fragments into an I™ and an electronically excited CgH,Fo™* fragment. If
the electronic energy in the C¢H,Fo1* is sufficient, e.g. if it has an inner-valence hole, this
fragment can decay further into a multitude of tri-cationic channels that can be seen in
Fig. 5.4. Most of these secondary Auger decays will occur much faster than the =400
fs lifetime that is derived from the Coulomb simulation, leading, e.g., to the three-body
fragmentation channels discussed in Section 3.2. However, since the fragmentation into F+
+ CgHF™ 4 I' is a rather weak channel, it is conceivable that it only occurs after an initial
Auger decay into a rather long-lived state with an inner-valence vacancy with a lifetime on
the order of ~ 400 fs. Furthermore, since fluorine has a very high electronegativity, it is very
unlikely to dissociate into a F fragment, unless the inner-valence vacancy in the C¢gH,F5™ is
located in an orbital that has significant overlap with one of the near-atomic fluorine orbitals.
Even without further calculations, it is therefore conceivable that the different geometry of
2,6- and 3,5-DFIB and, in particular, the different location of the fluorine atoms with respect
to the iodine atom, may lead to significantly different lifetimes of the intermediate states
that lead to this particular fragmentation channel.

Of course, the classical Coulomb explosion model is unable to test or predict any of
these detailed electronic dynamics, but it seems to be clear that a step-wise fragmentation
model needs to be considered in order to obtain satisfying agreement with the experimental
data for 2,6-DFIB. It has to be noted that there is, of course, not only an ambiguity in the
exact positioning of the charge in our model, but also in the geometry of the intermediate
state. This leads to an uncertainty of the exact delay, for which a satisfactory agreement
of the simulated kinetic energies and angles with the experimental data can be achieved. A
multi-parameter least-square fitting procedure is not performed to obtain a more accurate
number for the delay 7, since the classical Coulomb explosion model is not suitable to draw

such precise and quantitative conclusions. Nevertheless, it yields, at least, an estimate for
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the lifetime of the second-step Auger process, if the assumption of a two-step Auger process

is correct.
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Figure 5.17: Total kinetic energy release, kinetic energies of the individual ionic fragments,
and angle between the momentum vectors of the F™, I7, and CgH," fragments for the F*
+ CgHyt + I fragmentation channel.

Finally, it is important to investigate how general the above findings are for other chan-
nels involving F* production. Fig. 5.17 shows the kinetic energy and momentum angle
distributions for the strongest three-body fragmentation channel containing F* namely F*
+ CgHI + I, where the missing fluorine and hydrogen atoms are emitted as one or two
neutral fragment(s). For 3,5-DFIB, the distributions are very similar to the F* 4+ CgHF™*
+ I fragmentation channel, with the angular distributions for F* + CgHy + IT being
slightly broader. For 2,6-DFIB, both kinetic energy and angular distributions are signifi-
cantly broadened, while the peak positions are still close the the former case. Furthermore,
Fig. 5.18 shows the IT-F* angle for all events where F'* is detected as the first fragment and
I* as the last fragment, thus integrating over all possible partner fragments. Again, the I"-

F* angles are very similar to the F* + CgHF ™ + I fragmentation channel discussed above,
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Figure 5.18: Momentum vector correlation between F* and I* fragments in 2,6-DFIB (black
solid symbols) and 3,5-DFIB (red open symbols) for fragmentation channels where F* is the
first and It is the third detected fragment.

suggesting that the ultrafast sequential breakup is common to all triply charged final states
that involve F* production in 2,6-DFIB, while a concerted fragmentation is well suited to

describe the breakup in 3,5-DFIB.

5.3 Ultrafast femtosecond laser induced fragmentation
of 2,6- and 3,5-DFIB

The process of ionizing a molecule through X-ray inner-shell photoionization and strong-
field laser induced ionization are fundamentally different. In strong-field ionization with in-
frared laser beams, multiple photons are absorbed by the molecule and one or more valence
electrons are stripped away from the molecule. Previously reported strong-field measure-
ments on DFIB isomers were mainly focused on laser-induced alignment [135-137]. Although
some discussions were included on the fragmentation dynamics of the complex benzene com-
pound [136], a more detailed measurement of the kinematics is helpful for the understanding
of the breakup mechanism of the isomers in an ultrafast strong laser field. In this study,

the fragmentation of DFIB isomers by femtosecond laser pulses (A, ~ 800 nm, At ~27 fs,
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[~5x10" W/cm?) were investigated using the COLTRIMS ion-ion coincidence momentum
imaging technique at J. R. Macdonald laboratory of Kansas State University. All of the laser
measurement described in this section use the same laser parameters mentioned above.

In the context of the present work, the strength of the laser intensity applied to the DFIB
molecule is considered to be strong enough to induce significant modifications of its energy
landscape. For the ionization process the strong-field regime starts if pondermotive energy U,
is bigger than E;p of the DFIB molecules. Using the mass spectroscopic technique described
in Chapter 3, a separate molecular beam experiment is conducted with VUV synchrotron
beams at the 9.0.2 beamline of the ALS in order to know the ionization potential of both
2,6- and 3,5-DFIB molecules. The results show that the ionization potential of the 2,6- and
3,5-DFIB molecules are 8.98 ¢V and 9.03eV. If the ionization potentials of the isomers are
compared to the pondermotive energy U, = 9.34 x 1072 x (800 nm)*x5x10"* W/cm? =

29.9eV, see Chapter 2, it is clear that the ionization is taken place in a strong-field regime.
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Figure 5.19: Ion time-of-flight mass spectra generated by ionization of 2,6-difluroiodobenzene
with 27 fs laser pulses with 800 nm central wavelength at ~5x10W /cm? laser intensity.
The two spectra are normalized with It peak height.

