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Abstract

Photoionisation dynamics occurring in Ar and N2O upon the absorption
of soft X-ray radiation, have been studied through the extraction of the β
parameter from the angular distributions of Ar 2p3/2 and N2O Nt 1s photo-
electrons by a means of Velocity Map Imaging Spectroscopy.

The results of β determined in the dipole approximation for N2O at dif-
ferent photon energies, coincided with pre-documented values but this was
not so in the case of Argon. The determination of the asymmetry parameter
was effected by image distortions and background signal that were present
in all of the velocity map images in varying degrees. The photon energy and
the energy separation between photoelectron distributions also affected the
determination of β.

Possible non-dipole effects in the angular distributions of the Nt 1s state in
N2O were also investigated via the determination of the non dipole asymme-
try parameters δ and γ. Unlike β, these parameters could not be determined
through inversions of the velocity map images due the symmetry along the
spectrometer axis being broken in the non-dipole regime. For an accurate
description of the photoionisation process in this instance, such effects should
be accounted for, but with the current method it is not possible to observe
them.

One aim was to study photoionisation dynamics in gas phase FePc. As
a result of inhomogeneous heating of the original solid sample, no data was
obtained.
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Introduction

1.1 Motivation

Kai Siegbahn and workers [1] developed the X-Ray Photoelectron Spec-
troscopy (XPS) technique as it is known today, and were the first to produce
high-resolution XPS spectra from which atomic core level binding energies
could be determined. One attribute of XPS is that it demonstrates extreme
sensitivity in regards to a systems chemical environment – as is evident by
chemical shifts [2] – and thus has found use in a number of applications [3].

In general, the inner shell ionisation of electrons in atoms, molecules and
condensed matter, shed light onto important quantities such as ionisation
potentials, electron affinities and ionisation cross sections, as well as providing
information on the dynamics of the photoionisation process [4].

Recent studies [5] of the ionisation of core level electrons from molecules
in gas phase, observed that the stoichiometric ratios of the peaks in the
measured XPS spectra were not as expected. It was speculated that the
cause was due the intermolecular, elastic scattering processes of outgoing
photoelectrons, but such mechanisms had not been considered as being strong
influencing factors on the photoionisation process due to the very small size
of the molecules used in the study.

Such a finding has prominent effects on the use of inner-shell spectroscopy
as a quantitative analytical tool, especially as the interpretation of the spec-
tra does not necessarily give insight into the full dynamics of a photoprocess.
The full dynamical information needs to be obtained if all the intrinsic pro-
cesses that occur upon photoionisation of core electrons is to be understood.
Not having access to such information thus has great consequences on the
interpretation of photoelectron spectra, especially on those belonging to com-
plex molecules adsorbed on surfaces.

In order to gain a better insight into photoionisation dynamics, it is the
aim of this study to measure the angular distribution of photoelectrons emit-
ted from the core levels of atoms and molecules in gas phase. Measuring the
angular distribution is a direct measure of the differential cross section; this
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2 CHAPTER 1. INTRODUCTION

can give information on the initial and final states of the target atom or
molecule, and can provide the dynamical information of the photoemission
process [6]. It is hoped that this can be achieved using a combination of
Velocity Map Imaging Spectroscopy (VMIS) and XPS.

Velocity Map Imaging Spectroscopy is predominately a laser based tech-
nique that has advanced the measurement of angular distributions and has
become indispensable in the field of molecular reaction dynamics [7]. Cur-
rently the power of an XPS spectrometer is limited by the amount of infor-
mation that can be gathered in its small, solid angle of detection, but a VMI
spectrometer utilises an electrostatic lens to project the velocity distribution
of photofragments over a 4π solid angle onto an imaging detector. Combing
the XPS and VMIS techniques would be a novel way to image the full dy-
namical processes occurring inside molecules following the ionisation of core
electrons by X-rays.

The ultimate goal would be to apply this approach to complex systems in
gas phase such as metal phthalocyanines, which have important applications
in, but are not subjected to, medicine [8], solar cells [9], thin- films devices
[10] and gas sensors [11].

1.2 Background

The work was carried out at the MAX-Lab synchrotron light facility. It pro-
vides soft X-ray radiation up to the keV range, making it possible to carry
out XPS studies on inner shell electrons on which to obtain the angular dis-
tributions of photoelectrons emitted as a product of photoionisation. The
advantage of using a synchrotron source is that the photon energy can be
scanned over a desired range, which allows numerous interaction effects be-
tween radiation and matter, for specific orbitals within an atom or molecule,
to be studied.

Under the experimental conditions provided at this facility, it has been
assumed that the photoprocesses investigated are one photon-one electron
mechanisms that occur within the dipole approximation, and that interaction
between the soft X-rays and the matter is treated as a perturbation to the
Hamiltonian of the electron in the central potential of the nucleus in the
weak field case.

A full description of how radiation interacts with matter is both complex
and lengthy and it is not possible to explain it in full detail within this
thesis. However for this investigation it is imperative that the interaction
of soft X-rays with atoms and molecules within the dipole approximation is
understood. This section therefore provides a summary of the theory behind
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light-matter interaction that is most relevant to this study.

1.2.1 Light-Matter Interaction

The interaction between an electromagnetic field and an electron (H’(t)) can
be described as a perturbation of the Hamiltonian of the electron in the
central potential of the nucleus (H0), such that the system at time t can be
described by

Ht = H0 + H’(t) (1.1)

This perturbation can take form either as a scattering or an absorption
event. In the case of absorption of a photon by an atom or molecule, an
instantaneous transition of an electron from a low-lying energy state to a
higher lying-energy state is induced. This act of photoabsorption, for any
given case, has a probability of occurrence given by the photoabsorption cross
section

σa =
Wfi

Fph
(1.2)

where Wfi is the probability of absorbing a photon per unit time per atom,
and Fph is the incident photon flux [12]. The quantum mechanical treatment
of photoabsorption is described by first order time-dependent perturbation
theory and in accordance with this, Wfi is described by Fermi’s golden rule
[12] leading to the general formula for the photoabsorption cross-section for
linearly polarised radiation as follows

σa(ω) =
4π2αh̄2

m2ωfi
|Mfi(ωfi)|2δ(ω − ωfi) (1.3)

where α is the fine structure constant, ωfi is the angular frequency of the
incident photons, δ(ω−ωfi) is the delta function expressing the distribution
in ω for a spectral line with zero width, and where Mfi(ωfi) = 〈f |H ′(t)|i〉 is
the transition matrix of the perturbation between an initial |i〉 and final |f〉
state. As can be seen, the absorption cross-section is directly proportional
to the square of this matrix.

As photoabsorption is dominant in the soft X-ray region [13], the inter-
section of X-rays with atoms or molecules can result in numerous processes
transpiring, each with its own probability of occurrence; these can include
ionisation, fluorescence and dissociation to name a few. The summation
of the eventualities of each possible outcome, is equal to the probability of
absorption and thus gives the total photoabsorption cross section, σtotal, as

σtotal = σa = σionisation + σfluorescence + ...
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1.2.2 Experimental Manifestation

Two processes in particular that can occur upon absorption of soft X-ray
photons are photoexcitation and photoionisation. For the sake of simplicity
the absorption spectra of the He atom is shown in Figure 1.1 as the features
contained within it give direct evidence of the two processes occurring upon
absorption of a photon.

IP

Figure 1.1: The absorption spectra of the He atom obtained by Chan et
al.(1991) modified from reference [14]. The blue, dashed line indicates the
position of the 1s shell ionisation potential.

Photoexcitation

The peaks formed at energies below the blue, dashed line in the spectra are a
direct consequence of photoexcitation. This photoprocess occurs as a result
of the incident X-ray photon not being sufficient to overcome the ionisation
potential (IP) of the target atom. Upon absorption of this photon, a bound
valence electron will make an instantaneous transition to another bound but
higher lying, unoccupied energy state. The levels which they are promoted
to depends on the energy of the incoming photon and dictates the position of
the corresponding peak, below the ionisation threshold, within the absorption
spectra. Resonant transitions occur if the energy of the photon matches
exactly the energy difference between the initial and final unoccupied state
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[13]. Equation 1.4 shows the mechanism of photoexcitation of core electrons
after the absorption of X-ray radiation,

X + hν −→ X∗(1s−1) (1.4)

where X∗ represents the atom (or a molecule) in an excited state.

