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Populärvetenskaplig sammanfattning

Hur naturliga fenomen fungerar på en fundamental nivå är en frågeställning som alltid
varit central inom vetenskapen. Alla vetenskapliga applikationer som idag används för
att tillverka allt från medicin till datorkomponenter bygger på att ha en väl förstådd
fundamental grund. Detta arbete studerar molekyler för att vidare förståelsen kring
deras kvantmekaniska natur. Detta åstadkoms genom att studera olika elektroniskt
tillstånd, övergången mellan dem och den dynamik som kan ske i tillstånden.

Elektromagnetisk strålning kan ändra det elektroniska tillståndet i en molekyl genom
att ge molekylen energi. Om energin som ges överensstämmer med skillnaden mellan
begynnelse tillståndet och ett nytt exciterat tillstånd sker en resonansövergång. Om
energin är högre än en viss gräns kommer molekylen i stället att joniseras. Synkro-
tronljuskällor specialiseras på att ge väldigt brilliant och preciserad elektromagnetisk
strålning. I detta arbete används det för att studera olika kolbaserade molekyler när
kolets kärnelektron exciteras till olika resonanstillstånd runt joniseringskanten. När
en kärnelelektron exciteras bildas ett hål som molekylen kommer vilja fylla med en
elektron, detta sker snabbt utav en av valenselektronerna. Molekylen är nu i ett myc-
ket exciterat tillstånd och kommer behöva göra sig av med överskottsenergin. Det sker
(i kolatomer) genom att en elektron emitteras i ett så kallat Auger-Meitner sönder-
fall, vilket lämnar molekylen i ett (eller dubbelt) joniserat tillstånd. Dynamik kan ske
redan i det kärnexciterade tillståndet, men även i det joniserade tillståndet.

I detta arbeta studeras tre olika aspekter i molekyler med hjälp av synkrotronljus. För
det första, elektroniska övergångar i metanbaserade joner. Det vill säga joner med
en enda kolatom och olika mängder väteatomer. Nya övergångar som inte syns i de
motsvarande neutrala molekylerna observeras. Märkbart resultat är att de elektronis-
ka övergångar kartläggs för den exotiska jonen CH+

5 , denna jon är fluxionell, vilket
betyder att strukturen på jonen ändras spontant och kontinuerligt mellan olika lägen.
För det andra, studeras hur excitation av kolatomer med olika kemiska omgivning på-
verkar Auger-Meitner sönderfallet. För det tredje, studeras den atomära dynamiken
efter kärnexcitation mer noggrant genom att mäta momenten på alla fragment av en
cyklisk kolvätemolekyl, cyklopropan, efter att den gått i sönder på grund av den höga
laddning som erhållits. Detta leder till att en väldigt svår mätt dynamik lyckas avbil-
das. Denna dynamik är när ett neutralt fragment emitteras från original molekylen,
men fastnar i en elektronisk potential och börjar vandra kring den resterande mole-
kylen. Till slut abstraherar vandraren ytterligare ett fragment och de två kvarstående
kropparna dissocierar sedan. I fallet för cyklopropan är det en vätemolekyl H2 som
vandrar och abstraherar en proton vilket bildar den fascinerade jonen H+

3 , vilket är
en av de vanligaste molekylära jonerna i universum och spelar en stor roll i astrokemi.

vii



Popular science summary

How natural phenomena work at a fundamental level is a question that has always
been central to science. All scientific applications that are used today to manufacture
everything from medicine to computer components are based on a well-understood
fundamental basis. This work studies molecules to better understand their quantum
mechanical nature. This is achieved by studying different electronic states, the trans-
itions between them, and the dynamics that can occur in these states.

Electromagnetic radiation can change the electronic state of a molecule by giving the
molecule energy. If the given energy corresponds to the difference between the initial
state and a new excited state, a resonance transition occurs. If the energy is higher than
a certain limit, the molecule will instead be ionised. Synchrotron radiation sources
specialise in providing very brilliant and precise electromagnetic radiation. In this
work, such radiation is used to study various carbon-based molecules when the car-
bon’s core electron is excited to different resonant states around the ionisation edge.
When a core electron is excited, a hole is formed that the molecule will want to fill
with an electron; this happens quickly by one of the valence electrons. The molecule is
now in a very excited state and will need to get rid of the excess energy. This happens
(in carbon atoms) by emitting an electron in a so-called Auger-Meitner decay, which
leaves the molecule in a single (or doubly) ionised state. Dynamics can already occur
in the core excited state, but also in the ionised state.

In this work, three different aspects of molecules are studied with the help of syn-
chrotron radiation. Firstly, electronic transitions in methane-based ions. That is, ions
with a single carbon atom and different amounts of hydrogen atoms. New trans-
itions are observed that are not seen in the corresponding neutral molecule. Notable
results are that electronic transitions are mapped for the exotic ion CH+

5 , this ion is
fluxional, which means that the structure of the ion changes spontaneously and con-
tinuously between different states. Second, we study how excitation of carbon atoms
with different chemical environments affects Auger-Meitner decay. Third, we study
the atomic dynamics after core excitation more carefully by measuring the momenta
of all fragments of a cyclic hydrocarbon molecule, cyclopropane, after it has broken
down due to the high charge that has been obtained. This allows a very difficult
dynamic to measure to be successfully depicted. This dynamic is when a neutral frag-
ment is emitted from the original molecule but gets stuck in an electronic potential
and starts to roam around the parent molecule. The roaming fragment eventually
abstracts another fragment from the parent molecule, and the two remaining bodies
then dissociate. In the case of cyclopropane, it is a hydrogen molecule H2 that roam
and abstracts a proton, forming the fascinated H+

3 ion, which is one of the most
common molecular ions in the universe and plays a major role in astrochemistry.

viii
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Chapter 1

Introduction

Interactions of light and molecules create a plethora of processes, many of which
induce dynamics, isomers through nuclei rearrangement, fragmentation through dis-
sociation, or both. These dynamics are key to many biological and chemical processes
which occur in nature, on earth and in space, in the human body, and in industrial or
medical applications. This makes having knowledge on how the dynamics naturally
occurs very important, that knowledge can then provide the ability to control the dy-
namics in a desirable way, creating necessary chemical products or destroying harmful
pathogens or tumours in the human body.

The dynamics of the nuclei of molecules is caused by the electron configuration, which
electronic states are occupied, and their character. Changing the electron configura-
tion therefore allows for the study of the dynamics. In this thesis the different states
and the changes they incur are investigated.

The transitions between states in molecules and atoms can be initiated by various
means. Photons provide an easy access to the possible states of molecules and atoms,
especially with synchrotron radiation from storage rings. These facilities now provide a
wide range of precise energies, enabling great accuracy in experiments. Therefore, the
states and transitions in this thesis are studied using synchrotron radiation, specifically
in the soft x-ray regime where the carbon core excitations lay.

This thesis aims to explain the electronic state transitions in core-excited ions, site-
selectivity of Auger-Meitner decay and dissociation mechanisms after core excita-
tion/ionisation and the subsequent Auger-Meitner decay. The basic theory and un-
derlying physics of these concepts will be shown in Chapter 2. To experimentally
investigate the aforementioned concepts, we conducted the experiments at a storage
ring and utilised synchrotron radiation. Chapter 3 outlines this radiation source and
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each experimental instrument used. The results of the studies will be shown and dis-
cussed in Chapter 4. Chapter 5 will lastly summarise and provide an outlook of the
work that was done and how it may be expanded upon.
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Chapter 2

Theoretical background

The thesis studies electronic states, transitions between states facilitated by interaction
with electromagnetic radiation, and the nuclear and charge dynamics that occurs after
such transitions. This chapter introduces some of the key theoretical concepts and
models that are fundamental for these studies.

2.1 Photons and molecules

The building blocks of molecules are the atoms, consisting of a nucleus and the sur-
rounding electrons, bound by the attractive Coulomb force. In 1913 Niels Bohr put
together a model of the atom [1], see Figure 2.1. It shows the nucleus as a positive mass
in the centre, while the electrons orbit like planets around a star. The electrons are not
allowed to do whatever they want; instead, they are locked to the orbitals (derivative
from the word orbit). The orbitals are mathematically described by a wavefunction
Ψ, and governed by the so called wave equation

H Ψ(r̄, t) = iℏ
∂

∂t
Ψ(r̄, t) (2.1)

developed by Erwin Schrödinger [2]. The hamiltonian H is an operator that rep-
resent the total energy of a physical system. For example, the Hamiltonian of one
particle can be written as

H = − ℏ2

2m
∇2 + V (r̄), (2.2)

where the first term is associated with the kinetic energy and the second term the
potential energy. Even so, only the Schrödinger equation for the hydrogen atom
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can be solved analytically, while larger systems can be solved numerically, or through
the mean-field approximation where each electron is treated like a hydrogen electron
combined with a field created by all the other electrons. Thus, the atomic orbitals can
be expressed by hydrogen-like orbitals, as is explored further in section 2.3.

Figure 2.1: A schematic of the Bohr model of an atom, the sizes and distances are not to scale. The nuclei is
the red dot in the centre and the electrons are shown as blue dots on the orbital paths in black.

Molecular orbitals can be illustrated by using Linear Combination of Atomic Orbitals
(LCAO), where the wavefunctions of each atom are combined as

Ψ =
∑
i

ciψi. (2.3)

The coefficients ci of all atomic wavefunctions ψi are summed together. Figure 2.2
shows how the atomic wave functions of two hydrogens build up in the hydrogen mo-
lecule. The two atomic orbitals form two molecular orbitals, if the two atomic orbitals
are in phase they constructively interfere and overlap, while if they are out of phase
they destructively interfere and form nodes. Bonding occurs when the wavefunctions
overlap, resulting in a higher probability of finding an electron between nuclei. This
lowers the energy of the state, causing them to bond. When nodes form in-between
the nuclei, the energy will increase and the state is anti-bonding.

Figure 2.2: The linear combination of hydrogen atomic orbitals forming the molecular orbitals of H2. The
two electron (one from each atom), shown as arrows, are placed in the lowest energy orbital the
bonding σ, while the anti-bonding σ∗ remains empty.
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2.2 Light and matter interactions

The interaction between photons and matter allows the study of the electronic struc-
ture of matter and in some cases controls its dynamics. The photoelectric effect [3]
provides a relation between the photon and emitted electron of matter in

Eb = hν − Ek + ϕ (2.4)

where Eb is the binding energy and Ek is the kinetic energy. Theϕ is the work function
which is mostly relevant when working with condensed matter, in gas phase molecules
covered by this thesis the work function is zero.