Fig. 5.19 presents the TOF spectra for both isomers after ionization with a same laser
pulse. The two spectra are normalized using the peak height of It in order to compare the
yields of different fragment ions generated from the isomers. It is clear from the figure that
the generation of F* and C4FJ are more efficient in 3,5-DFIB than in 2,6-DFIB. The other
differences in the yield of fragment ions are not further discussed here. The ion particles’

spread in position are showed in Fig. 5.20. From such plot, one can distinguish doubly or
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Figure 5.20: Ion time-of-flight mass spectra vs. X direction position distribution of both
2,6- and 3,5-DFIB after ionization with 27 fs laser pulses with 800 nm central wavelength at
~5x 10 W /cm? laser intensity.

triply charged parent molecule as well as background residual gas contributions, e.g. HoO, N,
O,...etc, because those ions appear as hot spots at the center of the detectors. The majority
of the fragment ion position distribution involves larger spread and does not appear as hot
spots in the center of X position axis. Using position and time information of the ions, three
dimensional momenta of all coincidence ion channels are obtained and kinetic energies for
individual ion fragments are calculated. Fig. 5.21 shows the PIPICO maps of 2,6- and 3,5-
DFIB molecules after exposure to a strong laser pulse. As mentioned in previous chapters,
the sharp diagonal lines in a PIPICO map correspond to the coincidence two-body channels
where the parent molecule is ionized and fragments to two ionic species. In a large complex
molecule like DFIB, the outcome that is shown in the PIPICO map includes many different
coincidence channels. In the following section, the two-body coincidence ionic channels are
discussed, namely CgH3Fo™ + I and CgH3Fy*™+ + 17, in order to compare the fragmentation

dynamics to the inner-shell photoionization results described in Section 5.2.1.
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Figure 5.21: PIPICO maps of 2,6- and 3,5-DFIB with 25 fs laser pulses with 800 nm central
wavelength at ~5x10W /cm? laser intensity.

5.3.1 CgH3F>" + It and CqH3F,™ + I™ two-body fragmentation
channels

Nevo et al [136] studied the alignment of the DFIB molecules using a Nd: YAG laser beam
for aligning in combination with a strong 800 nm laser pulses for ionizing the molecule.
The two iodine energy peaks they observed were reported to be from CgH3zFo™ + IT and
CgH3Fo™ + I final states. In our study, ion-ion coincidence momentum imaging technique
allow us to obtain three dimensional momenta of all coincidence ionic channels, which will
open the door to investigate fragmentation dynamics at specific final states. Fig. 5.22 shows
the kinetic energies of individual ion fragments as well as total kinetic energies for both
CgHsFy™ + I and CgH3Fot' + I channels. The dashed lines are simulated values from
a Coulomb explosion model. Similar to the the description in Section 5.2, the simulation
results for two scenarios are given when the charge on the benzene ring: CgH3F; is located
on a) the furthest carbon from Iodine atom (labeled as A) and b) at the center of the benzene
ring (labeled as B).

It is clear from Fig. 5.22 that the experimental kinetic energies match closely with the

Coulomb explosion simulation results when the charge on the ring is located on the furthest

119



14000 T T T T T T T T T T T T T T T 900

. C6H3F2++
—_— |+
A |——KER 1600
] | 2
S 7000 E
Q Q
o B 4 o
. 4300
\
e I
8000 —=— CH,F,"[1100
—.— |+
—s=— KER
2 2
5 .. 5
8 4000 B 450 8
1 ]
1 1 remry n 0
6 7 8 9 10
Kinetic energy (eV) Kinetic Energy (eV)

Figure 5.22: Kinetic energies of individual fragments and total kinetic energy release of
coincidence two-body channels: C¢H3zFo™ + IT and CgHzFy™* + I for 2,6-DFIB (a,c) and
3,5-DFIB (b,d).

carbon atom. This comparison between experimental and simulated results indicates that
both 2,6- and 3,5-DFIB isomers, after absorbing multiple photons in a strong femtosecond
laser field, will undergo a Coulomb explosion process. However, there can be two possible
scenarios have taken place prior to the fragmentation. 1) three electrons are directly stripped
away from the system by the strong laser field and the two charges localized to two ends of
the molecule by Coulomb repulsion. 2) the C-I bonds stretch within the laser field before
the fragmentation and the Coulomb explosion starts from a much larger C-I distance than
the equilibrium C-T bond length. In the triple ionization channel CgH3F3 ™ +I", similar to
the results in the inner-shell photoionization measurement, the situation where both charges
on the C¢H3F5 fragment are located at the far end of the phenyl ring gives almost perfect
agreement with the experimental data. Hence, it can be concluded that regardless of ionizing
the molecule through strong-field multiphoton valence ionization or single photon inner-shell

photoionization followed by the Auger decay processes, both 2,6- and 3,5-DFIB isomers
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isomers will undergo a Coulomb explosion process where the molecule fragments into two

ions after double or triple ionization.

5.3.2 Sequential fragmentation in strong laser field

The sequential C-I and C-C bond-breaking of DFIB isomers after inner-shell photoionization
is discussed in Section 5.1. In current section, laser induced sequential fragmentation dy-
namics of DFIB molecules are reported. Recent studies on molecular imaging of sequential
fragmentation dynamics focused on triatomic molecules such as CO, [73, 114] and OCS [154].
It has been reported that the first bond, e.g. C-O in CO, and C-S in OCS molecules will
break leaving the metastable dication CO3 ™ and CS™" rotationally excited while being re-
pelled from the first ion (O from CO;*" and S* from OCS**7). After the distance between
the two charged particles are far enough until the Coulomb repulsion can be ignored, then
the second step fragmentation happens where CO™* breaks into C* and O*, CS** breaks
into C* and ST. In present work, multi-coincidence channels, especially three-body channels
are studied, in order to i) explore the existence of such sequential dynamics in more complex
molecules such as DFIB and i) to see if the sequential fragmentation phenomena observed
in the three-body channels after inner-shell photoionization of DFIB molecules (described in
Section 5.2.2) can be reproduced in strong-field ionization. Fig. 5.23 shows that there are
three sets of triple-coincidence channels observed for both 2,6- and 3,5-DFIB measurements,
namely CH,F*+Cs;H,F*+1", C3HF +C3F; +17, C,Hy +CoFy +17.

The obvious difference between triple coincidence channels in X-ray inner-shell photoion-
ization measurement and laser ionization is that only three sets of channels are observed
in strong-field ionization. In the laser fragmentation channel C,HJ +CoF5 +I17, two fluo-
rine atoms appeared to be on the same fragment CoF;. Since in the original structure of
the DFIB molecule, two fluorine atoms are not connected to the neighboring carbons, this
channel indicates that one fluorine atom possibly migrated from original site and connected
to the neighboring carbon atom that is closer to the other fluorine atom during the laser

interaction.
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Figure 5.23: PIPIPICO maps of a) 2,6-DFIB, b) 3,5-DFIB after strong-field ionization with
27 fs, ~5x10W /cm? laser pulses