Photoionisation

The featureless region in the spectra to the right of the blue, dashed line is
indicative of photoionisation. This process occurs when the incident photon
energy is sufficient enough to overcome the IP of an atom, thus causing an
electron to be ejected from its core, bound state into an unoccupied state
in the continuum above the IP [15]. This consequently creates a positively
charged ion in a one-hole final state (X+).

The ejected electron (e−) is a photoelectron and has a kinetic energy that
is related to incident photon energy (hν) and the ionisation potential [16] by

Ekinetic = hν − IP (1.5)

Equation 1.6 shows the photoionisation process that occurs after the ab-
sorption of X-ray radiation by a target atom or molecule (X).

X + hν −→ X+(1s−1) + e− (1.6)

1.2.3 Dynamics of Photoionisation

The photoelectrons that enter into the continuum are projected in directions
that are dependent on the orbital from which they were ejected and the
orientation of that orbital with respect to the polarisation vector, Ê, and the
propagation vector, k, of the incident radiation [17].

Assuming that the ejected photoelectron is non-relativistic and that its
wave vector in the final state (kf ) upon interaction with a plane wave, is

related to its final state kinetic energy by Ef =
h̄2k2f
2m

, the photoionisation
total cross section can be obtained by the integration of equation 1.3 over
Ef for all of the final states of the photoelectron. The distribution in angle
- relative to an experimentally specified direction - of the intensity of these
electrons, is measured by taking the differential of the photoionisation cross
section divided by the solid angle dΩ = sinθdθdφ, where θ and φ are the
polar angles of the outgoing photoelectrons wave vector.

This results in the expression for the differential cross section for pho-
toionisation of a single electron, ejected within the solid angle dΩ in the
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direction (θ, φ), by a photon with a frequency equal to ω [12] being given by

dσ

dΩ
=

4π2αh̄

m

(k
f

m

)
|Mfi(ω)|2 (1.7)

In the case of the interaction of radiation with multi-electron targets, the
transtion matrix, Mfi, for photon induced transitions between an initial (ψi)
and final state (ψf ) becomes

Mfi =
N∑
ν=1

|〈ψf | exp(ik.rν)Ê.pν |ψi〉|2 (1.8)

where rν and pν are the position and the momentum operators of a given
photoelectron, ν; the sum in ν extends over all N electrons in the system [18]
[19] [12]. From this relationship it clear that the differential cross section is
highly dependent on Ê, which implies that the direction and the degree of
linear polarisation of the radiation is important [19]. A resonant transition
between an initial and final state as given by the matrix component of equa-
tion 1.7, is most likely to occur when the transition dipole moment is aligned
with Ê [20].

The Taylor expansion of the exp(ik.r) element of the transition matrix
in equation 1.8 gives

exp(ik.r) ≈ 1 + ik.r + ... (1.9)

In the electric dipole approximation (DA) i.e. under the assumption that
the wavelength of the incoming radiation is much greater than the Bohr
radius of the target [6], only the zeroth order term (the electric dipole matrix
element) in this expansion is preserved, resulting in exp(ik.r) ≈ 1. The higher
order terms corresponding to higher order electric quadrupole and magnetic
dipole interactions are neglected because they are usually a lot smaller then
the zeroth term [18]. In the soft X-ray region this approximation is satisfied
and hence is assumed to be valid.

1.2.4 Angular Distribution

In the dipole approximation, photoelectrons that are emitted from randomly
oriented targets as a result of one-photon dissociation by linearly polarised
light, have a differential cross section and therefore angular distribution [4]
[21] [19] [6] given by

dσ

dΩ
=
σtotal
4π

[1 + βP2(cosθ)] (1.10)
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Here, σtotal is the total photoionisation cross section that determines the
overall intensity of the process, P2(cosθ) = 1

2
(3 cos2 θ−1) with θ being the an-

gle between the polarisation vector of the radiation and the velocity vector of
the ejected electron, and β is the characteristic dipole asymmetry parameter
that contains all the dynamical information of the photoionisation process.

Four possible angular distributions of the emitted photoelectrons, as a
function of angle and with respect to the polarisation vector, are shown in
figure 1.2. The distributions overlap at the magic angle of 54.7o. At this
angle the angular distributions of emitted photoelectrons can be measured
independent of the β value. Measuring over all angles, as is this case in this
work, allows the dependency of the differential cross section on the asymme-
try parameter to be elucidated.

0
o

Figure 1.2: Polar plots of the photoelectron differential cross sections. Blue
line: β = 2 indicating preferential emittance in the direction of the polari-
sation vector. Black dashed line: β = 1. Red line: β = 0. Black line: β=
-1 indicating preferential emittance perpendicular to the direction of the po-
larisation vector. Arrow at 54.7o indicates the magic angle where the cross
sections are the same independent of β.

1.2.5 The β Parameter

The β parameter - also known as the asymmetry parameter - depends on, the
dipole radial matrix elements (σl±1) and the interference of the lth partial
waves of the photoelectrons in the continuum (δl), as shown by equation 1.11.

β =
l(l − 1)σl−1

2 + (l + 1)(l + 2)σl+1
2 − 6l(l + 1)σl+1σl−1 cos(δl+1 − δl−1)

3(2l + 1)[lσl−1
2 + (l + 1)σl+1

2]
(1.11)
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where l is a state given by s, p, d.. and so on [4]. The β parameter can
range from a value of +2, which reveals that photoelectrons will be ejected
preferentially in the direction of the polarisation vector of the incoming radi-
ation, to a value of -1 which reveals a preference for sideways emission of the
ejected photoelectrons with respect to the polarisation vector [6][22] (refer to
figure 1.2).

In the central potential model approximation, single photon ionisation
from a closed, s subshell of an atom gives only one possible final state channel
of the transition matrix [6]. Due to the conservation of angular momentum,
this corresponds to a ns→ εp transition where εp is the state of the electron
in the continuum, which along with the final state of the atom (φf ) dictates
the overall final state i.e. |ψf〉 = |φfεp〉 [23].

Thus from equation 1.11, the angular distribution of the photoelectrons
ejected from s shells shows a cos2 θ behaviour for all photon energies giving
β=2 [4]. However, studies have shown that in atoms other than Helium the
asymmetry parameter, upon photoionisation of s shells, can take on alterna-
tive values from this energy-independent, predicted value [6].

Houlgate et al.(1976) [24] determined the value of the asymmetry pa-
rameter over a range of energies just above threshold for the outer 3p shell
of the Argon atom. The value of β varied as a function of photon energy
and was best emulated by theoretical models which took into consideration
intrachannel interactions. See figure 1.3.

Figure 1.3: Sketch of the dependence of β on the photon energy near thresh-
old for the 3p Argon shell as measured by Houlgate et al. [24]. Circles
represent the experimentally measured values and the black dotted line rep-
resents the RPAE theoretical model, that includes interchannel interactions.
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This considerable form of variation of β was explained as the intrachannel
interaction being caused by the interference affect between the two compet-
ing ionisation channels, εs and εd (photoionisation of non s shell electrons,
results in there being more than just one final state channel for photoelectron
escape). The relative phase and magnitudes of the two waves as a function of
energy influences β through equation 1.11 and ultimately decides the form of
the angular distribution. Thus the study of the angular distribution provides
all the information on the photoionisation dynamics [25], whilst elucidating
the static information on the initial and final states of the target [6].

1.3 This Work

In this work, VMIS and XPS have been combined and used to investigate the
full photodynamics of atomic Argon (Ar) and molecular di-Nitrogen Oxide
(N2O), that occur upon inner shell photoionisation with soft X-ray radiation.

The knowledge obtained using this technique about the photodynamics
that materialise in these simpler systems is then intended to be applied to
studies on gas phase Iron phthalocyanine (FePc), so that the processes that
transpire within this molecule upon photoionisation of its inner shells, can be
revealed and possibly used to understand if characteristic features observed
in the spectra of studies conducted previously, are intrinsic to the molecule
or dependent on its environment i.e if its adsorbed on a surface.

These studies were carried out at the MAX-Lab synchrotron light facility
over two, one week periods upon installation of the VMI spectrometer to
the end of the beam line. Argon was studied using energies close to the
threshold of the 2p3/2, state as at energies just above and below it, interesting
photoprocesses have been observed and it would be intriguing to see if the
imaging XPS technique could successfully resolve these phenomena. The
N2O molecule was also studied at low energies for the same reason.