Figure 2.3(a) shows how a core electron is ionised in the photoelectric effect. After
photoionisation an atom or molecule is in an ionised state, the core-hole will be filled
by another valence electron to relax the system. The energy difference between the
core and valence state is released as kinetic energy to the electron. This emission can
occur via a photon in florescence decay or by a second valence electron emission in
a normal Auger-Meitner decay [4, 5], shown in Figure 2.3(b).

Figure 2.3: (a) Ionisation of a core electron by a photon with energy hν, and (b) normal Auger-Meitner decay
after core ionisation. The highest occupied molecular orbit (HOMO), lowest unoccupied molecular
orbit (LUMO), and the ionisation potential (IP) are highlighted.

The photoelectric effect describes the ionisation of matter, but if the photon energy is
equal to the difference between two states it may excite an electron from the first state
to the second. Figure 2.4(a) schematically shows this x-ray absorption. The probability
for a transition from an initial state |ψi⟩ to a final state |ψf ⟩ can be described by

Pi→f =
2π

ℏ
|⟨ψf |µ̄|ψi⟩|2 δ(Ef − Ei − hν) (2.5)

where µ̄ is the dipole operator, and the δ is a Dirac-delta function imposing energy
conservation. This expression is Fermi’s golden rule. This dipole operator is intro-
duced as an approximation of the interacting Hamiltonian, with Hinteraction =
−ε̄ · µ̄ where ε̄ is the polarisation vector. As with ionisation of a core electron, the
core hole will be filled by a valence electron causing an Auger-Meitner decay. Two
possible pathways of the decay exists shown in Figure 2.4(b-c), (b) the excess energy
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causes the original core electron to be emitted in a participator Auger-Meitner decay,
(c) the excess energy causes a second valence electron to be emitted called spectator
Auger-Meitner decay.

Figure 2.4: (a) Excitation of a core electron by a photonwith energy hν. The systemwill decay by filling the core
hole with a another valence electron, the excess energy will cause either (b) the excited electron to
be emitted in a participator Auger-Meitner decay or (c) a second valence electron will be emitted
in a spectator Auger-Meitner decay.

2.2.1 Molecular dynamics

Dications or ions with higher positive charge will generally cause dissociation in a
short time scale because of the large repulsive Coulomb force, in what is commonly
called a Coulomb explosion. The dissociation may occur in a single step, but in a
three-body fragmentation or more it is common to have it occur in sequential steps.
If a three-body fragmentation occurs in a single step, it is called a concerted break-up
while if it occurs in two steps it is called sequential. The concerted fragmentation
of an dication (ABC2+) will occur as

ABC + hν → ABC2+ + e−photon + e−auger

→ A+ +B+ + C + e−photon + e−auger +KER
(2.6)

where KER is the kinetic energy release in dissociation. The sequential break-up goes
as

ABC + hν → ABC2+ + e−photon + e−auger

→ AB2+ + C + e−photon + e−auger +KER1

→ A+ +B+ + C + e−photon + e−auger +KER1 +KER2

(2.7)

where the reaction ends up with two KER distributions. The fragment C will in this
case have a constant fraction of the KER in the first step. Since the AB breakup does
not affect C, no correlation is expected between C and either of A or B. Moreover, the
AB breakup should in general produce opposite momentum vectors that are added to
their initial momentum gained in the first step.

Molecular dissociation in neutral molecules from a chemical point of view is gener-
ally described in two ways. The first dissociation leads to closed-shell products by
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traversing a large energy barrier, which consists of a transition state. The second leads
to radicals from bond-breaks without potential barriers. In the early 2000s a third
dissociation mechanism, called roaming, was experimentally shown by Townsend et
al. in formaldehyde [6]. This dissociation occurs by first emitting a neutral fragment,
which becomes trapped in a shallow potential energy surface. The neutral moiety
roams around the parent molecule, until it eventually abstracts another part, lead-
ing to a dissociation [7]. This was shown to produced the closed-shell products of
H2 and CO from formaldehyde without entering the transition state and crossing an
energy barrier that is normally required for those products. Figure 2.5 schematically
shows the difference between the roaming moiety getting caught or not. The roam-
ing mechanism has since then been found in several molecules and dications and is
suggested to be ubiquitous [8–18]. It is difficult to observe directly and several ap-
proaches have emerged. Paper V explores the roaming mechanism in cyclopropane,
leading to formation of the H+

3 ion. Our method is to use momentum imaging of
the fragmentation channel where the neutral have not yet abstracted the second part
from the parent, providing insight during the roaming process.

Figure 2.5: Schematic of formaldehyde dissociation. One hydrogen gets emitted by a bond elongation, on
the left the bond breaks and the hydrogen is lost. While on the right, the hydrogen gets trapped
by a potential energy surface and starts roaming around the parent. The roaming hydrogen then
abstracts the second hydrogen and dissociates.
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2.3 Molecular quantum chemical calculations

For most quantum chemical calculations in this thesis the software package Open-
Molcas [19–21] was used. In this section the main programs and basis sets that were
utilised will be briefly presented.

The initial setup for a calculation requires selection of a basis set and (initial) geometry
of the atom or molecule. In general the ANO-RCC-VQZP basis set was used, this is
an Atomic Neutral Orbital (ANO) type bases set, with Relativistic Core-Correlated
(RCC) and with Valence Quadruple Zeta accuracy with added polarisation functions
(VQZP) [22]. The RCC component means that the basis set has been contracted using
the Douglas-Kroll Hamiltonian [23, 24] to include relativistic effects in the quantum
chemical calculation. When dealing with Rydberg states like in Paper I an auxiliary
basis set is added. This additional basis set is a diffuse atomic like basis set contracted
onto the molecular centre of charge.

The one-electron wave function is then created using self-consistent field method
(SCF), however, for the systems studied in this thesis a Multi Configurational (MC)
method is then applied to take electron correlation into account. This is done through
the RASSCF [25–27] program where the orbitals are grouped into three different act-
ive spaces: RAS1, RAS2, and RAS3. These three spaces have different interactions,
RAS1 can be set to allow a certain number of holes, while RAS3 can be set to include
a set of allowed electrons. RAS2 allows all possible configurations and is therefore
equivalent to a complete active space (CASSCF) calculations when used on its own.
The main benefit of these three spaces is that one can easily designate which orbitals
should have a hole and which should become occupied by an electron. The wave-
function energy calculation is usually improved by adding some perturbation theory
through RASPT2 [28, 29], this is an computationally expensive method.

When doing geometry optimisation the program SLAPAF is used, this program per-
turbs the initial geometry and is put into a minimisation loop [30]. By recalculating
the ground state (or excited state if specified) energy in each minimisation loop, the
program eventually finds the lowest energy geometry of the molecule. It should be
noted that the minimization can end up in a local minimum, but in general this is a
very effective way of finding theoretical structures of unknown samples.

Once the wave-function is computed and the geometry is defined Fermi’s golden rule
can provide the transition probability between two different states. This is accom-
plished through the RASSI program [31, 32], with the wave-function for the states
involved in the transition as inputs. Many different variables can result from this pro-
gram, however, in this thesis it was mainly used to calculate the oscillator strength
from a ground state to core excited state. The core-excited states were optimized by
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imposing core-valence separation in order to avoid variational collapse due to filling
the core orbital. In this thesis this was done through the use of the HEXS method
[33].
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Chapter 3

Instrumentation

The previous section introduced many of the key concepts that were studied in this
thesis, while this chapter aims to explain the various methods used to study them
and motivate why they were chosen. The study of molecular (or ion) dynamics is a
very broad subject and many different types of methods have been developed. This
includes both what is used to initiate the process, and how it is measured. One of
the most common ways to initiate dynamics is through electromagnetic radiation.
For this thesis the source of the electromagnetic radiation was storage rings, which
provide synchrotron radiation as explained in the next section. Moreover, this chapter
will cover the various experimental setups which were used to capture and measure
the particles and consequently the dynamics. These range from simple time-of-flight
(TOF) detectors to complicated 3D momentum imaging in coincidence spectromet-
ers.

3.1 Synchrotron radiation

Higher energy photons (in the X-ray range) were first discovered by William Röntgen
[34], using a high-voltage discharge tube. This way of creating light, called
bremsstrahlung, requires charged particles to be accelerated to several kV. One way to
achieve these high speed particles is to have the particle pass a single radio-frequency
cavity several times by going around larger and larger circular tracks. But, when the
charged particles follow a curved path it emits radiation, synchrotron radiation. The
emission of electric fields from a moving charge is described by [35, 36]

E(x, t) =
e

4πϵ0

[
n̄− β̄

γ2(1− β̄ · n̄)3R2
+

1

c

n̄× [(n̄− β̄)× β̄]

(1− β̄ · n̄)3R

]
. (3.1)
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The n̄ is the unit vector from the particle to the observer, R is the distance from the
point of radiation emission to the observer, e the electric charge, ϵ0 the capacitivity of
free space, γ the Lorentz factor, c is the speed of light and β̄ = v̄

c , where v̄ is the elec-
tron velocity. The second term describes the far (acceleration) field and the produced
synchrotron radiation when perpendicular to the velocity, β̄. This was first viewed
as a disadvantage as energy was lost from the particles, but use of the radiation was
quickly found. The 1st generation synchrotron radiation facilities used this radiation
parasitically from high energy physics experimental facilities.

Dedicated facilities were then created to produce synchrotron radiation and use it to
study light-matter interactions. The 2nd generation synchrotron radiation sources
used the same method as previous, bending magnets, to produce the light. The 3rd
generation synchrotron radiation sources produces the radiation through insertion
devices (arrays of magnets). The current new generation (4th) produces the most
brilliant light and is defined by being diffraction limited (i.e. the emittance of the
electron beam is comparable with the size of the x-ray beam). The insertion devices
work by having the relativistic electrons oscillate when travelling through the magnet
array as shown in Figure 3.1, where an undulator is shown. The undulator produces
coherent light with a wavelength of

λi =
λu
2γ2i

(1 +
K2

2
+
θ2γ2

2
) (3.2)

where λu is the period length of the undulator, θ is the angle between the electron
velocity and the radiation direction, andK = eBλu

2πmec
is an undulator parameter where

B is the peak magnetic field of the magnets in the array and me is the mass of the
electron. The radiation produced from an undulator is coherent, although another
insertion device called the ”wiggler” functions as a wavelength shifter. The benefits
depend on the experiment that uses them; in this work, only undulators were used.