In order to understand the dynamics of triple-coincidence channels after strong-field laser
ionization, three dimensional momentum and kinetic energies for all ions and total kinetic
energy release of the three channels are obtained and shown in Fig. 5.24. The kinetic energy
distribution in strong-field ionization appears similar to the results in inner-shell photoion-
ization measurement. In all three coincidence channels for both 2,6 and 3,5-DFIB molecules,
the iodine ion has a sharp kinetic energy distribution peaked at around 3 eV. Both the peak
energy value and its FWHM are similar to the iodine energy distribution in the two-body
fragmentation channel CgH3zF4 *+I" shown in Fig. 5.6 (c,d). This indicates the possibility
that the molecule breaks into I™ and CgH3F3 " channel during the first step fragmenta-
tion. The first and second ions in all three channels appear to have similar broad energy
distribution as shown in the sequential fragmentation channels after inner-shell photoion-
ization Fig. 5.9. The total kinetic energy release is similar in two isomeric cases of all
triple-coincidence channels. In order to further confirm the sequential nature of these coinci-
dence channels, Newton diagrams shown in Fig. 5.25 are generated using three dimensional
momentum vectors of all ionic fragments. Similar to the description of sequential ionization
with the inner-shell photoionization in Section 5.2.2. The curved, semi-circular structures
appear in these Newton plots are a strong indication of a sequential fragmentation dynamics

73).
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Figure 5.26: Kinetic energies for second step fragmentation process of sequential breakup
channels, respectively, CHF*+CsHyFT+17, C3H +C3Fy +17, C4Hy +CoF5 +1T; a,b,c) 2,6-
DFIB; d,e,f) 3,5-DFIB;

Unlike X-ray photoionization, in strong laser pulses, the molecule gains enough photon
energy to be able to eject three valence electrons from itself, reaching a triply charged state.
Then the iodine ion breaks apart from the rest of the metastable dication: C¢H3F3 ™, carrying
3 eV kinetic energy. When the distance between two ions are far apart and Columbic force
can be ignored, the dication fragments into two ionic species. Furthermore, due to possible
excitation of bending and vibrational states of the system throughout the ionization process,
the dication initially gains angular momentum during Coulomb interaction with Iodine ion,
thus rotating while being repelled by I7 ion. The rotation of the CgHzF2** di-cation around

its center of mass before the second fragmentation step results in an isotropic momentum
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distribution on a semi-circle in Newton plots. The kinetics of the second-step fragmentation
can be retrieved by subtracting the energy component gained from the initial repulsion of

I™ as described in Section 5.2.2.

125



Chapter 6

Summary and Future Perspectives

The goal of the experimental work described in this thesis was to use Coulomb explosion
imaging with both X-ray synchrotron beams and ultrafast femtosecond laser pulses to unravel
the photoionization and photo-fragmentation dynamics of molecular isomers and to explore
how this method can be used to probe ultrafast photo-induced molecular reaction dynamics.
The synchrotron experiments, conducted at the ALS of LBNL in California, focused on
inner-shell photoionization of gas-phase isomeric molecules and on imaging the Coulomb
explosion processes with a coincidence VMI technique. In order to complement the inner-
shell photoionization studies, strong-field ultrafast measurements on the same isomeric gas-
phase targets were conducted using an ion-ion coincidence momentum imaging apparatus,
COLTRIMS, together with laser pulses of ~23fs pulse duration at the J.R. Macdonald
Laboratory at Kansas State University.

The most important question that started the experimental work described in the thesis
is: "Can we use the Coulomb explosion imaging method to distinguish different isomers
of a molecule?”. In order to answer this question, two types of isomers, namely geometric
and structural isomers were studies. The geometric isomers, which are commonly known as
cis/trans isomers, have two distinct geometrical structures albeit having the same chemical
formula, e.g. cis/trans 1,2-CoHyBrs. The photoionization process that leads to the breaking

of two C-Br bonds can produce three ionic species, namely two Br* and a CoHj (e.g. in
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the triple-ionization channel) and those ions can fly apart instantaneously due to Coulomb
explosion. The idea was to image the 3D momentum components of all three ions from
the photo-fragmentation to retrieve original geometrical structures of the isomers using ion
momentum correlation. Since cis and trans 1,2-CyH,Bry isomers have two distinct positions
for the bromine atoms, after the Coulomb explosion, two Br* ions fly toward angles that are
largely different in two isomeric cases. This angular difference is observed in the correlation
between the Br* momentum vectors. The experimental data was then supported by the
classical Coulomb explosion model simulation.

Apart from distinguishing the two isomer components from a mixed original sample,
isomer specific momentum and kinetic energies were extracted by selecting the coincidence
events from the angular correlation spectrum. Furthermore, in the synchrotron measure-
ment, the branching ratios between cis and trans fragmentation events evaluated from the
photoionization data matches closely with the sample component analysis provided by the
chemical vendor. This may open a new route to evaluate and quantify the amount of isomer
components in a cis/trans mixed isomer sample.

The successful use of the Coulomb explosion imaging technique is confirmed by the
measurements of dichloroethene. The pure cis and trans isomers of 1,2-CyH,Cly were studied
via inner-shell photoionization and strong-field ionization processes. The results show that
via both photoionization mechanisms, Coulomb explosion imaging can be used to identify the
final correlation angle which is the marker for distinguishing the isomer structure. Coulomb
explosion model simulation matches with experimental results of both cis and trans 1,2-
CyH,Cl, isomers.

The two examples of Coulomb explosion imaging studies on cis/trans geometrical isomers
will be followed by time-resolved isomerization studies in the future. The next important
question, then, will automatically be: ”Can we observe cis/trans isomerization using time-
resolved Coulomb explosion imaging?”. Such study involves a pump-probe technique, where
the pump pulse is used to initiate the isomerization process via excitation of an initial cis
or trans isomer. During this excitation process, the bond between the two carbons rotates,

then the probe pulse can be used to Coulomb explode the molecule. By changing the delay
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between the two pulses, one can take snapshots at different moments to record the structural
change of the molecule over time. Fig. 6.1 shows a potential energy diagram of different final
states for 1,2-CoHyBry isomers [155]. According to the diagram, a UV photon with 10.6eV
can excite the trans isomer from its ground state to the transition state TS1. The molecule
can then evolve into cis geometry or role back to keep its trans geometry in a cationic state.
After a delay of At, a probe pulse can Coulomb explode the molecule and ionic fragment

momentum information can be obtained to determine the molecular structure before the

Coulomb explosion process.
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Figure 6.1: Energy diagram of ground, cationic and transition states of 1,2-CoH5Brs isomers.

Adapted from reference [155].