The raw VM-images created upon detection of photoelectrons by the
VMI spectrometer, were corrected, iteratively inverted and energy calibrated
using a partially developed Matlab code. The inverted images were then
further analysed so that the asymmetry parameter, β, could be recovered
from the angular distributions of the photoelectrons from the inversions.
The β values obtained for both Ar and N2O were compared to previously
determined values, and used to interpret the photoprocesses occurring within
these systems and to determine the efficiency and reliability of the imaging
XPS technique.

To study FePc, an oven was specially designed and implemented during
the beam time in order to sublime the molecule.
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Methods

The experiments were conducted on the I1011 beamline at the national syn-
chrotron light facility MAX-Lab, located in Lund, Sweden. This beamline
is predominantly dedicated to the study of surface science but for the first
time during these investigations, it was used for gas phase studies. The
NEXAFS spectra required for energy calibration and sample identification
are also obtainable at I1011. The photoelectrons were detected and analysed
by a VMI spectrometer provided by the Atomic physics department at Lund
University.

This section includes details on the XPS and NEXAFS techniques used
to acquire the data of interest, details on the MAX-Lab facility and VMI
spectrometer set-up, as these were the specialised tools used to carry out the
investigation and relevant calibration information. Also in this section is a
description of the program used to analyse the raw data files and to extract
the relevant photodynamical information from the velocity map images (VM-
images).

2.1 Experimental Methods

2.1.1 Inner Shell Spectroscopy

Soft X-ray radiation is useful not only for the study of valence electrons, but
for the study of core electrons also. Figure 2.1 shows the mechanics of both
photoexcitation and photoionisation in this case.

Two inner shell spectroscopy techniques that are based upon these prin-
ciples are X-Ray Photoelectron Spectroscopy - which utilises photoionisation
- and Near Edge X-ray Absorption Spectroscopy (NEXAFS) - which utilises
photoexcitation. They are used in conjunction with one another as XPS gives
information about occupied electronic states and NEXAFS gives information
on unoccupied bound, or continuum states [26], thus providing a complete
picture of the orbital structure of a sample under investigation.

11
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Figure 2.1: Schematic diagram of core orbital photoionisation and core or-
bital photoexcitation. The open circles represent the ’holes’ left in the core
orbital due to the ejection of an electron.

XPS

XPS is based on the principle of the photoelectric effect [27] and uses X-
ray radiation to induce the photoionisation of core electrons from an atom or
molecule. From the kinetic energies of the ejected photoelectrons it is possible
to obtain the ionisation potential of a core level according to equation 1.5.
The IP of an orbital is element specific and therefore, the set of peaks shown
in an XPS spectra are characteristic of that element.

As well as providing elemental details, XPS can provide some chemical
bonding information, as shifts in the energies of ionisation potentials caused
by chemical bonding (chemicals shifts), can be used to identify chemical
compounds and molecules. Extensive investigations on core level binding
energies and their shifts due to chemical bonding have been carried out by
Kai Sieghbahn and co-workers [16].

NEXAFS

Near Edge X-ray Absorption Spectroscopy is the measurement of the photon
absorption features, close to the ionisation edge, created when core-shell
electrons make a transition to unoccupied orbitals. In NEXAFS, the energy
of X-ray radiation is varied across the ionisation edge of an atomic orbital.
The energy levels of the orbitals that the photoexcited electrons occupy, give
rise to the distinct peaks in the a NEXAFS absorption spectra. Varying the
photon energy allows transitions of electrons to different unoccupied orbitals
and therefore different peaks to be investigated [28].

NEXAFS is most useful as a technique for chemical analysis, as atoms and
molecules can be identified by the peaks in the absorption spectra; This is
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advantageous for energy calibration measurements and for certification of an
atom or molecule under study. Furthermore it can also be used to determine
the composition and orientation of molecules on substrates. [28]

2.1.2 Synchrotron Radiation Facility

The MAX-Lab synchrotron light facility consists of an injector, three storage
rings (MAX I, MAX II and MAX III), beamlines and experimental chambers.
Like any other synchrotron facility, it makes use of the fact that charged par-
ticles travelling along circular paths are subject to the Lorentz force and as
a result of the corresponding centripetal acceleration, they will emit electro-
magnetic radiation. In the limit of relativistic velocities, the electrons emit
electromagnetic radiation with a cone shape emission pattern in a pronounced
forward direction [29]. At this facility electrons are created by an electron
gun, accelerated by a linear accelerator and depending on their energy are
propelled into either MAX I, MAX II or MAX III.

The Storage Ring: MAX II

The electrons enter MAX II with a maximum energy of 400 MeV. They are
then further accelerated by radio-frequency cavities to an energy of 1.5 GeV,
resulting in this ring being optimised to produce radiation in the ultraviolet,
soft X-ray and hard X-ray range.

MAX II is a third generation synchrotron source and uses only insertion
devices - mainly undulators placed along the straight sections of the storage
ring, along the path of the electron beam - to maximise the production and
to optimise the characteristics of the electromagnetic radiation it creates.
They are comprised of a periodic series of magnets that alternate in polarity,
which increase the intensity of the emitted radiation as a result of interference
effects [26].

There are two types of undulator on the storage ring that generate the
radiation. The first type is a planar undulator; this produces radiation which
is horizontally polarised. The second type, used on the I1011 beamline, is
an Elliptically Polarising Undulator (EPU) which was set to provide linearly
polarised radiation during this study, as it is a requirement of the VMI spec-
trometer.



14 CHAPTER 2. METHODS

The Beamline: I1011

The I1011 beamline provides soft X-ray radiation in the energy range be-
tween 200 eV to 2 keV and contains numerous components that optimise the
spectral characteristics and geometry of the synchrotron radiation.

The I1011 beamline is based on a collimated grating monochromator de-
sign that allows scanning of the radiation over a particular energy range.
The pre-focusing of the soft X-rays from the EPU is achieved with the use
of a vertically collimating and horizontally focusing toroidal mirror. The ra-
diation then enters the monochromator which consists of a plane mirror, a
1221 lines/mm plane grating and exit slits. The monochromator is designed
to single out a selected wavelength from the distribution of wavelengths of
the incoming soft X-rays. The radiation is then focused onto the exit slit by
a vertically focusing, cylindrical mirror.

The exit slit is vertical in its orientation and its width - which determines
the energy band width of the radiation - the photon energy resolution and
the photon flux, can be changed by a computer controlled stepper motor.
The radiation passes into the interaction region of the VMI spectrometer
upon exiting the monochromator.

Beamline Calibration

The NEXAFS spectra of Argon has been obtained in order to determine the
energy of the photon beam and the resolving power of the set up. Absorption
measurements of the 2p Argon edge in the soft X-ray regime have been
documented in past works [30] [31] which makes it an ideal reference source.

To calibrate the energy of the soft X-ray beam, the photon energy was
scanned between 243-252 eV close to the Argon L-edge when the exit slit
width was set to 500µm. The measured absorption data is shown in figure 2.2
by the black, finely dashed line.

Peak 1, according to [31], corresponds to the 2p3/2 −→ 4s resonant tran-
sition and therefore should be centred at a photon energy of 244.39 eV [32].
The energy scale has been calibrated in relation to this, verifying an energy
difference of +0.6 eV between the measured and the actual incident photon
energy. Thus the other peaks in the spectra have been associated with tran-
sitions to unoccupied Rydberg orbitals, corresponding either to 2p −→ ns
(n ≥ 4) or 2p −→ nd (n ≥ 3) transitions. The assignment of each is shown
in the table of figure 2.2
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Peak
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3 2p3/2 → 3d
4 2p3/2 → 4d
5 2p3/2 → 5d
6 2p1/2 → 3d
7 2p1/2 → 4d
8 2p1/2 → 5d

Figure 2.2: The Measured Argon L-edge NEXAFS spectra is represented
with the corresponding peak assignments according to references [31] and
[32]. Red line: Energy calibrated data. Black finely dashed line: Original
measured data. Blue dashed line: Threshold of 2p1/2. Green dashed line:
Threshold 2p3/2

The 2p3/2 −→ 4s peak in figure 2.2 is isolated from other features in the
spectrum and, unlike the other peaks, is not obviously affected by the na-
ture of the background signal. As a result, a Voigt profile has been fitted to
these data points using a least-square residual fit to determine the resolving
power of the set up (see figure 2.3). The Voigt profile is a convolution of the
Lorentzian probability density (which accounts for the homogeneous broad-
ening of the spectral peak, due to the natural lifetime of the state) and the
Gaussian probability density (which accounts for the inhomogeneous broad-
ening of the spectral peak, due to imperfections of the monochromator and
spectrometer). In this case it has been assumed that Doppler and pressure
broadening’s are negligible. The fitting of the 2p3/2 → 4s transition gives a
Gaussian resolution of 0.15 meV at 244.39 eV, leading to a resolving power
of R∼16,350 for this peak according to the relation R =

Epeak

ΓG
.