Figure 3.1: A schematic of the principle of an undulator. The undulator consists of an array of magnets with
periodically opposite polarisation. The electron bunch travels through the undulator on a sinus-
oidal path due to the alternating B-field. The bending acceleration of the electrons causes photon
emission with polarisation in the same plane as the acceleration, depicted as dashed arrow. If the
electrons are travelling at relativistic speed, the photons will primarily be emitted in the forward
direction.

In a synchrotron light source, electrons circulate in a storage ring. The general setup
of a storage ring is shown in Figure 3.2. In essence, electrons are first accelerated to
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near light speed by a linear accelerator, LINAC, then they are injected into the stor-
age ring as bunches, where three main components are found. Firstly, the undulator
as described before. Secondly, the radio-frequency cavities (RF-cavity) accelerate the
electrons, as they slowly lose speed in the ring due to radiation or collisions. These
RF-cavities also aid in stabilising the electron bunches as the slower electrons are ac-
celerated and the quicker electrons are retarded. This helps provide a stable current
in the ring. The third component is the bending magnets, which keep the electron
bunches going in a circle, storage rings also have magnets to focus bunches for stability
and better light emitting conditions.

Figure 3.2: A schematic of a storage ring, with three of the major components: A bending magnet, RF-cavity
and an undulator.

There are many storage rings around the world. The experiments in this thesis utilised
two such facilities: MAX IV in Lund, Sweden and BESSY II in Berlin, Germany.
MAX IV is a fourth generation synchrotron facility with two storage rings, one with
1.5 GeV electron energy and one with 3 GeV, while BESSY II is a third generation
synchrotron facility with one 1.7 GeV storage ring. Both of these facilities have many
beamlines where experiments can be done, this thesis used three beamlines, whose
parameters are listed in Table 3.1.

Table 3.1: The parameters for the beamlines where experiments were conducted as part of this thesis. Only
linear polarised light was used, but FinEstBeAMS and UE52_PGM are able to use elliptically polarised
light. This is indicated by their use of either linearly polarised undulator (LPU) or elliptically polarised
undulator (EPU).

Beamline Facility Energy ranges Radiation source Focus spot size h x v
FlexPES [37] MAX IV 43− 1550 eV LPU 50 x 15 µm

FinEstBeAMS [38] MAX IV 4.5− 1300 eV EPU 100 x 100 µm
UE52_PGM [39] BESSY II 120− 1600 eV EPU 600 x 700 µm
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After light is produced by the insertion devices the beamline exists to ”shape” the light
and house the experimental setups. A key component is the monochromator which is
designed to extract a narrow wavelength window from the undulator spectrum. This
is done through a dispersive element, like a diffraction grating, in combination with
an exit slit which lets through a small part of the dispersed light. Another important
component of the beamline is the mirrors which focus the light beam into a small
spot where the experimental sample may be interacted with.

The benefit of the synchrotron radiation is firstly the variability of photon energy, pro-
duced by altering the B-field, see equation 3.2. This is practically done by moving the
magnet arrays closer to (or further away from) each other. No other light source can
produce the large range of photon energy. Secondly, together with the large photon
energy range is that the selected light has in general a very small bandwidth compared
with other sources. This is paramount when studying resonant processes. Another
very important aspects is the coherence granted by the undulators, this attribute was
however not utilised in this thesis.

3.2 Experimental setups

This section will describe the four experimental setups used in this thesis. Firstly,
with the ion trap and the mass spectrometer for ions used in Paper I. Secondly, the
hemispherical electron analyser which was used for Auger-Meitner decay spectroscopy
in Paper II. Thirdly, the combination of a hemispherical electron analyser and an ion
mass TOF spectrometer used in Paper III. Lastly, a reaction microscope, ICE (Ions
in Coincidence with Electrons) described in Paper VI, which measures both ions
and electrons in coincidence, and specifically captures the 3D momentum of these
particles which was employed in the dynamic investigations of Paper IV-V.

3.2.1 Ion trap

Free ions are in general difficult to study, requiring specialized equipment to success-
fully do so. One of the main reasons for this difficulty is that they are highly reactive.
The ions are of course also charged, and repel each other making it challenging to
achieve sufficient high density sample. However, due to this inherent charge it is pos-
sible to steer them by the use of electromagnetic fields which is impossible for neutral
molecules. This control is the basic principle for ion traps. The combination of the
ion trap with synchrotron radiation allows for XAS-like experiments. The benefit of
looking at the ion is that new states can emerge or be suppressed due to selection rules,
allowing exploration of new electric potential energy surfaces and the dynamics they
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may impose. Another key benefit is in general access to species not found naturally,
readily or exotic species such as CH+

5 .

The ion trap used in this thesis was the Nanocluster Trap end-station [40] which is
located at the UE52-PGM beamline [39] at BESSY II in Berlin, Germany. This setup
was used for the experiments presented in Papers I. Figure 3.3 shows a schematic of the
end-station, and will be described in the following three parts: production, trapping,
and detection.

Figure 3.3: A schematic of the whole process from neutral particle to detected mass fragment for the case of
methane. At the left side the sample molecule, methane, is introduced to a highly energetic He-
plasma and all ionic species are formed. The ion of interest is filtered by the electromagnetic filter
(CH+

3 with a m/q of 15 in the schematic), and guided into the ion trap. The content of the trap
interacts with the X-rays and periodically a sample of the content is let out of the end-cap. This
sample is guided to a reflectron TOF mass spectrometer, that provides a measurement of the m/q
spectrum of the contents of the ion trap.

Production

The sample gas is introduced into a highly energetic helium plasma produced by a
magnetron sputtering source. The molecules are ionised and possibly fragmented,
this produces a soup of helium and ions from the sample. The ions are then extracted
and guided by a radio frequency hexapole into a radio frequency quadrupole mass
filter. The ion to be investigated is filtered by a small range of mass-to-charge ratio
and passes on towards the ion trap. Entering the trap a helium buffer gas is introduced
to cool the ions, ensuring that they are primarily in the ground state.
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Trapping

Figure 3.4 shows a schematic of the cryogenically cooled quadrupole ion trap [41].
In essence the trap consists of four closely spaced alternately charged rods and two
end-caps. The voltage of the rods alternates polarity pairwise and traps the ions radi-
ally. The end caps have high potentials and traps the ions in the axial direction. The
trapping is based on the principles of the Paul trap [42].

Figure 3.4: The ion trap is made up of four charged rods, with alternating charge (pairwise). The end-caps
are also charged, completely trapping the charged ions. This creates trapping forces conceptually
shown by F.

The synchrotron radiation is delivered in the axial direction of the trap, and is not a
focused beam but instead a low divergent beam. This is done to have the radiation
interact with ions throughout the trap rather than at a single point. The beamline
can deliver photons in the range of 85 − 1600 eV with a resolving power E/∆E of
more than 10000 at 400 eV and variable polarisation, though only horizontal linear
polarisation was used in the experiment presented in this thesis.

When a sample ion absorbs an X-ray photon, an inner-shell electron is excited or
ionised, Auger-Meitner decay follows and the ion may fragment into smaller charged
species. All resulting ions are accumulated in the trap. The exit end-cap is periodically
switched off (usually at a rate of 1− 200 Hz) letting out a sample of the current mass
fragment composition. The ion trap is meanwhile being continuously refilled with
ions.

Detection

The ions which are pulsed out of the exit end-cap are guided towards a time-of-flight
(TOF) mass spectrometer of a reflectron type, schematically shown in Figure 3.5. The
ions are first accelerated, then allowed to separate in a drift tube, and the separation
occurs due to the different speeds obtained by ions having different mass-to-charge
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ratios. Lastly, the ions are reflected onto a detector which records the time. The
recorded TOF is converted into mass over charge ratio by

TOF ∝
√
m

q
, (3.3)

where m is the mass and q the charge of the detected particle. This allows identification
of what fragments are in the trap, creating mass spectra from the data.

The measurement procedure is to scan the photon energy over some range, while
the mass spectra are recorded at each energy step for some specified time, producing a
map shown in Figure 3.6(a). One mass fragment can then be chosen, and is integrated
over the mass bins it spans. Figure 3.6(b) shows the partial ion yield spectrum of the
chosen fragment. This provides information on how the photon energy influences the
probabilities of different means of decay, and the achieved spectra can be considered
proportional to a X-ray Absorption spectrum (XAS) [43].

Figure 3.5: A schematic of a reflectron TOF mass spectrometer. The particle (ion) is first accelerated such that
the initial velocity can be neglected. Then the particles are separated in time by their m/q in the
drift region, then lastly they are reflected onto a detector.

Figure 3.6: (a) A 2D mass spectra of CH+ with time of flight equivalent mass bins on the x-axis and photon
energy on the y-axis. An integrated spectrum of the mass bins is shown on top. (b) A partial ion
yield of CH+ from integrating the C2+ mass peak and plotting it against the photon energy.
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The measured spectra may contain noise or background, in the form of for example
dark counts. This is accounted for by obtaining a data point, or mass spectrum,
without light. This is automatically done after each measurement, as the background
level can shift from measurement to measurement but also due to external factors.
The background is then removed by

difference =
measurement− background

photocurrent
(3.4)

which gives the resulting spectrum denoted as difference. This subtraction is schem-
atically shown in Figure 3.7, in this calibration the photocurrent is also taken into
account, measured with a photodiode.

Figure 3.7: A depiction of how the background is subtracted from the total ion yield spectra from the ion traps
works. The background (solid blue) is subtracted from the measurement (solid green) providing
the useful ion yield spectrum (solid orange). The photocurrent has been accounted for in all lines.