In Chapter 5, the Coulomb explosion studies were extended to larger benzene-type
molecules in order to determine if one can still distinguish between the geometric struc-
tures of isomers via coincident momentum imaging, and if the fragmentation can still be
described by a simple classical Coulomb explosion model. For this purpose, the photoion-

ization of the structural isomers of difluoroiodobenzen were investigated. The study used
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two "markerions”: F* and It produced from the interaction, to distinguish the 2,6 (e.g.
F atoms are closer to I) and 3,5 (e.g. F atoms are far from I) isomers of difluoroiodoben-
zene. In inner-shell photoionization measurements, the momentum correlation between F*
and It from two isomers appear to be explicitly different and thus can be used to identify
geometric structures of 2,6- and 3,5-DFIB isomers. In addition, triple coincidence fragmen-
tation channels present sequential breakup dynamics where I departs from the system in
the first step and the rotating benzene ring dication further fragments into two more species
in a later time. The sequential dynamics is observed in both inner-shell photoionization with
synchrotron beams as well as in strong-field ionization results involving ultrafast laser pulses.

The Coulomb explosion imaging method which was successfully implemented to retrieve
structural information of large organic molecules with chemical relevance opens new path-
ways for investigation of molecular dynamics in femtosecond time scale. For example, pho-
toinduced ring opening reactions, which is a promising candidate for building molecular
switches and can serve as benchmark system for fundamental, light-driven biochemical reac-
tions, can be investigated utilizing a time-resolved Coulomb explosion imaging method. In
particular, a pump-probe technique can be implemented to first break open the ring with a
pump pulse and then taking snapshots by Coulomb exploding the evolving molecule with a
strong probe pulse to record a "molecular movie” of a ring opening process.

In order to visualize such "movie-taking” process in a thiophenone molecule, which
was previously observed in the condensed phase using ultrafast transient absorption spec-
troscopy [156], a schematic of a future pump-probe experiment utilizing the Coulomb ex-
plosion imaging method is given in Fig. 6.2 (b), together with the calculated ground state

potential energy diagram of the molecule in (a).
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Figure 6.2: (a) Ground state potential energy scheme for three proposed photoinduced ring-
opening pathways calculated at the MP2/6-311+G(d,p) level of theory. The figure is taken
from reference [156]. The units for the energies are given in electron volts. (b) Schematics
of a pump-probe experiment utilizing the Coulomb explosion imaging method to record
ring-opening reaction in thiophenone (C,H,SO).

Both the study of cis/trans isomerization and ring opening reactions can provide cru-

cial knowledge of chemical and biological relevance. Successful application of the Coulomb

explosion imaging method to distinguish molecular structures of the isomers in static single

pulses measurements paves the way for future time-resolved Coulomb explosion studies that

can record the molecular dynamic process as ”"molecular movies”.
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Appendix A

TOF jitter correction in the VMI

experiments

In the operation of the double-sided VMI spectrometer used in the synchrotron experiments
at the ALS for conducting coincidence ion-ion-electron experiments, it is the signal from
the electron MCP that triggers the whole data acquisition system. The reason for using
the electron TOF signal as trigger is that the synchrotron beam at the ALS has high (e.g.
500MHz) repetition rate in the multi-bunch mode, meaning synchrotron pulses are 2ns
away from each other. And if, instead, the synchrotron light signal (e.g. a signal generated
from a photodiode when the synchrotron pulse hits) or the electronic ”bunchmarker” signal
provided by the facility are used as trigger, then it is impossible to achieve event by event
data collection due to possible mixing of photoionization events caused by different pulses.
Thus, the electron TOF signal was used to trigger the data acquisition and provide the
timing reference. The TOF of electrons in the double-sided VMI is around 5 ns, which is the
time it takes for an electron to travel from the interaction region to the surface of the MCP.

During one of the experiments reported in this thesis, an operator error caused the
detectors to be flooded with a very high count rate of ions and electrons, which cause one
of the resistors in the signal outcoupling of the electron detector to burn. This technical

failure resulted in the experiment not having the fast electron MCP signals to trigger the
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data acquisition system. Instead, one of the position signals from the electron detector, i.e.
one of the four position signals picked up at the end of the delay line wires, was used as the
trigger for the coincidence system. However, the arrival time of the position signals picked
from one end of the delay-line wires can vary between 0 to 40 ns in time compared to the
MCP signal, depending on the spot where the particle hit on the wire. Thus, the whole
series of time and position signals on both electron and ion side detectors will depend on the
position of the electrons. This effect, which we named time-jittering, will smear out the time
resolution for the ions, distorting the correlation between coincidence signals and making it

impossible to conduct high-resolution momentum imaging analysis.
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Figure A.1: PIPICO and PIPIPICO maps showing the two- and three-body coincidence
channels, CHyBrt+I* and CH; +Br+I" after photoionization of CH,IBr molecule using
107-eV synchrotron photons. (Left) Raw spectra with a position signal acted as trigger.
(Right) A time-jitter corrected spectra.

Figure A.1 shows both the raw PIPICO map (left) and the time-jitter corrected PIPICO

map (right). The PIPICO map is zoomed into the two-body breakup channel after pho-
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toionization of 1,2-CoHsBry with 120-eV synchrotron photons. In order to correct the time-
jittering for the ion TOF signals, the "lost” electron MCP signal has to be reconstructed.
According to the ”time-sum” condition, the electron time signal T, (from the electron ejec-

tion to the time of impact on the MCP) can be expressed as

(txl + t:rZ) - Cx

T, — , (A1)
2
o s %2) —Cy (A.2)

where C, and C, are the constants representing the total time it takes for an electronic
signal to propagate through the entire length of the x and y wires, tg1, tzo and ty;, tye are
the timing signals picked up from the two ends of the x and y wires. In this particular
experiment conducted in April of 2015 at the ALS, the timing signal t,;; was used to trigger
the entire data acquisition system after the electron MCP resistor was accidently burnt. In
order to reconstruct the timing signal T, for the electrons, the x position wire timing signals,

tz1 and t,o, are used. The corrected time signals for the ions, TOF,,,, can be expressed as

(t:r,‘l + t:t2 — Ca:)
5 .

TOFion = TOFirecorded - (AS)

In this equation, TOF s, recorded 15 the recorded time signal when the position time signal ¢,
was used to trigger the system. C, can be omitted since a constant shift on all ion time
signals will not affect the correlation between coincidence ion TOF signals. So the equation
in the data analysis system (e.g. the source code of COBOLDPC software in the analysis

shown in Fig. A.1 (b)) can be written as

(txl + th)

TOFion = TOFion recorded — 2

(A.4)
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Appendix B

VMI image circularization method

In VMI experiments, ions and electrons are produced from the light-matter interactions
within a small volume and are accelerated toward their detectors by the electric field pro-
vided by the spectrometer. As the particles travel toward their detectors, they expand
spherically due to the velocities gained through acceleration in the electric field. The two
dimensional projection of such Newton sphere is projected onto the detector surface and
position of each electron is measured and by applying electron inversion techniques such
as Onion Peeling [76], BASEX [157] and Abel transformation [158], one can extract one
dimensional radial distribution spectrum.