To investigate the effect of the exit slit width on the resolution, the NEX-
AFS spectra of N2O were obtained at slit widths of 500µm, 250µm and
125µm. It was found that the photon energy resolution of the spectra in-
creased with decreasing slit width. In opposition to the increased resolution,
the amount of noise detected in a spectra also increased. Therefore in se-
lection of the slit size, a compromise must be made between the amount of
resolution achievable and the amount of noise that will be present in the
spectra.
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Figure 2.3: The experimental Ar 2p3/2 → 4s data (red dots) with a fitted
Voigt profile (green line) from which the Lorentzian (ΓL) and Gaussian (ΓG)
line widths have been determined.

2.1.3 Velocity Map Imaging Spectrometer

Velocity map imaging is a technique that acquires the 2D projection of a 3D
velocity distribution of photofragments created during a photoprocess [33].
The photofragments are detected over a 4π solid angle which means that a
full collection efficiency is achieved during detection.

VMI has become a key tool in studies investigating photodissociation and
reaction dynamics, scattering and dissociative charge exchange and recom-
bination [34], to name a few. It has also become a central component in
imaging photoelectron spectroscopy as its ability to obtain energy and an-
gular distributions measurements simultaneously, for all photoelectrons that
are released during a photoprocess, gives it a great advantage over conven-
tional time-of-flight and electrostatic electron energy analysers. The VMI
spectrometer is predominantly used in laser based studies and so the imple-
mentation of it on a soft X-ray beamline for this investigation is a novelty.

Spectrometer Design and Principle

The velocity map imaging spectrometer used during this investigation had
the same design as that of Eppink and Parker [35], such that it utilises
an electrostatic immersion lens to focus all particles - with the same initial
velocity vector - created within the photoprocess onto the same point on a
detector, irrespective of their point of creation within the interaction volume.
The electrostatic lens is produced from a simple configuration of three, flat
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and annular electrodes and gives an increased image resolution [36] from
that obtained by other imaging procedures such as the ion imaging technique
developed by Chandler and Houston [37].

CCD

PSD
R E G

VR VG = 0V E

I II III

νo

R

photoelectron trajectoryz

y spectrometer axis
 α

Figure 2.4: Schematic drawing of the VMI spectrometer. The three elec-
trodes are symbolised by R for repellor, E for extractor and G for ground.
They are held at voltages of VR, VE and VG = 0 respectively. The propaga-
tion of the soft X-rays is directed into the page and the interaction volume
is symbolised by the circled cross. The electric field lines are portrayed by
the dashed red lines with the shape of electrostatic immersion lens, created
by the electrode design, clearly depicted in region II. The field in region II
is inhomogeneous and can be adjusted by changing the voltage across the
electrodes whereas region (III) is devoid of an electric field. At the opposite
end from the extraction region is a detection system consisting of a 2D PSD
- comprised of a stack of multi-channel plates coupled to a phosphor screen
- and a CCD camera. The position where a photoelectron hits the detector
is given by R.

The VMI spectrometer has an extraction region (I) and an accelerator
region (II) at one end of a time-of-flight tube (III). It was installed directly
to the end of the beamline and oriented such that the soft X-ray beam entered
the spectrometer through region I and was aligned perpendicular to the time-
of-flight tube (spectrometer axis). The beam was vertically polarised with
respect to the detector plane to ensure the rotation around the x-axis is
invariant.
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The gas samples entered the spectrometer via a gas input fixture that
was mounted in line with the spectrometer axis, after passing through a
skimmer with a 2mm opening. The design of the skimmer optimises the
beam geometry and forces the beam to be collimated at the position where
it intersects the photon beam; this ensures that the interaction volume (it is
a volume and not a point due to the beams having finite widths) is small and
defined, resulting in high quality velocity map images. The jet of particles
was pulsed through the skimmer to keep the background pressure in the
extraction region of the spectrometer low.

The particles within a gas bunch, then passed through a small gap in the
repellor electrode and intersected the soft X-ray beam at a 90o angle in the
extraction region. The engagement of the two beams resulted in the emission
of photoelectrons, in all directions of space, that were propelled into the ac-
celerator region in response to the voltage applied across the electrodes. The
ratio between the voltage of the repellor and extractor electrode, VE

VR
, was op-

timised such that the lens created in region II, focused and directed identical,
charged particles through the time-of-flight tube to the same position on the
focal plane of the 2D position sensitive detector (PSD). During the investi-
gation, this ratio was optimised at 0.762 for the detection of photoelectrons.
The positions where the photoelectrons were detected on the PSD surface
were registered by a charge coupled device (CCD) camera placed behind it.

In order to remove the possible sources of contamination within the cham-
ber that give rise to background signal and prevent the photoelectrons reach-
ing the detector, a pressure of around 1×10−7/−8mbar was maintained within
the system by for-vacuum and turbopumps, mounted at both the detector
and main chamber ends of the spectrometer.
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2.2 Analysis

The core of the analysis was to extract the value of the β parameter, for the
Ar and N2O samples at different photon energies. This was achieved with the
use of a partially developed Matlab program, written by Per Johnsson from
the Atomic physics department at Lund university, which contained within
it the iterative inversion procedure of Vrakking(2001) [38]; this inverted the
VM-images such that a reconstruction of the original 3D velocity distribution
of the photoelectrons was produced. It was then possible to determine the β
parameter from the inverted image after further analysis.

The Matlab program was originally created for investigations using laser
light and had not been intended to be used to find the β parameter. As a
consequence, it was not perfectly suited for this work, thus the pre-existing
code was modified and new code was developed to account for this. After
these modifications, much effort was put into understanding the code and
working out how it could be manipulated to produce optimised VM-images.
This was done through preliminary work which consisted of investigating
the effects of background signal on the correction of the image, finding the
optimal amount of background subtraction required for each data file and
deciphering the most appropriate symmetry of the final corrected image.

2.2.1 Interpretation of the VM-Images

Upon ionisation of the core levels of the gas particles, photoelectrons are
emitted in all directions in space creating a 3D velocity distribution which
contains the energy and angular distribution information of the photopro-
cess [36]. However due to the acceleration they are subjected to within the
spectrometer, the 3D distribution is ’crushed’ along the spectrometer axis
leading to a circular image being formed on the 2D detector where the parti-
cles impact on it. This circular image is a velocity map image and ultimately
is the 2D projection of the former 3D velocity distribution of the particles
created during the photoprocess.

The position where a photofragment collides with the PSD is directly
related to its initial velocity ν0, regardless of its original point of creation in
the interaction volume. As a result of the ’crushing’, the velocity component
parallel to the spectrometer axis is lost, but the transverse component of ν0

is unaffected.
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The position where the photofragments are detected by the detector (R
as shown in figure 2.4) is directly related to the transverse component of the
velocity by

R = νt (2.1)

where t is the time of flight of the photofragments towards the detector.
From the relationship Ek = 1

2
mν2, equation 2.1 can be re-written in terms

of kinetic energy such that

R = t

√
2Ek sinα

m
(2.2)

where m is the mass of the particle. The position of detection is then directly
related to the particles kinetic energy.

Knowing that the position of detection of the photoelectron is directly
related to the kinetic energy, and that the kinetic energy is related to the
binding energy and the photon energy by equation 1.5, it is then possible
to identify which orbital within the atom or molecule the photoelectron was
ejected from.

VM-Image Example

Tests were carried out on the spectrometer, in the Atomic laser laboratory at
Lund University, to check its performance. High Harmonic Generation from
infra-red light was used to ionise Argon and the resulting VM-image and its
subsequent inversion are displayed in figure 2.5.

Figure 2.5: Left half:corrected VM-image of atomic Argon when ionised by
laser light. Right half: the subsequent inversion
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The ground state, electronic configuration of the the Ar atom is 1s22s22p6

3s23p6. The five rings that are clearly visible in the VM-image, represent the
velocity distributions of the photoelectrons ejected from the 2p shell by five
consecutive, odd harmonics - H11, H13, H15, H17 and H19. They are well
resolved in both the VM-image and the inversion - the details of inversions
shall be discussed later. Thus it seems that the spectrometer set-up is fully
optimised to produce images with a quality good enough for inversion.