3.2.2 Hemispherical electron analyser

The key attributes of electrons that make them easier to measure than most other
particles, is that they are charged by q=-e and have an exact mass of me=5.4858e−4
amu. This means that under the influence of an electric field their path is simple to
calculate by the Lorentz equation

F̄ = q(Ē + v̄ × B̄), (3.5)

where q is the charge, v̄ the velocity vector, Ē and B̄ the electric and the magnetic
field-vectors. The hemispherical electron analyser uses this by having an applied elec-
tric field between two hemispheres as depicted in Figure 3.8. Electrons that enter the
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hemisphere follow a curved path and electrons of a selected energy will reach the de-
tector. If the energy of the electron is too high or too low the electrons will hit the
walls and not be detected. The energy needed for the electrons to reach the detector
is called the pass energy, and is directly related to the applied electric fields. The de-
tector has a multi channel anode and thus the energy of detected electrons will have
some dispersion from the pass energy. A higher pass energy will in general cause a
higher dispersion of electrons to hit the detector, lowering resolution but increasing
transmission and vice versa for a lower pass energy. The benefit of an hemispherical
electron analyser is that one can collect a wide range of electron energies with high
resolution. They are, dependent on the applied lens and static electric fields, capable
of detecting photoelectrons and Auger-Meitner electrons with hundreds of eV kinetic
energy.

Figure 3.8: Schematic of a generic hemispherical electron analyser. An electron is emitted from a photon-
molecule interaction, and is accelerated by lenses into the hemisphere. The two hemispheres are
electrically charged causing a radial (inward facing) force on the electron, which gain follows a
curved path. If the electron has the correct energy i.e. the pass energy, it reaches the detector.

The hemispherical analyser (Scienta R4000) used in this thesis on its own was initially
situated at the I411 beamline of the MAX Laboratory, Lund, Sweden [44]. However
is now situated at the FlexPES beamline at MAX IV [37]. The analyser can use many
different sample solutions, in this thesis only a gas cell was used. This allows for a con-
tinues flow of sample gas at a stable pressure. The entire spectrometer is able to rotate
to measure at different angles of emission, this is important as the light is horizont-
ally polarised and thus the emission is angle dependent. However, in this thesis the
angular distribution of electron emission was not studied using this spectrometer and
thus it was kept at the ”magic angle” of 54.7◦ in relation to the polarisation vector.
This means that the intensity of electron emissions from orbitals of different character
are independent of the angle of emission. When the electrons enter the spectrometer
they first encounter a set of electromagnetic lenses which focus but also change the
velocity by either acceleration or retardation. This allows the user to study different
electron energies while keeping the pass energy (and therefore the resolution) con-
stant. The detector is made up of a Multi-Channel Plate (MCP)[45] to amplify the
electron signal and a Charge Coupled Device (CCD) camera to register a hit.
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3.2.3 Electron-ion coincidence spectrometer

Capturing electrons in coincidence with ions from a single ionisation event allows
for precise studies of the molecular dynamics associated with specific electronic states.
The coincidence spectroscopy technique was first introduced by Eland et al. [46], but
has since evolved into many different types of setups. This and the next section will
cover two different types.

The first type of coincidence spectrometers discussed here is situated on the GPES
endstation [47] at the FinEstBeAMS beamline [38] at MAX IV, in Lund, Sweden.
The coincidence chamber consists of a hemispherical electron analyser (Scienta R4000
from Scienta Omicron) and a momentum-resolving ion TOF spectrometer. Further-
more, the inner part of the chamber is clad with µ-metal to shield from external
magnetic fields. The ion part was only used as a TOF spectrometer in this thesis. The
coincidence is set up to work with a pulsed extraction for the ions. When an elec-
tron is detected in a kinetic energy window of interest a trigger initiates an extraction
pulse, accelerating ions towards the TOF spectrometer. This electron hit is also used
as t0 for the ion TOF. A needle effusive jet is generally used in order to increase the
pressure in the interaction region.

The Scienta R4000 electron spectrometer is almost identical to the spectrometer de-
scribed in Section 3.2.2 but has been modified to, instead of a MCP and CCD camera,
have a three-plate MCP (Z-stack configuration) and a fast resistive anode position-
sensitive detector [47]. This simplifies the coupling between electron and ion hits in
events based measurements. In other words it allows each electron hit to be given an
exact analogue XY-position signal.

The ion TOF spectrometer is a modified Wiley-McLaren type TOF analyser [48], but
it is modified to have two electrostatic lenses, instead of homogenous electric fields
determined by grids. This modification allows the setup to be optimised for mo-
mentum imaging or TOF resolution by adhering to the Wiley-McLaren conditions.
This is because when the Wiley-McLaren conditions are fulfilled the TOF only de-
pends on the m/q ratio of the ion, no momentum distribution along the spectrometer
axis is possible. Therefore, the optimisation for momentum imaging means that the
TOF peaks are spread out to provide momentum along the spectrometer axis, but
this introduces asymmetry dependent on the angular emission of the particle due to
the electric fields, which must be corrected for afterwards. The detector consists of an
MCP pair together with a HEX-anode delay-line scheme[49, 50], allowing multi-hit
events (as long as they differ in time or position) to be efficiently detected with zero
dead-time [51, 52]. Dead-time refers to saturation of the detector at a single point,
causing multiple hits to register as one, losing information.
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This spectrometer setup allows studies of the ion fragmentation in coincidence with
electrons from specific states. In this thesis, Auger-Meitner electrons after resonant ex-
citation around the C 1s threshold were measured in coincidence with ions. Providing
fragmentation information at final electronic state configurations.

3.2.4 3D momentum electron and ion imaging spectrometer

The last experimental setup is a versatile REaction MIcroscope (REMI), situated at
the FlexPES beamline[37] at MAX IV. The ICE (Ions in Coincidence with Electrons)
spectrometer was commissioned and is thoroughly described in Paper VI. A reaction
microscope enables measurements of the 3D momentum distribution of electrons
and ions in coincidence from a photo-reaction event. Furthermore, a 4π collection
efficiency is attainable allowing the full kinematics to be determined from molecular
dissociation processes. The spectrometer can be run in two modes, a lens mode and
a RIMS (recoil ion momentum spectroscopy) mode.

The spectrometer consists of 150 copper electrode plates with circular holes. These
plates are stacked 5 mm apart and are initially connected via 1 MΩ resistors, although
the lens mode has other connections to create the electromagnetic lensing and will be
discussed later. Figure 3.9(a) shows a schematic of the lens mode connections, and
Figure 3.9(b) shows a picture of the spectrometer inside the vacuum chamber. The
spectrometer is kept under high vacuum (10−8 mbar) during use. This spectrometer
accelerates particles by static electric field after they are ionised by the synchrotron
radiation. On each end of the spectrometer a detector, made up of a MCP and HEX
delay-line anode, is situated and provides position XY and stop time for the TOF. The
start time for the TOF is given by a bunch marker provided from the storage ring.
This means that XYT coordinates are provided for both the electrons and ions. A
coincident event is initiated by an electron hit, as the electron travels much faster than
ions. This should in general be the photoelectron, as any potential Auger-Meitner
electron would have too much energy (hundreds of eV) to be confined by the fields of
this spectrometer. After the event starts, all the ions and additional electrons detected
within a time window are assigned as part of that event. Then after the end of the
time window a new event will start with the next electron hit. The size of the window
is a changeable parameter, usually around 30000 ns.

With the XYT-coordinates the momentum vector p̄ can be calculated for each particle
by the following three equations

px = m
x

TOF
, (3.6)

py = m
y

TOF
, (3.7)
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Figure 3.9: (a) A schematic of the ICE spectrometer, with the lens mode electrodes marked. The photon beam
is schematically shown to interact with the gas jet in-between the two electromagnetic lenses. (b)
A photograph of the spectrometer showing the stacked plates and support structure (rods). The
source inlet (skimmer) is located in the middle and made out of copper.

and
pz = qE ·∆TOF. (3.8)

Where E is the applied electric field, and ∆TOF is the difference between the actual
measured TOF and the nominal TOF of that particle if it had no momentum in the
z-axis (spectrometer axis). The kinetic energy of each particle is:

KE =
|p̄|2

m
, (3.9)

knowing the KE of all particles of a single event in a coincidence measurement provides
the kinetic energy release (KER) of the fragmentation.

The spectrometer chamber can be used with a variety of different sample sources,
however, in this thesis only a molecular beam source was used. The beam is produced
by differential pressure of the spectrometer chamber and sample chamber through
two skimmers. Due to the vacuum expansion, the thermal motion of the particles
is significantly reduced, and the molecules can thus be considered cold or in their
ground state. This is also beneficial because the initial momentum due to thermal
motion will be close to zero, and thus even lower than achieved by a needle. Another
difference from a needle is that the sample target is small and can therefore be placed
to perfectly align with the light focus, making the interaction region small. For a
dispersed sample from a needle, the chamber will be ’filled’ with the sample (the
sample will have highest density around the actual needle point) and the light will
interact along the entire spectrometer to some extent. The beam makes the sample
have a very large initial momentum in the beam direction (usually perpendicular to
the light).
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An important aspect of momentum imaging while using a molecular beam is to com-
pensate for the large initial momentum. Due to the initial velocity the momentum
of the fragments depend on the mass as

px = p′x +m · vmb(x) (3.10)

where p′x is the momentum in the x-direction in the molecular frame and vmb is the
beam velocity. Here it is assumed that the jet is in the x-direction. Furthermore
the molecular velocity vmb will affect fragment velocities differently dependent on
the mass m. Figure 3.10 shows an example of how the mass position changes in the
x-direction for different TOF. Obtained by fitting vmb with

x = x0 + vmb(x) · TOF (3.11)

where x0 is an offset of the interaction point (between the molecular jet and photon
beam) and the centre of the detector. Using the x0, an initial px,0 is obtained from
equation 3.6, and then the final momentum is the difference px,f=px-px,0.

Figure 3.10: An example of themolecular jet used on the ICE spectrometer, here with the sample cyclopropane.
The time of flight is plotted against the X-coordinate on the detector. Each ellipse represent amass
fragment, and each centre of these distribution is moving away from the x=0 withmoremass. This
provides a linear relation to calculate the velocity of the jet, in this case vmb=0.0002 mm/ns.