In an ideal measurment, a Newton sphere projected onto the detector surface appears as a
perfect circle. However, in an actual experiment, electron position spectrum may be distorted
and non-perfect circular images of electrons are measured. The distortion can be caused by
external magnetic field, non-uniform detection efficiency of the detector surface or the slightly
misalignment of the spectrometer. Such distortions will reduce the experimental resolution,
e.g. electron velocity and energy resolution. In this Appendix, an image ”circularization”
method, is introduced to help remove or reduce the distortion from an otherwise circular
electron images to help increase the electron energies.

Figure B.1 (a) shows the electron spectrum of neon after photoionization by 107-eV

X-ray synchrotron beam. The dashed red line is a perfect red circle placed on the image to
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distinguish distortions on 2s and 2p electron photo-lines. Figure B.1 (b) shows the same

position spectrum of photoelectron lines after applying the image ”circularization” method.

Figure B.1: A VMI image of the electron generated by photoionization of neon atom by
107eV X-ray photons. The dashed red circles are provided to guide the eye to distinguish
the distortion of image. (a) distorted image (b) circularized image

radius (arb. unit)

0 60 120 180 240 300 360 0 60 120 180 240 300 360
@ angle (degree)

@ angle (degree)

Figure B.2: (a) Radius vs. Phi angle distribution of raw VMI image (distorted) (b) Radius
vs. Phi angle distribution of corrected VMI image

Figure B.2 shows the radial distribution as a function of ¢ angle, where ¢ is the symmetry
angle labeled in Figure B.1 (b). It presents the distortion of radial photo-lines along ¢ angle
in the entire 0-27 range. It is apparent in Figure B.1 (a) that the photo-lines change with

respect to the angle ¢ due to the distortion. In order to reduce the distortion on the radial
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photo-lines, there are two steps taken during the analysis. In first step, the "good” half of
the raw radial distribution is selected. For example, in Figure B.2 (a), events fall between
¢: (0-180) degree are selected and the data within the region are symmetrized to the other
half, e.g. to (180-360) degrees. In the second step, the distortion of the radial photo-lines are
corrected by removing the ¢ angle dependence from the radial distribution. The distorted

radial photo-lines can be represented by a function of the form

™ x (6= b)

w

Rd(¢) = Rt + a x cos( ). (B.1)
where Rd is the distorted radius that is a function of ¢ and Rt is the true un-distorted radius.
a, b and w are the fitting parameters that characterize the distortion.

It has to be noted that in this method, only the ¢ angle dependence from the distorted
radial line Rt are removed and distortion parameters are assumed to be same for all photo-
lines. This means, the parameter "a” is a constant and does not change by radius. It is
assumed that a distortion that can be fitted well with a cosine distribution has same effect
on all radial photo-lines regardless of their value. This crude assumption may work for
photoelectron images that contain electrons with large energy values and with less difference
in between. However, in experiments that involve measurment of electrons that result in
large range of radial distribution, different radial regions containing photo-lines needs to be
extracted and fitted separately to obtain specific radial dependent fitting parameter, e.g.
a(Rt). In this Appendix, for brevity, "a” only presumed to be a constant number. For more
sophisticated image circularization, one can refer to the method introduced by Gascooke
et al [159].

By fitting the equation B.2 to the real data, a, b and w are determined. The un-
distorted true radial distribution Rt is obtained by subtracting the distortion curve from the

experimental data,

T x (¢p—0b)

Rt = Rd(¢) — a x cos( "

). (B.2)
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Appendix C

VMI Spectrometer Voltages

In synchrotron measurments using the double-sided VMI apparatus, voltages for the spec-
trometer as well as ion/electron detectors are provided through the WIENER universal power
supply system [160], shown in Fig. D.4. The VMI spectrometer parts are labeled in C.2.
Typically, a simulation is, first, conducted using the SIMION 8.1 software [67] to find opti-
mal voltage parameters, then in the real experiment, mild modifications are made to those
voltages to achieve optimized focusing conditions for both electrons and ions. The voltages
applied to the ions and electron detectors, e.g. MCP, delay-line wires and meshes are chosen
to optimize the coincidence detection condition in each experiment. In this appendix, the

table of voltages used during the experiments are provided.

Figure C.1: Picture of the universal power supply system used in the double-sided VMI
experiments.
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Appendix D

Coulomb Explosion Model Simulation

Matlab Scripts

This appendix contains scripts used for the Coulomb explosion model simulation. The scripts
help solve the equation of motion for individual ions produced from the dissociation of a
molecule via Coulomb repulsion among ionic fragments. The numerical simulation presented
in this thesis includes two and three-body fragmentation of isomeric molecules, thus in the
following code, Coulomb explosion of two-body ion fragmentation channel CH3 +1*, and the

Coulomb explosion of three-body channel Ft+CgHF*+I" are presented.
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D.1 Coulomb explosion simulation: 2-body

% some constants

angsZau = 1.889726; % unit conversion constant: angestrom to atomic unit

au2fs = 0.02418884; % unit conversion constant: atomic unit to femtosecond
mpvsme=1822.88848€; % unit conversion constant: ratio of atomic and electron mass
tspan = 0:80000; % time range for Coulomb interactions. €.g. 0 to 80000 femtosecond

m= [15*mpvsme 127*mpvsme]; % mass of ions
% initial positions: Coordinates from NIST/Optimization values from Gaussian calculation.

xlinput=-1.87459; ylinput=0.0; zlinput=0.000;
x2input=0.33681; yZinput=0; z2input=0.000;
x=[xlinput,xZinput]:; % initialization of x value

y=[vlinput,yZinput]:; % initialization of y wvalue
z=[zlinput,zZinput]; % initialization of z wvalue

xcminput=(x(1)*m(1)+x(2)*m(2))/(m(1)+m(2)); % center of mass (CM) position x value;
yeminput=(y(1l) *m(1)+y(2)*m(2) )/ (m(l)+m(2)); % center of mass (CM) position y wvalue;
zcminput=(z (1) *m(1)+z (2) *m(2) )/ (m(1)+4m(2) ); % center of mass (CM) position z value;

LT L L LTI L TR T LR TR LT LR L L TL LT LTS TLLLTEILITLILTLITITILLLLLILTTLILELTLILTERLELILTRRRRLSY
% initial position in CM coordinate

ipl = [(xlinput-xcminput) *angsZau (ylinput-ycminput)*angsZau (zlinput-zcminput)*angs2Zau]:
ipZ = [(xZinput-xcminput) *angsZau (yZinput-ycminput)*angsZau (zZinput-zcminput)*angsZaul:

R12 = sgrt((ipl(1l)-ip2(1))~2 + (ipl(2)-ip2(2))~2):; % distances between two ions

UEtstl = 27.2116* (2/R12); % potential energy between two ions
T T T T E T T T T T T T T 1711111111911 11111 11 1171111 7111117117191 991 919599y
% initial wvelocities

ivl = [0 0 0); ivZ2 = [0 0 0); % initial velocities

L L P R T LR L L L L L L T T TR L T L LT LT T T L TR LT ETE LSRR LT L LR RS
% initialize parameters for numerical simulation

% x1 vxl vl vyl z1 vzl ®xZ vxZ v2 vy2 z2 vz2
initz = [ipl(l) divl(l) ipl(2) ivl(2) ipl(3) iwvl(3) ip2(l) iv2(l) ip2(2) iv2(2) ipl(3) ivl(3)]:
R R e e R e e e e e e e e R e e e e e e e e e e e R e L e e R ]

r = coulomboded45 2BODY(0,initz); % compute the acceleration velocity function (subroutine)
options = odeset('AbsTol',le-12, 'RelTol',le-12); % options for numerical integration.

[t, k] = ode45{‘coulombodeqs_:BODY',tspan,initz,options}: % choose oded45, runga-kutta 4th orde:
LR e e e e e R e e e e

% extracting the trajectories

xl = k(:,1); vyl = k(:,3): zl = k(:,5): % position of lst ion

vxl = k(:,2): vyl = k(:,4): vzl = k(:,6): % velocity of 1lst ion

Pxl = m(l)*wvxl; Pyl = m({l)*vyl; Pzl = m(l)*vzl; % momentum of 1st ion

Plmag =sqgrt (Pxl.*Pxl+Pyl.*Pyl+Pzl.*Pzl); % size of lst ion momentum vector
P EE R IR IR R R R T R R TP T TR TR R T TR R R R R T R R R T OEFEFOTEFETEFETETEETETETOETRIETEIRIETLI T LRI LI LI IR RI TR R RIEIRIRETEYTEYETSY
x2 = k(:,7): yZ = k(:,9); z2 = k(:,11); % position of lst ion

vxZ = k(:,8): vy2l = k(:,10); vz2 = k(:,12):; % velocity of lst ion

Px2 = m(2)*vx2; Py2 = m(2)*vy2; Pz2 = m(2)*wvz2; % momentum of lst ion

P2mag =sqrt (Px2.*Px2+Py2.*Py2+Pz2.*Pz2); §$ size of 1lst ion momentum Vector
LR R R R R L R T T R R A LT E L LSRR SR I L5
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KER = 27.2116* (0.5*Px1.*Px1/m(l) + 0.5*Px2.*Px2/m(2) + 0.5*Pyl.*Pyl/m(l) + 0.5*PyZ.*PyZ/m(2)...
+ 0.5*Pz1l.*Pzl/m(l) + 0.5*Pz2.*Pz2/m(2)):

KEl = 27.2116* (0.5*Px1.*Px1/m(l) + 0.5*Pyl.*Pyl/m(l) + 0.5*Pzl.*Pzl/m(1l)):

KE2 = 27.2116* (0.5*Px2.*Px2/m(2) + 0.5*Py2.*Py2/m(2) + 0.5*Pz2.*Pz2/m(2)):
I T T T T T T T T T T T T T T I T T T ITITITTTTIIITIIIETLEIYIIYIYYI YT YYYEFYTYTYTYTY
dx12 = x1 - x2; sdxl2 = dx12.72; % distance between two ions in x axis

P TR T T I T IR LR T I R I R I T R T R R T PR ET TR LTI R T EI R T IR TSI TS TS TTIS LIS LT IERRRSY
dylZz = yl - y2; sdyl2 = dyl2.”2; % distance between two ions in y axis

T T T TP T T T T LT T T LI T T IT T ITIITIITTITIITLITTTTTTTTTTTTTTTLT5055 055898
dzl2 = z1 - z2; sdzl2 = dzl2.”2; % distance between two ions in z axis

I I T L R L T T T T T I T I T T T I T P T TP T LTI T LT L L LTI L LIS T IEIYTERYS

UE = 27.2116* (1./s8qgrt(8dx12+s8dyl2+sdzl12)); % potential energy between two ions
CONvergence = UE (end):

kigure

hold on

plot (tspan*au2fs,KER,'*'); % plot time vs total KER
plot (tspan*auZfs,KEl, 'g'); % plot time vs KE of 1lst ion
plot (tspan*au2fs,KE2, 'r'); % plot time vs KE of 2nd ion

Figure D.1: 2-body ion Coulomb explosion simulation Matlab script

function r =coulombode45_ ZBODY (t, k)

§ defining the three masses

mpvsme=1822.888486424682;

gql=1l; g2=1l; % charges on the ions;

% initial positions

m = [1l5*mpvsme 1Z7*mpvsme]; % mass of CH3 and I (amu);

$m=[111]; % for equal masses

r = zeros(12,1);

$ relabel input vector z

xl = k(1l); ul = k(2); vl =k(3); vl =k(4); 2zl = k(5); wl = k(€);
X2 = k(7); wul =k(8); yI =k(9); vI =k(1l0); z2 = k(1l1l); w2 = k(12),
% u and v are first derivatives of x and y

r(l) =ul; r(3) =vwvl; r(5) = wl;

r(7) = u2; x(9) = +v2; 1r(ll) = w2;
% compute squared distances
dxl2z = x1 - x2; sdxl2 = dx1l2"2;

dxZl = x2 - x1;
dyl2 = yl - y2; sdyl2 = dyl2"2;
dy2l = y2 - yl;
dzl2 = z1 - z2; sdzl2 = dzlz2"2;
dz2l = z2 - zl:
% just distance powered
dl2 = (=dxl2 + sdyll + =dzl2)"(3/2):
% second order: accelerations
r(2) = (gql*g2*dx12/dl2)/m(1l): % acc_x for 1st
r(4) (gl*qgq2*dyl2/dl2)/m(1l): % acc_y for 1lst
r(6) (gl*gq2*dz12/d1l2) /m(1l); % acc_z for 1lst
%
%
%

r(8) = (gl*g2*dx21/dl2)/m(2): acc_x for 2st
r(l0) (gl*g2*dy21/dl2)/m(2): acc_y for st
r(lz) (gql*g2*dz21/d12) /m(2): acc_z for Zst