2.2.2 Background Subtraction

Due to the nature of the synchrotron source, background signal was present
in every VM-image - in various amounts depending on the photon energy
and sample - and was concentrated mainly near the image centre. In order
to determine the effect of this signal on the asymmetry of the raw VM-image,
a plot of the signal intensity as a function of pixel number was analysed for a
defined region in the image where most of the background was located. Vary-
ing amounts (determined by a numerical factor) of pure background signal
were then subtracted from the raw data until an even and reduced intensity
distribution of this signal in the image was achieved. The value of the factor
that provided the optimal amount of asymmetry reduction without compro-
mising the intensity of the original data, was applied to the background that
was subtracted from the raw image before it underwent further analysis

Table 2.1 shows the factors by which the background was subtracted from
each individual file obtained at a given photon energy.

Ar

Energy (eV) Background
subtraction
factor

270.6 1.3
252.6 2.3
251.6 2.6

N2O

Energy (eV) Background
subtraction
factor

437.6 0.33
430.6 1.3
420.6 1.3

Table 2.1: The values of the background factor applied to each file investi-
gated
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2.2.3 Analysis Program

The program used for analysing the collected, raw data consisted of five
stages;

Correct Export
Iterative

Inversion Calibration Import

A description of the four relevant procedures for the determination of β
are given.

Correct

Once a raw data file is read into the program it is first subjected to the
’correct’ action. The main purpose of this action is to determine the image
centre and to reduce the ellipticity of the image, as it is a requirement of the
inversion procedure that the image be cylindrically symmetric [38]. Smooth-
ing of the image is also applied within this stage of the analysis procedure
as the angular distribution (from which β is to be extracted) is strongly de-
pendent on the quality of the inversion and therefore, the accuracy in its
measurement is dependent on the angular resolution [7].

The image centre was determined by selecting the x and y pixel coordi-
nates from the Cartesian raw image from which the program could base an
estimate of the image centre. Any ellipticity was corrected for by choosing
a specific region within the polar representation of the Cartesian image that
the program could apply inbuilt corrections to.

These input variables were then set to the values that the pre-written
program determined as optimal for the correction of the centre and ellipticity
for each background corrected image. These parameters were saved and
unchanged throughout the rest of the analysis, so that consequent subtraction
of the background would not effect the centre and ellipticity corrections, as
it was found from previous testing that this was the case.

Export

Through the export action, the corrected Cartesian VM-image is changed to
a format that the executable inversion procedure can understand. Within
this action it is also possible to input the number of iterations that the
inversion program should carry out. In this work it was chosen that the in-
version procedure would perform twenty-five iterations, as with this number,
an acceptable level of convergence between the calculated and experimental
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distributions can been achieved [7] within a reasonable time. It is also pos-
sible to select the final image symmetry, but during this work it was chosen
that no symmetry would be applied to the corrected VM-images.

Iterative Inversion

The corrected images are then subjected to the same iterative inversion pro-
cedure as developed by Vrakking [38]. This method is based on the realisation
that there exist similarities between the angular and radial distributions in
the 3D and 2D data.

2D Projection on PSD

spectrometer axis

gas beam

Ê

soft X
-rays

p

ϴ
z

x
y

p

k

Ê

Figure 2.6: Left: The coordinate system of the VMI set up. The vectors Ê, k
and p indicate the directions of the linear polarisation, photon propagation
and the photoelectron momentum respectively. The angle between the z-axis
and p is denoted by θ. Right: Schematic view of the 3D velocity distribution
of photoelectrons after photoionisation (grey sphere) and the resulting 2D
projection after it has been ’crushed’ along the spectrometer axis (red circle).

Using the fact that the 3D velocity distribution, P(x,y,z), is cylindrically
symmetric around a symmetry axis in the experiment, it can be written as
the product of a radial distribution, P1(r), and a radial-dependent angular
distribution (P2(r, θ)) as shown in equation 2.3.

P (x, y, z) = P (r, θ, φ) = P1(r)∗P2(r, θ) (2.3)

The 2D distribution is captured in the z-x image plane of the PSD. The
angle between the z-axis and the photoelectron momemtum vector p is de-
picted by θ. Conventionally θ takes values from 0 to π in the case of x > 0.
The 3D velocity distribution is normalised to give

2π
∫ ∫

P1(r)r2P2(r, θ)sinθdθdr = 1 (2.4)
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where 2π indicates the integration over the full theta range. Addition-
ally, the 2D experimental distribution can also be written as a product of a
radial distribution, Q1,exp(r), and a radially dependent angular distribution
Q1,exp(r, α), in the form

Qexp(x, y) = Qexp(r, α) = Q1,exp(r)
∗Q2,exp(r, α) (2.5)

where normalisation of the 2D image gives the condition∫ ∫
Q1,exp(r)rQ2,exp(r, α)dαdr = 1 (2.6)

where α is the 2D representation of θ and has values from 0 to π in the
case of x > 0 and values from π to 2π for x < 0.

Working with the normalised angular distributions and using the conven-
tion of the values of α as described, the experimentally observed 2D radial
and angular distributions (Q1,exp(r) and Q2,exp(r, α)) can be used to derive
the first estimates of the 3D radial and angular distributions (P1(r) and
P2(r, θ)) thus giving the ansatz

P1,i=0(r) = Q1,exp(r)/2π(r) (2.7)

P2,i=0(r, θ) = Q2,exp(r, α = σ) (2.8)

where i denotes the iteration index. From these relations, a new 2D
image is calculated resulting in a new 2D radial and angular distribution
being acquired in the form

Q1,i=0(r)∗Q2,i=0(r, α) (2.9)

The experimental 2D distribution from equation 2.5 is iteratively com-
pared to the calculated 2D distribution from equation 2.9 until they coincide
with each other within a reasonable limit. The corrections are then applied
to the 3D velocity distribution conferring to

P1,i(r) = P1,i−1(r)− c1[Q1,i−1(r)−Q1,exp(r)]/2πr)

P2,i(r, θ) = P2,i−1(r, θ)− c2[Q2,i−1(r, α = θ)−Q2,exp(r, α = θ)]

The parameters c1 and c2 determine the size of the corrections to be
applied.

The result of the iterative inversion is that the 3D velocity distribution
of the photofragments has been reconstructed from the 2D projection that is
detected experimentally.
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Figure 2.7: A 3D velocity distribution projected onto a 2D plane results in a
blurred ring in the VMI image (i). After the inversion of the 2D projection,
the original sharp 3D distribution is retrieved, but in a 2D image only a
2D section of it is displayed (iii). The slices through these images along the
polarisation axis (z) are shown by (ii) and (iv).

The main advantage of the iterative procedure is that unlike other in-
version methods, the noise in the inversion is projected towards the centre
of the image, where it usually doesn’t interfere with relevant features within
the image [38].

Calibration

Both the inversion images of N2O and Ar contain rings that can be energy
calibrated within this action. For any given photon energy, the kinetic energy
of the electrons is known (from equation 1.5) thus the rings can be calibrated
and separated according to their kinetic energies.
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Results and Discussions

3.1 Photoionisation Dynamics in Atomic Ar

Angle resolved photoemission studies of the outer shells in Ar have been
conducted experimentally and theories have been developed that complement
the results. For instance, Houlgate et al. (1976) [24] determined the values of
the asymmetry parameters for 3p Ar electrons in the energy range from 0-70
eV above threshold, using a synchrotron light source. The trend of β as a
function of photon energy was best emulated by theoretical models that took
into consideration intrashell exchange interactions i.e. interactions between
the outgoing and remaining electrons.

Lindle et al.(1988) [39] studied the ionisation of the 2p inner shells of
Ar under the assumption that the same theoretical models that accurately
described the variation in the asymmetry parameter for the outer shell of
Argon would do so in this case, but it did not. What is surprising is that the
variation in β for the 2p shell of Neon is accurately described by the valence
shell model, which then supports the idea that it should successfully describe
the asymmetry parameter of the Ar 2p shell.

It is then of interest to investigate the full dynamical processes occurring
in the Ar 2p shell using the imaging XPS technique. This was achieved by
obtaining the β values from the angular distributions of photoelectrons from
the Ar 2p3/2 state, at photon energies of 270.6 eV, 252.6 eV and 251.6 eV; The
two lowest energies are near threshold energies. The results of the asymmetry
parameter, a discussion of how they were obtained and the dependability of
the analysis will be presented in this section.

The optimised VM-images obtained at these photon energies, as well as
their respective inversions are shown in figure 3.1.