Lens mode

The Lens mode is so named because is utilises lenses to accelerate and image the
charged particles. This mode uses higher electric fields so that the electron TOF is
below 10 ns. This is important because in the 1.5 GeV ring at MAX IV electron
bunches are separated by 10 ns. Keeping the electron TOF lower than that reduces
false coincidences. The high fields require lenses to disperse the image on the de-
tector for higher resolution momentum imaging. The extraction field is created by
a potential drop between electrode D-E (see Figure 3.9(a)), and the potential in the
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interaction region is approximately 110 V/cm. The B-C and F-G electrodes are con-
nected and thus placed at the same potential, creating drift regions. Electromagnetic
lensing is obtained by imposing a high gradient between electrodes C-D and E-F.

RIMS mode

The RIMS mode is set up to run equivalently to Cold Target Recoil Ion Momentum
Spectroscopy (COLTRIMS) spectrometer [53]. In this mode two opposite potentials
are set just before the two detectors, creating a constant gradient in the E-field over
the entire spectrometer. This field is lower than in the Lens mode, and therefore it can
only be used when the storage ring is running in ’single-bunch’ mode, where the times
between each light pulse are 320 ns. The lower field would normally also mean that
not all electrons are captured; introducing a magnetic field parallel to the spectrometer
axis resolves this. This forces the electrons into a spiral path according to equation 3.5
and allows a 4π detection efficiency even for higher energy electrons (depending on
the applied magnetic field strength). Ions are not affected by the magnetic field.
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Chapter 4

Results and discussion

This chapter will provide summaries of the main results of the papers in this thesis.
The main topics of the papers will be introduced, and the results will be shown and
discussed. A lot of detail will be omitted in this chapter, and interested readers are
referred to the individual papers. The focus of this thesis lies in spectroscopy, but it
was also expanded into looking at isomerisation and fragmentation dynamics. This
chapter will be split into three parts, section 4.1 is about the X-ray Absorption Spec-
troscopy (XAS) of ions, specifically the methane series CH+

n from Paper I. Section
4.2, looks at Auger-Meitner decay and how site-selectivity affects the propensity of
this decay in two different molecules, ethyl trifluoroacetate (Paper II) and cyclohex-
adiene (Paper III). Lastly, section 4.3, will look at an investigation of the dynamics of
cyclopropane. This includes both state-selective isomerisation (Paper IV) and a look
at the roaming mechanism that leads to the formation of H+

3 (Paper V), as well as a
look at fragmentation pathways of the triply charged ion.

4.1 X-ray absorption spectroscopy on cations

The X-ray absorption spectra of ionic species is carried out by scattering soft x-rays
on singly-charged ions using the ion trap, described in section 3.2.1. Measurements
were taken from below the first core excited state to around the core double ionisation
threshold. In XAS of a cation the selection rules are more restrictive than for XPS,
and different electronic configurations exist in the core-excited ion which leads to new
states emerging and suppression of other states when compared to the neutral XPS.
Furthermore, multi-excited configurations can be populated in XAS leading to the
observation of new states, as it was previously reported with the same technique for
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N+
2 , O+

2 , CO+, NO+, and N2H+ [54–58].

4.1.1 Methane related ionic species, CH+
n

The CH+
n series of ions are the smallest hydrocarbons, and appear in a large range

of applications and studies. Theses range from basic organic chemistry all the way to
astro- and plasma physics [59–62]. In the experimental setup the methane is intro-
duces to the He plasma, creating all possible ions from C+ all the way up to CH+

5 .
We have measured spectra from all of them over the near threshold region as shown in
Figure 4.1. Our measurements of C+ and CH+ compare well with published meas-
urements [63–69], and show that the method and theoretical calculations work well.
The CH+

2 to CH+
5 spectra have never been studied using XAS before. The resolution

of the spectra differs primarily because of the instabilities of the cations, leading to
low signal from some species. This is especially true for the two heavier cations, CH+

4

and CH+
5 . This instability comes from their fluxional nature, which will be discussed

later in this section. The highest quality spectrum is CH+
3 , and its assignment will

therefore be covered in more detail in the following section.

Vibration and Rydberg states of CH+
3

The XAS spectra can be split into two parts, the initial π∗ excitation, which in the
case of CH+

3 shows a clear vibrational structure (Figure 4.2) and then the higher states,
including satellite states and a distinct Rydberg series (Figure 4.3).

Figure 4.2 shows the 1s→π∗ state and exhibits two vibrational modes, v1 = 405 meV
and v2 = 45 meV, which are assigned to a CH stretch vibration and an umbrella-
like vibration, respectively. This is similar to what has been observed in neutral CH3

[70, 71], although the umbrella vibrational mode has higher energy in the ion. This is
most likely due to the π∗ being occupied by a single electron in the excited ion case,
while fully occupied in the excited neutral. Another interesting aspect is that there is
no evidence of symmetry break of the planar ion, with the exception of the umbrella
vibration. There are degenerate π orbitals and thus the ion could change geometry to
split these states, much like the pyramidal geometry observed in NH3, but this does
not appear to be the case in CH+

3 .

The higher energy states in Figure 4.3 start with a broad feature which is assigned
to σ∗ anti-bonding state, of a shape-resonant character. The shape resonance have a
extremely short lifetime, and due to the Heisenberg uncertainty principle the uncer-
tainty in energy is therefore large [72], providing a broad feature in the spectra, but
this is not reflected in the theoretical calculations. Then a clear Rydberg np transition
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Figure 4.1: Measured XAS spectra (solid black) of the entire CH+
n series of ions (n=0-5). The spectra are accom-

panied by calculated spectra (solid orange), transition strength (dashed orange). Vibrations are not
included.

progression appears, which should converge to the IP of the ion (double ionisation
threshold for the neutral). This threshold lies just outside of the measurement. There
are, however, a couple more peaks after some of the Rydberg series, these have been
assigned as doubly excited states, similar to what was seen in N+

2 [54].

Fluxionial structure of CH+
5

One of the most interesting members of the CH+
n series is the exotic CH+

5 ion. This
is because from a basic chemistry perspective there are too many bonds for the num-
ber of electrons in the system. Unsurprisingly then the CH+

5 ion is very unstable.
Nonetheless it has been studied before, mainly to understand its structure [73, 74].

In Figure 4.1 the calculated spectra do not correspond very well with the experiment
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Figure 4.2: The π∗ excited state of CH+
3 vibrational modes. The experimental data is shown in solid black,

while the fitted peaks are in solid orange, and the sum in dashed black. The fitting residual which
was minimised is a solid blue line.

Figure 4.3: The higher energy states of CH+
3 , with both experimental and theoretical spectra. Assigned peaks

are marked with their assignment.

for CH+
5 . We see that the first peak is not represented at all in the calculations. This

is because much like in CH4 the π orbital is full, and excitation of the C1s electron to
the π is not possible. However, the experimental spectrum clearly contains the peak.
The calculations were carried out for a symmetric geometry where each hydrogen is
equally bonded to the carbon. Since Asvany et al.[73, 74] have shown that CH+

5 is
fluxional and thus oscillates between different geometries, we introduce two structures
as shown in Figure 4.4, where A is the one previously mentioned (shown in C2v

symmetry) and structure B is a tripod structure with a H2 moiety in Cs symmetry.
With this additional structure the combined theoretical structure shows much greater
agreement with the experimental data, as shown in Figure 4.5.
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Figure 4.4: The two geometrical structures of CH+
5 . Hydrogen atoms are shown in orange for structure A and

purple for structure B.

Figure 4.5: The experimental spectrum of CH+
5 (solid black). Theoretical spectra of the two different geomet-

ries A (solid orange) and B (solid purple), with their transition state oscillator strength (dashed sticks
of corresponding colour).

4.2 Resonant Auger-Meitner decay spectroscopy

Site-selectivity in gas phase molecules is an attractive concept for obtaining some con-
trol of the decay process. Selecting a specific atom on a molecule to be excited or ion-
ised, then seeing an enhancement of a type of fragmentation or isomerisation would
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mean that we can influence these dynamics. Core-excitation has been found to be
highly site-selective depending on the chemical environment in the literature [75–81].
For low Z atoms the core hole is filled through the Auger-Meitner process. Therefore,
the energy of the Auger-Meitner electron is an excellent observable to study the site-
selectivity of resonant core excitation. In this section, Resonant Auger-Meitner spec-
troscopy will be presented in two different molecules, ethyl trifluoroacetate (ESCA)
and cyclohexadiene (CHD), where site-selectivity is investigated.

4.2.1 Ethyl trifluoroacetate

The ESCA molecule, Figure 4.6, was made famous because it was the molecule used
to first show chemical shift in a seminal book by Sigbahn et al. [82] in 1967. This
showed how the carbon 1s electrons’ binding energy depends on the chemical en-
vironment at each site in the molecule, here as CH3, CH2, COO, or CF3. More
studies on the ESCA molecule have been done with C 1s ionisation exploiting the
site-selectivity. Auger-Meitner decay populates the same dication states in the ESCA
molecule regardless of which carbon was initially ionised [83]. In addition, ion frag-
mentation after Auger-Meitner decay is not significantly affected by the site of initial
ionisation [84]. This suggests that the memory of the original core-hole site is lost
after Auger-Meitner transition.

Figure 4.6: A 3D schematic of the ethyl trifluoroacetate (ESCA) molecule. The four carbon atoms are shown in
grey, the five hydrogens in white, the two oxygens in red, and the three fluorines in green.

A recent study explored the C 1s near-edge X-ray absorption fine structure of the
ESCA molecule, and the spectral features of resonant excited states could be assigned
to different carbon sites [85].

These spectral features and their assignments are shown in Figure 4.7(a) together with
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the total electron yield over the energy range. Figure 4.7(b) shows the 2D electron
yield map scanned over both the photon and electron kinetic energies. In the 2D elec-
tron yield map three main types of contributions appear: direct ionisation of valence
electrons, participator and spectator Auger-Meitner electron emissions. The direct
valence emission disperses along diagonal lines, as the kinetic energy increases lin-
early with the photon energy. An inset on the right hand side of Figure 4.7(b) shows
a valence electron spectra taken at 100 eV photon energy, and the valence states corres-
pond very well to the diagonal lines. At some of the intersections between a diagonal
(direct ionisation) and vertical (resonant excitation followed by Auger-Meitner decay)
line, we can see an enhancement of intensity. We may then ask: why do we see this
enhancement and is the fact that they primarily show up at strong resonances related
to specific carbon sites relevant?