Figure D.2: Numerical integration function using Runge-Kutta 4th order method: 2-body
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D.2 Coulomb explosion simulation: 3-body

% some constants
angs2au = 1.88972613392; % unit conversion constant: angestrom Tto atomic unit

aulfs = 0.024189; % unit conversion constant: atomic unit to femtosecond
mpvsme=1822.888486424682;% unit conversion constant: ratio of atomic and electron mass
tspan = 0:1000000; % time range for Coulomb interactions. e.g. 0 to 80000 femtosecond

m = [19*mpvsme 9Z*mpvsme 1Z7*mpvsme]; % mass of ions

xlinput==0,50737; vlinput=-2.38330; zlinput=0.000;
x2input=-1.879185; yZinput=0.000; zZinput=0.000;
x3input=1.64603; yv3input=0.000; z3input=0.000;

x=[xlinput,x2Zinput,x3input]:
y=[ylinput, yZinput, y3input];
z=[zlinput,zZinput, z3input]:

xcminput=(x(1)*m(1l)+x(2) *m(2)+x(3) *m(3) )/ (m(1)+m(2)+m(3)) ;
chinput'(Y(l)*m(l)+¥(3)‘mt3}+¥t3)‘mt3))/tm{1b*m(3)*m(3}):

zeminput=(z (1) *m(1)+z (2) *m(2)+2(3) *m(3) )/ (m(1) +m(2) +m(3) ) ;

R R R R R R L TR L T R R R R R R T R E R T TR T R R TR TR TR R TR TR TR TR T LTSS LTSS EATE I TLSE LRSI E R LRRR R YRS
ipl = [(xlinput-xcminput)*angsZau (ylinput-ycminput)*angsZau (zlinput-zcminput)*angsZau];

ip2 = [(xZinput-xcminput)*angsZau (yZinput-ycminput)*angsZau (zZinput-zcminput)*angsiau]:

ip3 = [ (x3input-xcminput)*angsZau (v3input-ycminput)*angslau (z3input-zcminput)*angsZau]:;

R12 sqro((ipl(1)-ip2(1))"2 + (ipl(2)-ip2(2))"2 + (ipl(3)-ip2(3))"2):

R13 = sqrt((ipl(1)-ip3(1))"2 + (ipl(2)-ip3(2))"2 + (ipl(3)-ip3(3))"2):

R23 = sgrt((ip2(l)-ip3(1))"2 + (ip2(2)-ip3(2))"2 + (ip2(3)-ip3(3))"2):

UEtstl = 27.2116*(1/R12 + 1/R13 + 1/R23):;

UEtstZ = 27.2116* (1/R12 + 1/R13 + 1/R23);

T T T T T T T T T T T T T T T T T T T T I T T T T T T T T T T T T TTTITTTTTTIITITRTTLLR YL LITRYYREYYTYTY
% initial welocities

ivl = [0 0 0]; iv2 = [0 O 0); iv3 = [0 O 0]:

% x1l wxl vl vyl z1l vzl x2 wvx2 yv2 vy2 22 vzl ®3
initz = [ipl(l) 4iwl(l) ipl(Z2) 4iwvl(2Z) ipl(3) 4ivl(3) 4ip2(l) 4iwvI(l) ip2(2) 4iwv2(2) 4ipl(3) 4ivl(3) 4ip3(l)
§ wx3 v3 vy3 23 vz3
iv3(1l) ip3(2) iv3(2) ip3(3) iv3i(3)]:
R e e e i e e e e e e e e et
% compute the acceleration wvelocity function
r = coulombode45 3BODY(0,initz);
options = odeset ('AbsTol’',le=14, 'RelTol',le=12);
[t, k] = oded45('coulomboded45 3BCDY',tspan,initz,options);
TR R R R R R R R R R R TEETEEROTOETOETOENOETOETETOETETOERIOETTEETOETOEIRTRTTTETLERRTETTEEERERRRTLRRER:
% extracting the trajectories
xl = k(:,1): vl = k(:,3): zl = k(:,5):
vxl = k(:,2): vyl = k(:,4); vzl = k(:,6);
Pxl = m(l)*vxl; Pyl = m(l)*wyl; Pzl = m(l)*vzl;
Plmag =sqrt (Pxl.*Px1+Pyl.*Pyl+Pzl.*Pzl); % magnitude of Pl momentum
R e e e e e e e e e e e e e e e e e e et e e
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%2 = k(:,7): y2 = k(:,9); 22 = k(:,11);

vxZ = k(:,8); vyZ = k(:,10); vzl = k(:,12);

Px2 = m(2)*vx2; Py2 = m(2)*vy2; PzZ = m(2)*vzl;

PZmag =sqgrt (PxZ.*PxZ+PyZ.*PyZ+PzZ.*PzZ); % magnitude of PZ momentum

I R T I T R R T T LTI E T T II LI T LI IL LI LI LRI LI L L EILI T LT LI LRI EETEREIRIEIETYE

X3 = k(:,13); ¥3 = k(:,15); 23 = k(:,17);

vx3 = k(:,14); wvy3 = k(:,16); wvz3 = k(:,18);

Px3 = m(3)*vx3; Py3 = m(3)*vy3; Pz3 = m(3)*vz3;

P3mag =sqgrt (Px3.*Px3+Py3.*Py3+Pz3.*Pz3); % magnitude of P3 momentum

T T T I T E T T T T T TR T T TR T ETETTTET TR TETETTTETOETTTETTETETYTLTITELTETETTLTRRLETERETERREER

angthetal = (180/pi)*acos(( PxZ.*Px3 + PyZ.*Py3 + PzZ.*Pz3 )./ (PZmag.*P3mag+le-15)):;% angle between PZ,P3
angthetal = (180/pi)*acos(( Pxl.*PxZ + Pyl.*PyZ + Pzl.*Pz2Z )./ (Plmag.*PZmag+le-15));% angle between P1l,PZ
angtheta3 = (180/pi)*acos(( Pxl.*Px3 + Pyl.*Py3 + Pzl.*Pz3 )./ (Plmag.*P3mag+le-15));% angle between FP1l,P3
angl = cos(angthetal (end) *pi/180) ;% angle between PZ,P3 (cosine)

ang2 = cos(angthetaZ (end)*pi/180) ;% angle between P1,PZ (cosine)

ang3 = cos(angtheta3 (end) *pi/180) ;% angle between P1,P3 (cosine)

angsum = angl+ang2+ang3; % angle sum to see if it peaks at 360 degree

KER = 27.2116*(0.5*Px1.*Px1/m(l) + 0.5*Px2.*Px2/m(2) + 0.5*Px3.*Px3/m(3) + 0.5*Pyl.*Pyl/m(1)