Ionisation of the inner 2p subshell results in the ejection of core electrons
from the two fine structure states, 2p1/2 and 2p3/2, providing that the photon
energy is high enough to overcome the ionising potential of each state, which
are 250.6 eV and 248.4 eV respectively [39]. As the IP of the 2p3/2 is lower
than that of the 2p1/2, the photoelectrons, according to equation 1.5, will

27
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Figure 3.1: The optimised VM-images obtained from the Ar 2p shell at a)
270.6 eV b) 252.6 eV and c) 251.6 eV with images b), d) and f) being their
respective inversion. The angle within the images is shown by the axis, the
direction of the polarisation vector with respect to all the images is given by
the vertical arrow above the images.
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be released with a greater kinetic energy. As the radius is proportional to
this energy, as shown in equation 2.2, the largest ring in the VM-image will
correspond to electrons ejected from this state.

Comparing the three VM-images, it is clear to see that the intensity of
the detected photoelectrons decreases with decreasing photon energy but the
amount of noise in the image becomes more prominent. Figures 3.1c and
3.1e, even with background signal removed, are still affected by signal which
interferes with the important features. This is most problematic in figure 3.1e
as the noise overlaps the outer 2p3/2 ring at θ = π/2 and is subsequently
passed through into the inversion from which β will be determined. The
main cause of this unwanted background signal is most likely due to scattering
effects within the experimental chamber, for instance from the production of
secondary electrons upon collisions between Auger electrons and the chamber
walls.

At a photon energy of 270.6 eV, the photoelectrons are released from
the 2p1/2 and the 2p3/2 states with kinetic energies equal to 20 eV and 22.2
eV respectively (refer to equation 1.5). The two rings representing these
distributions are most resolved at values of theta closest to zero degrees in
the VM-image, but blurring of the distributions does occur at the other
angles. This blurring is carried through into the inversion which makes the
two distributions difficult to separate but again, at angles closest to zero
degrees, there are clearly two distinct energy regions.

In order to determine β, the Cartesian inversions were converted to polar
coordinates such that the distributions of the photoelectrons were depicted
as a function of their kinetic energy with respect to the detection angle. The
resulting polar images are shown in figure 3.2.

In an optimised VM-image, the rings in the inverted images should be
represented by horizontal straight lines in the polar images, as at all angles,
the kinetic energy of identical photoelectrons should be the same. It appears
however, that the lines are suffering from slight distortions, especially in the
outer stripe and mainly in images 3.2c and 3.2e where the energies are close
to threshold. This image distortion is most likely due to skewing in the
z=x axis of the detector plane and it manifests itself in the form of ’wiggles’
in the horizontal stripes. The distortion in the inverted image most likely
originates from distortions in the raw image caused by residual aberrations
of the spectrometer electrostatic lens [7].

The line at the highest photoelectron energy in the polar image, corre-
sponding to the 2p3/2 photoelectrons, was selected for the determination of
β. This was done through the appropriate selecting of a minimum and maxi-
mum kinetic energy from a plot of the image intensity against photoelectron
energy. These such plots are displayed in figures 3.2b, d, and f.
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Figure 3.2: The polar representation of the inversion obtained at a photon
energy of a) 270.6 eV c) 252.6 eV e) 251.6 eV and the respective plot of
image intensity against photoelectron kinetic energy given by b), d) and f).
The vertical red, dashed lines indicate the maximum and minimum values
of the photoelectron kinetic energy, determined from the FWHM (horizontal
dashed line).
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For the 252.6 eV and 251.6 eV plots, the two distributions are well re-
solved by kinetic energy. The spectra are very noisy but it is possible to sep-
arate the two distributions. At the 270.6 eV energy however, the two peaks
overlap and cannot be identified individually. This makes it challenging to
determine the kinetic energy region in which to measure the angular distri-
bution and it may have an affect on the value determined for the asymmetry
parameters at this energy. The energy resolution of the 2p3/2 distribution at
each photon energy has been measured and presented in table 3.1.

Photon energy (eV) ∆ Ek(FWHM) (eV) Peak Ek(eV) R=∆Ek /Ek

270.6 23.4-21.1 = 2.3 22.3 0.1
252.6 5.1-3.9 = 1.2 4.4 0.3
251.6 3.8-2.9 = 0.9 3.3 0.3

Table 3.1: The energy resolutions (R) of the 2p3/2 distributions. ∆ Ek

(FWHM) is the difference between the maximum and minimum kinetic en-
ergy determined from the FWHM and Ek represents the central kinetic en-
ergy of the 2p3/2 peak from the intensity plots.

The resolution in the energies close to threshold are marginally better
than for the highest photon energy, which seems to indicate that even though
the distributions are well resolved, the noise in the inversion is having an
affect on the inversion image quality. At the lower photon energies though,
the distortions in the lines are not as prominent as they are in the 270.6 eV
image but they do suffer from more blurring on the 2p3/2 line, particularly
at θ = π/2 and θ = 3π/2. The values indicate that the energy resolution
should be improved, as a typical value of a few percent for R is achievable
by the VMI [7].

The values of the asymmetry parameter obtained from the fitting of equa-
tion 1.10 to the energy distribution of the 2p3/2 state photoelectrons in each
polar image are presented under the ’measured’ heading in table 3.2

Photon energy (eV) β for 2p3/2

Measured Avaldi
270.6 0.39 ± 0.07 ∼ 0.37 ≤ β ≤ 0.46
252.6 -0.19 ± 0.03 ∼ 0.17 ≤ β ≤ 0.29
251.6 -0.14 ± 0.04 ∼ 0.33 ≤ β ≤ 0.43

Table 3.2: A comparison of the measured and pre-existing values for the
asymmetry parameter from Avaldi [32] at the investigated photon energies.
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The values of β vary quite significantly for the 270 eV energy image and
the threshold images. They are all intermediate values (values between +2
and -1) but those determined for the near threshold energies are negative.
The error associated with each measurement is statistical and has been deter-
mined by the curve fitting feature in the Matlab package. The intermediate
values measured imply that the εs and εd partial waves of the emitted pho-
toelectrons have interfered, resulting in the photoelectrons being emitted at
angles that are neither in line or at right angles to the transition dipole
moment.

A study by Avaldi et al.(1994) [32] extended the Lindle ionisation studies
of the Ar 2p shell by measuring the β parameter at energies even closer to
threshold. The work measured the asymmetry parameter for photoelectrons
between 0.25-30 eV, and also measured it for both the 2p1/2 state and the
2p3/2 state, which previously had not been done. Table 3.2 shows the val-
ues of β measured in that study for the same photon energies used in this
investigation.

A comparison of the findings show that for the 270.6 eV photon energy,
the value of β concurs with the pre-existing, experimentally determined value
within statistical limits. The Avaldi values have a minimum and maximum
range due to the errors associated with the experimental measurements based
on a conventional spectrometer. Most obviously in the results of Avaldi, there
is a variation in the value of β as a function of energy.

This was explained by Avaldi as being due to intrachannel coupling be-
tween the εs and εd ionisation channels of the 2p shell. At energies just above
threshold, the 2p → εs channel is perturbed by the stronger 2p → εd chan-
nel. Its phase shift and or its matrix element would be altered as a result and
ultimately, so would the asymmetry parameter. The physical interpretation
of the perturbation of these channels was described by Schmidt (1992) [22]
as a Post Collision Interaction (PCI) effect. A description of how such effects
arise in Argon is now described. The ionisation of a Ar 2p photoelectron,
ultimately leads to the rearrangement of the ion core with a possibility of
there either being a radiative or non-radiative decay of the newly created
inner shell hole [22]. For Argon the most likely non-radiative decay process
is given by

hν + Ar → Ar+ + e− → Ar++ + e− + e−A

where Ar++ is a doubly charged ion (primarily in its 3s23p4(3P,1D,1 S)
states and partially in the 3s3p5(3P,1 P ) [40]) created by the release of an
Auger electron e−A.

In this process, the release of the photoelectron (e−) leaves a singly ionised
core (Ar+), but at photon energies just above the L-shell threshold, the
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low amount of energy the photoelectron possesses normally results in the
time for this photoelectron to leave the atom being larger than the time for
the rearrangement of the remaining electrons surrounding the newly created
vacancy. Thus, this subsequent decay of the inner shell hole produces an
Auger electron with a velocity that exceeds that of the photoelectron. The
photoelectron experiences less screening of the nucleus, due to being exposed
to doubly ionised core, and is loses energy. Consequently the Auger electron
experiences the effectively smaller potential of a singly ionised core and gains
energy. This exchange in the mutual screening and energy of the outgoing
photoelectron and Auger electron is interpreted as a post collision interaction
[40][41][22].