Figure 4.7: (a) An electron yield spectrum around the carbon C1s ionisation potentials and (b) a 2D Auger-
Meitner electron emission map. Calculated oscillator strengths for the resonant transitions from
the four different carbon sites are from ref. [85] (a). In the 2D electron map diagonal lines are
visible, these are compared with the valence photoelectron spectrum placed on the left hand side
(measured at 100 eV photon energy).

To resolve those questions theoretical calculations are used to obtain further know-
ledge about the transitions. Three resonant peaks are stronger and therefore chosen
to be used in the calculations, these are at 288.3, 293.3, and 295.6 eV photon energy
and correspond to COO 1s → π∗, CF3 1s → σ∗, and CF3 1s → π∗ ,respectively.
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Figure 4.8(a) shows the comparison of the experimental and theoretical data, which
show excellent agreement. Furthermore, two points are marked X and Y, which show
a significantly stronger enhancement. Figure 4.8(b) shows the spectra at the two res-
onances that contain the X (288.3 eV) and Y (295.6 eV) regions. The calculations
reveal that the enhancement coincides with a strong overlap of the involved orbitals,
as can be seen in Figure 4.8(c).

Core

Core

Virtual
Occupied

Virtual

EB = 20.55 eV

EB = 15.06 eV

Ex = 288.3 eV

Ex = 295.6 eV

Occupied

X

Y

c)
i)

ii)

b)a)

Figure 4.8: (a)(i,ii) Experimental and theoretical 2D Auger-Meitner electron emission maps. The theoretical
maps contain off-resonant spectra (projected as diagonal lines) calculated at 288.3 eV by EOM-
CCSD, and three resonant photoelectron spectra at 288.3, 293.3, and 295.6 eV photon energy. (b)
The experimental (solid black line) and theoretical (dashed black line) spectra calculated for (i) CF3
1s → σ∗ excitation (at 295.6 eV) and (ii) COO 1s → π∗ excitation (at 288.3 eV). The theoretical
spectrum is the sum of the calculated Auger-Meitner (1h) channel (green dashed line) and the cal-
culated direct photoionisation (PES 1h) channel (orange dashed lines), the oscillator strengths are
presented as sticks of corresponding colour. (c) RASSCF neutral orbitals involved in the enhance-
ment of (i) Y and (ii) X (Figure 4 in Paper II).

The combined experimental and theoretical study on the ESCA molecule reveals that
if the core-excited and final state hole orbitals are spatially local to the absorbing car-
bon site, a strong enhancement of the transition signal is observed. This further reveals
a strong site-selective probe in the Auger-Meitner decay electron emission for reson-
antly excited states.

4.2.2 Cyclohexadiene

Many cyclic molecules have biological significance, and shows up in a lot of important
biological reactions in the human body. These biological molecules are usually very
large, making them difficult to study, therefore it is beneficial to study their reactions
using a prototype molecule. Such a cyclic prototype molecule is 1, 3-cyclohexadiene
(CHD) which undergoes a ring opening under photon interaction to the linear 1, 3, 5-
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hexatriene (HT) [86, 87]. In this section we explore the participator Auger-Meitner
decay after resonant C 1s excitation, focusing on the π∗ excited state and the different
propensity for the Auger-Meitner decay at one of the three chemically different carbon
sites.

Figure 4.9 shows the total ion yield of CHD around the K-edge and a 2D structure
of the molecule. Six resonances are found and are assigned as shown in Table 4.1, A-B
are of the same π∗ state but of two different chemically shifted carbons, while C is
vibrational substructure of both. Due to this chemical shift we can explore how the
Auger-Meitner decay changes due to the site of the initial core-hole. Furthermore, we
can capture the ion fragmentation arising from their transitions.

Figure 4.9: The total ion yield of the 1,3-cyclohexadiene molecule. Six resonant features are marked A-F. The
1,3-cyclohexadiene molecule is shown in the inset, where the different carbons are numbered.

Figure 4.10(a-b) shows the resonant Auger-Meitner spectra after excitation at the en-
ergies A-F. The states can be compared with the valence photoelectron spectrum and
allow assignments shown in Table 4.2. Some differences can be noted; specifically we
see that for the chemically different atomic sites there is a difference for the II and
IV states, where the C(1, 4) has much higher propensity to decay to the 10b state. In
4.10(a) A-C have a feature slightly below 6 eV in binding energy, this feature is due
to higher order harmonics from the synchrotron radiation ionising the C 1s. This is
the only feature observed from higher order harmonics.

The Auger electron photo ion in coincidence (AEPICO) spectrum shows a very sim-
ilar pattern for each resonant excitation (shown in Paper III), and each final state
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Table 4.1: Inner-shell excited states in 1,3-cyclohexadiene. The energy and assignment of each peak is shown
as well as the intensity ratio with respect to peak A.

Peak Photon Energy [eV] Assignment I/IA
A 284.35 (C2, 3) - 1π∗ 1.00

B 284.49 (C1, 4) - 1π∗ 1.42

C 284.68 vibrational substructure 1.31

286.92 C 1s - σ∗(C − C) 0.828

D 287.30 (C2, 3) - 1π∗ 0.828

E 287.51 (C1, 4) - 1π∗ 0.751

F 287.91 C 1s -σ∗(C-H) 0.841

IP 289.91 (C1, 4)-∞ -
IP 290.14 (C2, 3)-∞ -
IP 290.50 (C5, 6)-∞ -

Figure 4.10: Resonant Auger-Meitner spectra for resonant feature A-C (a) and D-F (b), as well as a photoelec-
tron spectrum in the valence region taken at 100 eV photon energy (c). The six Auger-Meitner
spectra are taken at the six resonant features indicated in Figure 4.9. All spectra are plotted in
binding energy scale so that they can be compared, and specific states of interest are marked I-VII.

corresponds to the same fragments regardless of initial excitation. In other words,
each Auger-Meitner decay corresponds to a set of mass fragments, and this does not

36



Table 4.2: Valence electronic states in 1,3-cyclohexadiene. All states correspond to one-hole molecular orbitals
(MO) which are taken from the assignment in ref. [88].

Peak Binding Energy [eV] MO Character
I 8.25 11a πC=C−

II 10.72 11b πC=C+

III 11.15 10a σCC

IV 11.75 10b σCC

V 13.65 9b σCC

VI 14.0 8b,8a σCH− ,σC−C ,σC=C

VII 14.9 7b πCH2

VII 16.3 6b,7a C2s,σCH+

change when a different initial resonant excitation or carbon site is used. However,
Figure 4.11 shows which fragments are associated with which Auger-Meitner decay. It
has been reported that at the conical intersection traversed during the CHD → HT
conversion a hydrogen loss is common [89]. This would suggest that mass 79 amu
is associated with this dynamical process. From Figure 4.11 we can deduce that it is
primarily state III and IV where a fragment with mass 79 amu is found. This sug-
gests that the resonant states with high intensity in that Auger-Meitner decay has high
probability of entering this conical intersection. Furthermore, this indicates that an
excitation of the C(1, 4) enhances the ring-opening, even though the bond breaking
occurs in C(2, 3). This is suggested to be because the dynamic is through rotation of
the double bonds, creating a torsion movement [90].
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Figure 4.11: The AEPICO map measured at feature B. The integrated Auger-Meitner spectrum is shown at the
top, while the integrated mass spectrum is shown on the right.

4.3 Dynamics of photoexcited and photoionised cyclopropane

Cyclopropane is the smallest cyclical hydrocarbon with the carbon atoms forming an
equilateral triangle in the ground state (see Figure 4.12). Cyclopropane is more reactive
than other cyclical hydrocarbons due to the ring strain arising from the less than
optimal overlap of the sp3 hybrid orbitals in the ring system. The unique ground state
electronic configuration of cyclopropane is responsible for its anomalous properties
[91].

A recent study of the coupling between the electronic states in the dication and two-
body fragmentation revealed that populating certain electronic configurations in the
inner-valence region increased the propensity for isomerisations leading to specific
fragmentation [92]. In short, excitation leads to Jahn-Teller distortion leading to
a symmetry reduction from D3h to C2v with corresponding energy split states[93–
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95]. This distortion elongates either one bond creating an isosceles triangle with two
angles below 60 degrees or two bonds are extended and two angles increase. Oghbaie
et al. suggested that certain dication states could act as gateway states for pathways
into one of these distorted geometries [92]. This was explored by core excitation in
Paper IV, with the idea that by first exciting an electron to the anti-bonding states an
isomerisation would be initiated, and when the Auger-Meitner decay occurred in the
altered geometry population of dilation states leads to specific fragmentations. That
indicates both the geometry and eventual angular anisotropies in fragment emission
could reveal the imposed dynamics.

Figure 4.12: A 3D view of the cyclopropane molecule, the carbons are viewed in grey and hydrogens in white.

4.3.1 State selectivity

The first step into exploring the aforementioned hypothesis is by understanding the
C 1s excited states. Figure 4.13 shows an ion yield around the K-edge. Hitchcook
and Sze et al. [96, 97] assigned many of the features in the ion yield from their inner
shell electron energy loss spectroscopy ISEELS spectra and calculations. The empty
orbitals around the ionisation potential are:
(4a′1)(2a′′2 π*)(1a′2 σ*ex)(I.P.)(4e′ σin*)(2e′′2 π*)(5e′ σin*). Furthermore, Duflot et al.
calculated the geometries after excitation to these states, and suggested that the geo-
metrical relaxation of cyclopropane is sensitive to the bonding character of the valence
molecular orbitals [98]. Notably, in the 1a′2 state the electron density is situated on
a single CC bond, while in the 5e′ state the electron density is spread over the entire
triangle. Because both of these orbitals are anti-bonding, it can be hypothesised that
1a′2 initiates a single bond elongation and 5e′ initiates two bond elongation.

The ICE spectrometer was used in this experiment and the ions and electrons were
collected in coincidence for each resonant state, and two off-resonance energies (one
above and one below). Figure 4.14 shows a typical mass spectrum from the measure-
ments, all m/q peaks were present in every measurement but their intensities varied.
Notably, we see that at 42 amu there is a small peak which corresponds to the parent
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Figure 4.13: The total ion yield of cyclopropane around the C 1s ionisation edge (marked by a red dashed lined
and I.P.). Three visible resonant features are marked, while the 5e” excited state is marked but
not visible. The energy of the 5e” state is obtained from theoretical calculations.

ion, C3H+
6 . Five other groups are visible, the first group at 1− 3 Da corresponds to

H+, H+
2 and H+

3 . The second, fourth and fifth groups correspond to C-based, C2-
based and C3-based fragments, respectively. In those groups, each peak is broader,
reflecting a higher kinetic energy in the dissociation. This is expected as the spec-
trometer is optimised to capture the 3D momentum images rather than pure mass
spectra. The third group with very narrow peaks at 18.5− 20.5 Da are dications that
have not dissociated.