+ 0.5*Py2.*Py2/m(2) + 0.5*Py3.*Py3/m(3) + 0.5*Pz1.*Pzl/m(l) + 0.5*Pz2.*Pz2/m(Z) + 0.5*Pz3.*Pz3/m(3)):SKER
KEl = 27.2116*(0.5*Px1.*Px1/m(l) + 0.5*Pyl.*Pyl/m(l) + 0.5*Pzl.*Pzl/m(l));% KE of lst ion

KEZ = 27.2116*(0.5*Px2.*Px2/m(2) + 0.5*Py2.*Py2/m(2) + 0.5*Pz2.*Pz2/m(2));% KE of 2nd ion

KE3 = 27.2116* (0.5*Px3.*Px3/m(3) + 0.5*Py3.*Py3/m(3) + 0.5*Pz3.*Pz3/m(3)):;% KE of 3rd ion
T R R LR L LR E R LR LR RS

dxlZ = x1 - x2; sdxlZ = dx12."2;

dxl3 = x1 - x3; sdxl3 = dx13.72;

dx23 = x2 - x3; sdx23 = dx23."2;

TR TR R R R R R T T L R R LT AR LT AT LTS T R TLEE R LEER RS

dyl2 yl - y2; sdyl2 dyl2."2;

dyl3 vyl - y3; sdyl3 = dyl3."Z;

dy23 = y2 - y3; ady23 = dy23."2;

R LT T IR EOTEEIOAEEIOTIOLTOEIORTIOLITIRIOLITIOEIOLOLIRLOLEIOLOLITILILLRLTETRTRIRIRLIS

dzl2 = z1 - z2; sdzlZ = dzlZ."2;

dzl3 = zl1 - z3; sdzl3 = dzl3."2;

dz23 = z2 - z3; sdz23 = dz23."2;

IR LTI IILIITIITIIITIIIIITIITIITIITIIOLLILLILLILLILLLIYYIYIYIYIYTYTY

% Potential energies

UE = 27.2116*(1./sqrt (sdx12+sdyl2+sdzl2) + l./sqrt(sdxl3+sdyl3+sdzl3) + l./sqrt(sdx23+sdy23+sdz23));
% Final potential enexgy, to see if is zero at infinite distance

CONvergence = UE (end):;

% Plot energies with respect to time;

figure

hold on

plot (tspan*aulfs,KEl, 'g');

plot (tspan*au2fs,KE2Z, 'r');

plot (tspan*aulfs,KE3, 'k'):

Figure D.3: 3-body ion Coulomb explosion simulation Matlab script
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| function r =coulombode45_3BODY (t, k)

$ defining the three masses
mpvsme=1822.888486424682;

% initial positions

m [l9*mpvsme %94*mpvsme 127*mpvsme];
Fm [111])]; % for equal masses

r zeros (18,1);

% relabel input vector z
X1l = k(1l); ul k(2):
®xZ k(7); ul k(8):; v2
x3 k(13):; u3 k(14): vy3
$ u and v are first derivatives
r(l) = ul; «xr(3) r(5)
r(7) uz; r(9) = v2; 1r(ll)
r(l3) u3; r(l5) v3; x(l17)
$ compute sguared distances
T T T T T T T T T T T T T T T T I TIITITIIITIIIITIIIIIIISTITITIISITITEITTTETYTYSs

zl =
zZ
z3

wl
w2
w3

k(3); vl =
k(9):; w2
k(15); v3
of x and

k(4);
k(10);
k(16);
'

k(5):
k(11);
k(17):

= k(€);
k(12);
k(18):

yl =

= wvl;

= wl;
wW2;

wW3;

dxl2 = x1 - x2; sdxl2 = dxl1l272; dx21l = x2 - xl; sdxZl = dx21"2;
dxl3 = x1 - x3; sdxl3 = dx1372; dx31 = x3 - x1; sdx3l1 = dx31"2;
dx23 = x2 - x3; sdx23 = dx23"2; dx32 = x3 - x2; sdx32 = dx32"2;
T T L T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T LT TTYYYIYYEIYYYERYTYETY
dylZ = yl - y2; sdyl2 = dyl2”2; dy2l = y2 - yl; sdy2l = dyZl"2;
dyl3 = yl - y3; sdyl3 = dyl372; dy3l = y3 - yl; sdy3l = dy31°2;
dy23 = y2 - y3; sdy23 = dy2372; dy32 = y3 - y2; sdy32 = dy32"2;

T T T T T LI TIITIIITIITIITIITIITTIITTIIITTIITIIITITITIITITIITITITIITITTITILITFTLRITLILITIRIRTRIYIYSY

dzlZ = zl1 - z2; sdzl2 = dzl2"”2; dz2Zl = z2 - zl; sdzZl = dzIl"Z;
dzl3 = zl1 - z3; sdzl3 = dzl3"2; dz3l1 = z3 - zl; sdz3l = dz31"Z;
dz23 = 22 - 2z3; s8dz23 = dz23"2; dz32 = z3 - 2z2; sdz3Z = dz32"Z;

T T T T T T T T T T T T T T T T T T T T I ITIITIIIIIIITIIIIIIISTITITIISITITTITTTTTYTSS
% just distance powered

dlZ = (sdxlZ + sdylZ + sdzlZ)"(3/2); d2l (sdx21 + sdyZl + sdz2l)"(3/2):
dl3 = (sdxl3 + sdyl3 + sdzl3)"(3/2); d23 = (sdx23 + sdy23 + sdz23)"(3/2):

% second order: accelerations

r(2) = (dxl12/dlZ + dx13/d13)/m(1l): $ acc_x for 1lst
r(4) = (dyl2/dlZ + dyl3/dl3)/m(l): $ acc_y for 1st
r(é) = (dzl2/dl2 + dzl3/dl3)/m(l): § acc_z for 1st
r(8) = (dx21/dl2 + dx23/d23)/m(2): $ acc_x for 2st
r(l0) = (dy2l/dl2 + dy23/d23)/m(2): $ acc_y for Ist
r(l2) = (dz21l/dl2 + dz23/d23)/m(2): $ acc_z for Ist
r(l4) = (dx31/dl3 + dx32/d23)/m(3): $ acc_x for 3st
r(lé) = (dy3l/dl3 + dy32/d23)/m(3): $ acc_y for 3st
r(lg) = (dz31/dl3 + dz32/d23)/m(3): $ acc_z for 3st

Figure D.4: Numerical integration function using Runge-Kutta 4th order method: 3-body
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