The β result obtained at a photon energy of 270.6 eV suggests that such
interactions have successfully been ’observed’ upon the ionisation of the 2p
Ar shell with soft X-ray radiation by the imaging XPS technique, and that
the complete photodynamical information of the photoprocess at this energy
has been extracted from the reconstructed 3D velocity distribution obtained
in this novel approach.

In regards to the photon energies close to threshold, the values of beta
determined are substantially different from those of Avaldi. At such low
photon energies it seems that the amount of background in the raw VM-
image has a huge influence on how successfully the asymmetry parameter is
determined. Even though background subtraction was implemented it was
not sufficient enough to reduce the effect the remaining background had on
the fitting of the angular distribution. However, a VMI spectrometer allows
access to much lower photoelectron kinetic energies than can be reached
by conventional spectrometers. It is very clear from the VM-images and
the photoelectron distributions within them, that low photoelectron kinetic
energies can be measured and successfully inverted; it is merely the amount
of background within the raw images, at least in this case, that is the main
limitation in the analysis of them and therefore, if more effort is made to
reduce such effects, then the imaging XPS technique may be very powerful
in this experimental situation.
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3.2 Photoionisation Dynamics in Molecular

N2O

It was realised in the study of Argon, that the energy resolution of the in-
versions could be a possible limiting factor in the accurate determination
of the β parameter. The difficulty experienced in completely resolving the
two distributions is possibly due to the 2.2 eV kinetic energy difference that
separates the two states being too small for good resolution. To resolve this
problem, the N2O molecule has been chosen to be investigated.

The N2O molecule has a linear geometry of Nt-Nc-O in the neutral ground
state, where Nt and Nc represent the two, non-equivalent terminal and cen-
tral Nitrogen atoms respectively [42]. Ionisation of the N 1s state results in
the emission of photoelectrons from the core 1s levels of both the Nt and Nc

atoms; The ionisation thresholds of these atoms, as documented by Ehara et
al.(2011) [42], are 408.43 eV and 412.44 eV respectively, therefore the pho-
toelectrons ejected from these orbitals upon ionisation are separated by a
4.1 eV difference. This energy separation is caused by shifts in the binding
energies of the atomic orbitals that are induced by the two different Nitrogen
atom environments, Nt - Nc and Nc - O. As there is a greater difference in en-
ergy between the distributions, the energy resolution of the images should be
improved and therefore so should the accuracy in determining the asymmetry
parameter.

Before conducting ionisation studies, NEXAFS was carried out on the
N2O molecule at energies close to the Nitrogen K-shell ionisation edge. The
spectra obtained is shown in figure 3.3.

The two most prominent peaks in the spectra correspond to the Nt 1s −→
3π∗ and the Nc 1s −→ 3π∗ transitions [43] and occur at photon energies
of 401.1 eV and 404.7 eV respectively [44]. The π∗ orbital is the lowest
unoccupied molecular orbital which a core electron can make a transition to.
The ionisation thresholds of the terminal and central Nitrogen atoms and
their positions in relation to the NEXAFS spectra, are shown by the blue
and green lines present in figure 3.3. As there is not much data after the
threshold of Nt it is not possible to see the Rydberg states in the continuum
of the Nc atom. However, Rydberg states present below this threshold are
clearly visible and even though the resolution is limited by the slit width, it is
still possible to discern which states the peaks correspond to. In accordance
with the peak identification of Ehara et al.(2001) the peak arising at 406.3 eV
represents the transition of a core electron, from the terminal Nitrogen atom,
to the 3pπ Rydberg state. The peak at 407.4 eV, close to the Nt threshold,
corresponds to a transition to either the 5sσ(Nt) or the 4pπ(Nt) state.
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Figure 3.3: The NEXAFS spectra near the Nitrogen K-shell of N2O. The red
line indicates the N2O absorption data. The blue line marks the threshold
energy of the Nt atom at 408.4 eV while the green line marks the threshold
energy of the Nc atom at 412.5 eV.

The ionisation studies on the N 1s state were performed at photon energies
of 420.6 eV, 430.6 eV and 437.6 eV and the resulting corrected VM-images
and their corresponding inversions are shown in figure 3.4.

In all of the images the photoelectron distributions from the two N atoms
are visible. As the ionisation threshold is lower for the Nt atom, the outer
photoelectron distribution observed in a VM-image correspond to ejections
of particles from the 1s orbital of this atom. The photoelectron distributions
at all energies, appear to have preferential ejection along the direction of the
polarisation, as the greatest intensity is seen at θ = 0 and θ = π. There is
still however a small amount of photoemission in the horizontal direction to
Ê which is seen most clearly within the 430.6 eV image.

Like in the case of Argon, the VM-images from all of the investigated
energies are affected by background signal. This is most prominent in the
420.6 eV image (figure 3.4e) which is closest in energy to the thresholds of
the Nitrogen atoms in the molecule. Most of the signal interferes with the
Nc photoelectrons at an angle of θ = π/2. This is carried through into
the inversion and it is seen in this image that the noise it is not focused
towards the centre, but is situated close to the inner Nc ring. Because of this
interference, the β value for the Nc atom has not been reported. However in
comparison to Argon, in the VM-images of N2O there is an obvious visual
distinction between the two photoelectron distributions. There is still slight
blurring of both the rings, most noticeable at θ = π, that is carried through
into the inversion, but the distributions are very well separated at all angles.
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Figure 3.4: The optimised VM-images obtained from the ionisation of the
N2O N 1s shell at a) 437.6 eV b) 430.6 eV and c) 420.6 eV, with images b),
d) and f) being their respective inversions. The angle within the images is
shown by the axis, the direction of the polarisation vector with respect to all
the images is given by the vertical arrow above the images.
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This leads to sharp rings in the inversion, which should increase the accuracy
in the selection of the complete angular distribution information of the Nt

photoelectrons, on which to model the differential cross section.

In order gauge the true extent of the improvement in the energy res-
olution, the inversions represented in polar form and their corresponding
intensity plots as a function of kinetic energy are shown in figure 3.5.
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Figure 3.5: The polar representation of the inversion obtained at a photon
energy of a) 437.6 eV c) 430.6 eV e) 420.6 eV and the respective plot of
image intensity against photoelectron kinetic energy given by b), d) and f).
The vertical red, dashed lines indicate the maximum and minimum values
of the photoelectron kinetic energy determined from the FWHM (horizontal
dashed line).
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In each polar image, it is clear to see two distinct horizontal stripes rep-
resenting the photoelectrons from the Nt and Nc 1s states. The horizontal
stripes suffer a lot less blurring than the Ar images, especially the outer line
from which β is be extracted. Figures 3.5a and c still suffer from image
distortions but figure 3.5e shows two almost perfectly straight lines, which
means that the mapping of identical photoelectrons with respect to their
kinetic energy has successfully been achieved and is reflected through the
inversion. The intensity plot also reflects the quality of this inversion as the
two peaks representing the Nt 1s and Nc 1s photoelectron distributions are
completely resolved. The peaks in figures 3.5b and d do overlap, but they are
resolved to an extent such that it is possible to identify which distribution
they represent. What is noticed from the intensity plots of N2O is that the
noise which affects the resolution of the peaks in figures 3.2 d and f, is not
present at these photon energies. Table 3.3 shows the energy resolution of
the Nt peak determined at at each photon energy.

Photon energy (eV) ∆ Ek(FWHM) (eV) Peak Ek(eV) R=∆Ek /Ek

437.6 30.6-27.5 = 3.1 28.9 0.1
430.6 23.0-20.6 = 2.4 21.9 0.1
420.6 13.3-11.5 = 1.8 12.2 0.15

Table 3.3: The energy resolutions (R) of the Nt distributions. ∆ Ek (FWHM)
is the difference between the maximum and minimum kinetic energy deter-
mined from the FWHM and Ek represents the central kinetic energy of the
Nt peak from the intensity plots.

The β values obtained from the angular distributions of the Nt 1s state for
the different energies are presented in table 3.4 under the ’measured’ column.