Figure 4.14: Mass spectrum of cyclopropane after ionisationwith 299.1 eV photon energy, above the ionisation
edge.

Figure 4.15 shows the TOF correlation maps of coincidence events with two ions
in two regions of interest. When studying the dynamics of ion dissociation, it is
advantageous to have captured all or at least almost all of the fragments. Because
of this fragment pairs (1)-(6) are chosen for a closer inspection, these also have the
lowest appearance energy in dissociation of the dication from valence ionisation [92].
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Figure 4.15: Ion-ion correlation maps of two regions of interest. (a) Fragmentation pairs were no carbon-
carbon bond has been broken H+

n /C3H+
m (n=1-3, m=0-4), and (b) fragmentation pairs were at least

two carbon-carbon bonds have broken CH+
n /C2H+

m (n=0-3, m=1-4). Pairs with special interest are
marked and numbered.

Using the theoretical work outlined by Oghbaie et al.[92], we find that (2)CH+
2 /C2H+

4

dissociates through two CC bonds elongation, and (1)CH+
3 /C2H+

3 dissociates through
a single CC bond elongating followed by a hydrogen migration. Furthermore, it
can be extended that (6) CH+

2 /C2H+
3 should follow the same path as (2) and (5)

CH+
3 /C2H+

2 the same as (1). Pair (3) H+
3 /C3H+

3 was initially suggested to form H+
3

by three simultaneous CH bond breaks via vibrational modes. However, this was later
questioned by Kwon et al. [99], who suggested that the formation was instead linked
with roaming. This notion of a roaming mechanism was therefore further investigated
and both (3) and (4) H+/C3H+

3 become involved in this roaming pathway, which
is discussed further and more in depth in the next section.

The theoretical outline then suggests that (1) and (5) should increase in intensity at
the σ∗(1a2’) resonance due to the electron density being concentrated at a single CC
bond. The pairs (2) and (6) propensity should increase at the σ∗(5e’) due to the
electron density being spread over the entire molecule. Table 4.3 shows that this is
not quite the case, instead we see little change at those resonances. The one exception
is a sharp increase of (1) at the σ∗(5e’) resonance, however, due to the fact that this
increase remains at the off-resonant energy the more likely explanation is that the
propensity for this fragmentation increased after the ionisation edge rather than an
imposed isomerisation due to state-selectivity.

The anisotropy (β) is a useful parameter in resolving how molecules dissociate [100].
Figure 4.16 shows the β-parameter for five fragment pairs. (4) is not shown because
it is formed by two contributions which will be explained later. The β parameter for
(3) shows clear isotropy, this would be in stark contrast to what would be expected if
three hydrogen bonds broke at the same time. If that were the case one would have a β
showing the fragment dissociating perpendicular to the triangular plane. The isotropic
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Table 4.3: The normalized intensity of the fragmentation channels (1)-(3) and (5),(6) over the measured ener-
gies with given character. The photon energies 285 and 315 eV are off resonance.

285 eV σ∗(4a’1) π∗(2a”2) σ∗(1a’2) σ∗(5e’) 315 eV
(1) CH+

3 /C2H+
3 0.4024 0.4174 0.3847 0.3877 0.5170 0.5144

(2) CH+
2 /C2H+

4 0.1085 0.1358 0.1313 0.1309 0.0556 0.0784
(3) H+

3 /C3H+
3 0.0156 0.0177 0.0174 0.0170 0.0176 0.0176

(5) CH+
3 /C2H+

2 0.1330 0.1500 0.1684 0.1601 0.1217 0.1488
(6) CH+

2 /C2H+
3 0.3406 0.2791 0.2982 0.3044 0.2881 0.2408

behaviour however is consistent with roaming, as this is a very slow process (allowing
rotation before dissociation). All the other four channels show similar behaviour,
positive for σ∗ and negative for π∗. This means the dication is dissociating in the
same plane as the triangle was when it interacted with the photon. We can see some
difference, (1) and (5) follow each other and are both more isotropic than (2) and (6),
which also follow each other. This suggests that they indeed follow the corresponding
dissociating pathway as outlined before, but also that (1) and (5) most likely have
a slower dissociation, allowing some rotation. This is not surprising, as a proton
migration must occur to create the CH+

3 fragment.

Figure 4.16: Anisotropy, β, for five fragmentation pairs over four resonant excited states.

These results indicate that the core excited state does not initiate the isomerisations
that were suggested. However, due to the similarities one can instead expect that each
fragmentation starts from the same geometry, an open ring from a single bond elong-
ation. This is suggested from the core-equivalent structure calculated at the 1a’2 state
by Duflot et al.[98], were a carbon-nitrogen-carbon open ring structure was found
(nitrogen being Z+1 equivalent to carbon due to the ionisation of an electron). This
means that instead of state-selective, the process is site-selective and breaks the CC
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bond opposite the core-excited carbon. Site-selectivity is well studied [75, 79–81, 101],
but is usually very difficult to study in a symmetric molecule like cyclopropane as each
carbon is chemically identical.

4.3.2 Roaming mechanism

As mentioned previously, Kwon et al. [99] suggested that the H+
3 formation was due

to roaming, specifically a neutral H2 moiety roams around the C3H2+
4 dication. This

was discerned from a time-resolved experiment where the time from double ionisa-
tion of cyclopropane to when H+

3 was formed was measured. In cyclopropane 249 fs
and in propene, a linear isomer, 225 fs was found [99]. The difference was assigned
to the extra time it takes for cyclopropane to open and become linear like propene,
which was supported by calculations. Furthermore, Mishra et al.[102] investigated the
roaming process in the dication of acetonitrile (CH3CN2+) using momentum ima-
ging. They used an interrupted roaming channel H+/CCN+/H2 where the H2 was
roaming but the dication dissociated before it could abstract a H+. The H2 momenta
were reconstructed to obtain a complete picture, which they saw as a fingerprint of
roaming. An equivalent channel exists in cyclopropane, namely (4)H+/C3H+

3 where
H2 is missing. Therefore, channels (3) and (4) are used in the roaming investigation.

The Dalitz plot [103–106] is a useful tool for determining the fragmentation mech-
anism and especially how the KER is distributed in a three-body fragmentation. The
coordinates in phase space are defined using normalised coordinates

x =
εP3 − εP2√

3
(4.1)

and
y = εP1 −

1

3
(4.2)

where the normalised squares of the linear momentum εPi of each ion i is

εPi = |Pi|2 /
∑
n

|Pn|2 (4.3)

for all n ions. The key to the Dalitz plot is that the data points under these coordinates
will have to satisfy two constraints. Firstly, due to the normalisation∑

i

εPi ≡ 1 (4.4)

the three particles are energetically constrained to lie on a triangular plane that inter-
sects the energy maxima, εPi = 1 in a Cartesian coordinate system. Secondly, the
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momentum ∑
i

P̄i ≡ 0 (4.5)

is constrained due to the conservation of linear momentum. These constraints limit
the data points to a circular area inscribed in the triangle, thus the maximum value for
the normalised squared momentum vectors is εPi,max = 2

3 . Figure 4.17 shows how
the Dalitz plot is formatted and how the magnitude of the different momentums will
place the data points.

Figure 4.17: Schematic view of the momentum components in a Dalitz plot. The red arrow shows which co-
ordinate is gained with increase of (a) P1, (b) P2, and (c) P3.

The Dalitz plot is a good tool to determine the fragmentation dynamics, but it says
nothing about the momentum vector’s direction in space. This is where the Newton
diagram is invaluable for presenting the correlation of the linear momentum in the
molecular frame [107, 108]. In a three-body fragmentation process the three vectors
are necessarily coplanar, meaning that they span one unique plane, the vectors on this
plane can therefore be plotted in a 2D diagram. This is done by first rotating all of
the vectors such that one of them aligns with the x-axis, then the vectors are rotated
around the x-axis such that the two remaining vectors land on the xy-plane. It is
important that one of the vectors always falls on the upper half (Py > 0) which makes
the third vector automatically fall on the lower half (Py > 0), as depicted in Figure
4.18(a). This is done for each fragmentation event and the momentum vectors from
a measurement can thus be drawn as a histogram. Figure 4.18(b) shows an example
of how a sequential break-up would appear, where the P2 and P3 momenta are anti-
correlated such that they create a ring with respect to P1.

Figure 4.19 shows the momentum distribution of H+/H2/C3H+
3 , and it is very similar

to acetonitrile, suggesting that the H+
3 formation indeed follows a similar pathway.

However, within the distribution, particularly in Figure 4.19(b) for the H+ fragment,
it is clear that there are two parts: one part with higher KE that have a single angle
with respect to C3H+

3 , and a lower constant KE part with an angle to C3H+
3 that
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Figure 4.18: (a) The coplanar vectors that make of a Newton diagram, where the P2 and P3 are aligned on
the basis of P1, and then rotated to lie on the positive (Py > 0) and negative (Py < 0) half plane,
respectively. (b) An example of how the P2 and P3 distributions spread out when a sequential
fragmentation occurs and the P1 is the fragment emitted in the first step.

changes. The angular dependence in this case is on the H2 fragments angle with
respect to C3H+

3 . We therefore investigate these further.

Figure 4.19: (a) The Dalitz plot of the channel H+/H2/C3H
+
3 , where ε1, ε2, ε3 correspond to H2, H+, C3H

+
3 ,

respectively. (b) A Newton diagram with the heaviest C3H
+
3 fragment aligned with the x-axis.

Because there seems to be a difference in KE, a comparison in the total KER is made
with the KER of the charged fragments. This is because usually with a three-body
fragmentation where one of the fragments is neutral the neutral part will have almost
no KE and the charged pair will experience an almost two body Coulomb explosion.
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Figure 4.20 shows this KER correlation, and it is clear that there are two distributions.
The two distributions are assigned as the X and Y channels, where X has a constant
KER between the two charged fragments at all total KER values. This means that all
the rest of the KE is distributed onto the H2. On the other hand, for the Y channel
the two charged fragments carry all the KE even as the total KER increases, leaving
the H2 with almost no KE. The two channels overlap considerably at the lower total
KER, but can be separated above 6 eV.

Figure 4.20: A kinetic energy release correlation diagram for the fragmentation channel H+/H2/C3H
+
3 . The

kinetic energy between the two charged fragments is plotted against the total kinetic energy
release. Two regions showing two different channels aremarked as X (solid orange) and Y (dashed
purple).

Figure 4.21(a) shows the Dalitz plot after a KER filter of KERTotal>6 eV has been
applied. The two channels which were hidden are now clearly visible in Figure 4.19(a).
The Y channel is characterised by a asynchronous concerted dissociation while the X
channel show signs of a sequential breakup. However, the X channel seems to have
lower intensity for lower H2 KE. The Newton diagram for the Y channel in Figure
4.21(b) clearly shows that the higher KE part of H+ with less angular dependence
seen in Figure 4.19(b) is due to this channel. Furthermore, it can be seen that this
is associated with a broad and low KE distribution of the H2, typical of a concerted
dissociation. Figure 4.21(c) then displays the low KE contribution of H+ with more
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angular dependence belongs to the X channel. The H2 has a higher KE and a very
narrow angular distribution relative the other fragments. From this we conclude that
the X channel is due to the roaming mechanism. Specifically it suggest that the bond
which breaks to create the two charged fragments always releases the same amount of
energy. Which is transferred to the H2, we suggest that the source of this energy is a
vibrational mode involving CH. This is in line with the mechanistic view presented by
Mishra et al.[102]. The CH bond breaks spontaneously during the roaming process,
redistributing the excess energy to the roaming neutral H2.

Figure 4.21: (a) Dalitz plot for the kinetic energy filtered (KERTotal>6) fragmentation channel H+/H2/C3H
+
3 .

The X and Y channel are marked, and filtered to give two data sets. Newton diagrams shown for
channel (b) Y and (c) X, where the C3H

+
3 fragments momentum vector is aligned with the x-axis.

With the previous discussion in mind one can then consider how H+
3 forms in this

process. The bond between H2 and H+ that allows the formation of H+
3 requires

energy, around 4.35 eV [109]. We can, with that in mind, add this bond formation
energy to the dissociation energy of H+

3 /C3H+
3 to obtain the total internal energy

required for this process. This is shown in Figure 4.22, where the bond energy is
broadened by a Gaussian of the same width of the measurement resolution. With
these energies we can construct a KER correlation map between the charged frag-
ments and this new total KER that includes the internal energy need to form H+

3 .
Figure 4.23(b) shows this KER map, further more we can add the interrupted roaming
channel H+/H2/C3H+

3 (Figure 4.23(a)) to get a summation in the KER correlation
(Figure 4.23(c)). We see that the added energy ”fills” out the X channel at the higher
total KER energies. Figure 4.24 shows the branching ratios above 6 eV total KER
with all three channels. As the X channel decrease at higher total KER the successful
roaming channel takes over. The fact that the Y channel stays constant to these two
suggest that it is the X channel being converted into the H+

3 channel at the higher
energies. In essence when higher energies gets deposited onto the H2 there comes a
point were the H2 gets enough energy to bond to the dissociating H+ forming the
H+

3 product.
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Figure 4.22: (a) The Kinetic energy release of the H+
3 /C3H

+
3 pair, with (b) the associated H2 and H+ bond

energy broadened by a Gaussian equivalent with the energy resolution. (c) The kinetic energy
release includes both contributions.

Figure 4.23: Kinetic energy release correlation diagrams for (a) H+/C3H
+
3 and (b) H+

3 /C3H
+
3 with a total kinetic

energy release described in the text. (c) The two aforementioned diagrams are added together
to create the sum of both channels.

The roaming mechanism in cyclopropane is then able to form the H+
3 ion by having

enough energy within a vibrational CH bond. The X channel shows what occurs
when the energy is not enough and the roaming neutral, H2, is ejected with all the
excess energy that was not needed to dissociate the fragment pair H+/C3H+

3 . This
channel competes with Y, and the unsuccessful (interrupted) roaming channel with
the successful roaming channel have a constant ratio of 0.65:0.35.
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Figure 4.24: The branching ratio of the three involved channels above 6 eV total kinetic energy release. A
dashed line at 0.35 shows that the branching ratio between Y and the rest is constant. The the-
oretical activation energy for H+

3 formation from H2 and H+ is shown with an arrow.

4.3.3 Triply charged fragmentation

The cyclopropane experiment was one of the first beamtimes with the newly commis-
sioned ICE spectrometer. Therefore, the capability of the spectrometer was further
explored by looking at how well the momentum and KER could be explored in the
triply charged fragmentation. One strong three-body channel, H+/CH+

2 /C2H+
3 was

chosen. This channel has been studied using ion collisions by Lin et al. [110], who
found that there were two different sequential fragmentation pathways for this three-
body channel. A photon energy of 299.1 eV was used (above the C1s ionisation edge)
with the lens mode of the spectrometer, described in Section 3.2.4.

The ions in coincidence are selected in a 3D diagram (not shown) where the xyz-
coordinates are replaced by TOF of the first, second, and third ion hit of an event.
Figure 4.25 shows the KER sum of the two heavier fragments in relation to their angle
with the proton, in the native frame [108]. This clearly displays the two pathways,
named I and II, and allows each pathway to be selected and thus filtered out of the
dataset. The Newton diagram can then be used to show both that they follow a
sequential dissociation but also in which order the fragmentation occurs. In Figure
4.26(a) we present the Newton diagram for pathway I with the proton aligned with
the x-axis. The other two fragments create a clear circular distribution relative to
each other, which suggests sequential dissociation where the proton is emitted in the
first step. Figure 4.26(b) shows pathway II in a similar manner, but here the CH+

2

fragment is aligned with the x-axis. This confirms that the sequential break up is as
follow:

Pathway I: C3H3+
6 → C3H2+

5 +H+ → CH+
2 +C2H+

3 +H+
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Pathway II: C3H3+
6 → C2H2+

4 +CH+
2 → H++C2H+

3 +CH+
2 .

Furthermore, this analytical procedure allows very precise determination of the reac-
tions KER, as shown in Figure 4.27. The KER and the assignment of the fragment-
ation channels pathway agree very well with previous studies on cyclopropane with
ion collisions [110].

Figure 4.25: Native frame plot of the H+/CH+
2 /C2H

+
3 channel, here the KER of the two heavier fragments are

plotted against the angle between them and the third fragment H+. Two regions are marked, I
(solid orange) and II (dashed purple) for the two different distributions.

Figure 4.26: Newton diagrams of Pathway I (a) and Pathway II (b).
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Figure 4.27: The kinetic energy release of the (a) complete fragmentation channel as well as for pathway I (b)
and pathway II (c). The data is shown as markers while a Gaussian fit is shown in a solid line for
each energy peak.

51





Chapter 5

Summary and outlook

The thesis work set out to study inner-shell excitations and ionised molecules both
in a neutral and charged initial state. This work furthers the understanding of the
dynamical processes that can occur on the excited potential energy surfaces in the
ultrafast time regime. The studies used different methods and instruments to gain
knowledge from a variety of perspectives. Central to the studies was the synchrotron
radiation, as it is currently the only source capable of allowing all the studies this work
conducted with the shown result. This highlights both the versatility of synchrotron
radiation, and the many avenues in physics that can be explored with this light source.
This last chapter will provide brief concluding summaries of the included papers and
a look at future questions that this work raises.

XAS on ions

The XAS on ionic molecules provides a novel view of inner shell electronic structure.
New state transitions may appear in comparison to the neutral molecule. Due to a
different ionisation potential threshold (double ionisation) a clearer picture may be
obtained for certain states. An example is σ∗ shape resonances that have been seen to
”fall” below the ionisation threshold in the ionic XAS.

The CH+
n series showed spectroscopy on species very difficult to study because they

are highly reactive or unstable. Moreover, evidence for fluxional structures of CH+
5

was shown and for the first time XAS spectra of the two molecular geometries of the
fluxional cation could be observed.

Part of the studies during this thesis work were dedicated to an ion trap called TRISS
that will be available at MAX IV. Commissioning has started, but no results were yet
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achieved and thus it was excluded from this thesis. This new ion trap aims to provide
greater control of the trapped ions, allowing them to be moved from and to different
chambers that can interact with synchrotron radiation, electron gun, or a contraction
of the trapping fields causing collisions. A reflectron TOF spectrometer is used to
detect the final fragments much like the Berlin setup described in section 3.2.1. This
should mean that new ions can be studied with more complex initial status.

Auger-Meitner decay

The site-selectivity of Auger-Meitner decay was in focus in this thesis, and indeed
in both the ESCA and CHD molecules, clear differences between transitions from
different sites were observed. The ESCA molecule showed that the functional group
could be identified using the resonant Auger-Meitner spectrum, opening the avenue
to investigate larger biomolecules (i.e. amino acids) through site-selectivity, which
could be combined with ion TOFs to understand how they fragment under UV radi-
ation as an example. In CHD the simple picture once developed for the CHD→HT
becomes increasingly complex, with resonant LUMO+1 excitation shown to indicate
a strong propensity for this dynamic ring opening.

The roaming mechanism

The momentum imaging provided clear evidence of the roaming mechanism being
responsible for the formation of H+

3 from the cyclopropane dication. Moreover, we
could show the importance of the internal energy and connect it to the CH vibration,
which is required for the roaming mechanism in cyclopropane to successfully abstract
a proton. The dynamics of the two channels, X and Y, indicated agreement with the
theoretical models that have been developed in the literature.

One of the main aspects of the roaming mechanism has been that the neutral roamer
is quasi-bound on a very shallow potential energy surface. The implication of a vibra-
tional mode and the emission and rebinding of the roamer indicate that there may
be more to the story. The knowledge of this vibration, how it affects the potential
energy surface and how it relates to the roaming mechanism would significantly fur-
ther our understanding of the underlining mechanism. This can be done by pump-
probe schemes using infrared radiation to access the vibrational frequencies, or high
time-resolution to capture the charge migration. Understanding could then lead to
controlling it, opening new chemical reaction possibilities.
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