Photon energy (eV) β for Nt

Measured Lucchese (DA) Guillemin (non-DA)
437.6 1.62 ± 0.16 ∼ 1.7 ∼ 1.88
430.6 1.21 ± 0.12 ∼ 1.6 ∼ 1.77
420.6 0.84 ± 0.09 ∼ 1.0 ∼ 1.20

Table 3.4: A comparison of the measured and pre-existing values for the
asymmetry parameter as deduced by Lucchese [45], in the regime of the
dipole approximation and by Guillemin [46], in the regime of non-dipole
approximation at the investigated photon energies
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From the results it can be seen that the measured asymmetry parameters
decrease in value with decreasing photon energy. They all take on values
between +2 and -1 implying that at each energy, that transitions are neither
purely parallel or purely perpendicular. However, the value of beta measured
relative to these two extremes, represent the extent to which the two types of
transition are mixed. In the case of the 437.6 eV energy the value of β = 1.62.
As this value is close to two, it suggests that most of the photoelectrons
are ejected in the direction of the polarisation vector but with a fraction
also emitted perpendicularity to it. For β = 0.84 the preferential direction
for ejection is still in the vertical axis but now there is a greater amount of
ejection in the perpendicular direction that contributes to the overall angular
distribution. To some extent this can be witnessed in the inversion images,
as for decreasing photon energy, there is as increase the intensity of the
photoelectrons at the angle 3π/2 and so therefore also at θ = π, as the
inversion is symmetric.

The β values - as a function of photon energy - for the Nt 1s photoelectrons
in the dipole approximation have previously been documented by Lucchese et
al.(2007) [45] and the results of their studies can also be found in table 3.4.
The values of Lucchese are estimated because the results do not separate
distributions from the two 2p subshells; the errors associated with these
measurements are not provided in the paper.

The β values measured in this investigation are lower than that given by
Lucchese, with only the 437.6 eV result coinciding to the documented value
within statistical error. However as the Lucchese values are approximate,
it is possible that they could deviate from the reported value to an extent
such that they coincide with the results of this investigation. Thus it seems
reasonable to assume they concur.

This is a vast improvement in the successful determination of the β values
in comparison to that of Argon, which does suggest that not only is the value
measured influenced by the amount of background signal present in an image
but also on the capability of the spectrometer and the analysis procedure to
successfully resolve energies lower than 4 eV.

The determination of these β values was based on the assumption that
the dipole approximation was valid in the soft X-ray regime provided by a
synchrotron light facility. It is known that for high photon energies (>5
keV) the purely dipole approximation does not hold and that full expansion
of equation 1.8 is required to successfully explain the differential cross section
[47]. For low photon energies in the UV range the DA is considered as being
completely upheld, as relativistic effects are rendered unimportant in this
region and the wavelength of the UV radiation is larger than the Bohr radius
from which electrons are ejected [48]. But it has also been observed that
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within soft X-ray region, non-dipole corrections to this approximation have
to be considered and even though the effects are not as great at such low
energies, they still contribute to the resulting angular distribution of the
photoelectrons.

Such observations were documented by Jung et al.(1996) [19] who inves-
tigated non-dipole effects using tunable, polarised light in the 2-5 keV energy
range. It was found that in this range, the dipole approximation assumption
no longer holds and prominent energy-dependent asymmetries in the angular
distributions of the photoelectrons with respect to the direction of photon
propagation are observed; these effects were dependent on atomic number
and the orbital angular momentum of the photoemitted electron. The ob-
servations were found upon ionisation the of s subshell in simple physical
systems and it was noted that further work was needed both experimentally
and theoretically to extend the scope of this research to more complicated
systems. These findings questioned the validity of the DA assumption in the
soft X-ray region and raised the issue of what effect it would have on XPS
measurements and therefore on the applications, such as gas phase studies,
that are dependent on it [46].

Work conducted by Guillemin et al.(2006) [46] attempted to gain insight
into such queries by investigating non-dipole effects in molecules in gas phase.
In particular they studied the effects upon the ionisation of the N 1s shell of
the N2O molecule, using soft X-rays from a synchrotron source, and deter-
mined the dipole (β) and non-dipole asymmetry parameters for both the Nc

and Nt atoms. The results of β found for the Nt 1s state are presented in
table 3.4. According to the results of Guillemin, the values of β determined
in the Lucchese paper have been underestimated, as they have not taken
into consideration the non-dipole asymmetry. The results of this study give
values of the asymmetry parameter that are similar to that of Lucchese im-
plying that the dipole approximation is valid, but as such effects have been
witnessed in the N2O molecule under the same experimental conditions of
this work, which include synchrotron radiation in the soft X-ray range and
gas phase targets, it seems evident that non-dipole effects would be present
and possibly observable and therefore should be investigated.

The inclusion of non-dipole effects results in the complete expansion of
equation 1.9 to include the higher order electric quadrupole (E2) and mag-
netic dipole (M1) interactions. In the case of soft X-rays an expansion to
the fist order correction, which takes into account the non dipole effects in
a perturbative manner [18] are usually adequate; this has been supported
by the agreement between calculations obtained in the first order non-dipole
framework and experimental data on atoms [48].

In this first order correction, these higher order terms contribute through
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cross terms with the electric dipole (E1) amplitude and they do so in such a
way that leave β and θtotal unaffected, but that lead to forward and backward
asymmetries in the angular distribution of photoelectrons with respect to the
direction of propagation of the light, k. In the soft X-ray range, the E1-E2
cross terms cause the biggest deviations from the DA and at this level of
approximation, two new non-dipole angular distribution parameters and an
azimuthal angle, φ (see the coordinate axis in figure 2.6) can be incorporated
into the photoionisation differential cross section (equation 1.10). The re-
sulting form, as given by Cooper (1993) [18], of the differential cross section
in the first order non-dipole approximation for 100% linearly polarised light,
is written as

dσ

dΩ
=
σtotal
4π

[1 + βP2(cosθ)] + (δ + γ cos2 θ) sin θ cosφ (3.1)

The non-dipole parameters δ and γ can be expressed in terms of radial
matrix elements and their relative phases and are dependent on subshell and
photon energy. They are related by the relationship ζ = γ + 3δ, where ζ
represents the non-dipole angular distribution.

The inclusion of these parameters, which account for asymmetry in the
measured angular distributions of photoelectrons, essentially means that the
symmetry in the polarisation axis, which the iterative inversion procedure
needs in order to perform properly, is broken; therefore it can not be used to
determine if non-dipole effects are present. Instead equation 3.1 was mod-
elled to the 2D distributions in the corrected VM-images. This was done by
converting the corrected Cartesian images into polar images without carrying
out the iterative inversion.

In order for the curve fitting tool to accurately model this equation to the
data, the value of β had to be fixed. As it has been assumed that the β values
have been underestimated in this study if non-dipole effects are present, the
values were fixed to were that of Guillemin presented in table 3.4. As delta
and gamma are only corrections of the DA the value of beta should remain
constant. The ζ values calculated, upon the extraction of the non-dipole
asymmetry parameters, are presented in table 3.5. The corresponding non-
dipole angular distributions recorded by Guillemin at these energies are also
presented in table 3.5.
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Photon energy (eV) Measured Guillemin
δ γ ζ ζ

437.6 0.42± 0.08 −1.55± 0.31 −0.29± 0.39 ∼ 0.73
430.6 0.53± 0.11 −0.92± 0.46 0.67± 0.57 ∼ 0.73
420.6 0.37± 0.08 0.23± 0.36 1.34± 0.43 ∼ 0.53

Table 3.5: The measured non-dipole asymmetry parameters and the corre-
sponding parameters as measured by Guillemin [46].

The values of ζ obtained in this study vary extensively for the different
photon energies and they have large errors associated with them, whereas
the Guillemin values at these photon energies are rather similar. The result
of ζ obtained at a photon energy of 430.6 eV, does have a value that is within
the error limits of this equivalent pre-documented one. The variation in the
asymmetry parameters and their divergence from the Guillemin quantities,
may be due to the fact that the differential cross section in the non-dipole
regime was modelled to the 2D projections rather than the 3D reconstruction
and even though there is a relationship between the two, it may not be suffi-
cient enough to accurately observe the small non-dipole effects that possibly
occur. The errors associated with the data points in the Guillemin studies
are unknown, but at all photon energies there is at least a 0.1 eV range that
a determined β value can vary between.

Non-dipole effects have been witnessed in the N2O molecule under the
same experimental conditions, but from the values of ζ in this instance it
is not possible to conclude that these photoionisation dynamics have been
exposed by the imaging XPS technique. Being able to have witnessed the
non-dipole effects in this novel way would have given greater insight into
processes that happen intrinsically within the N2O molecule; this is of great
significance because as of yet there is very little known about molecular non-
dipole effects and there is no theory to describe the effects in N2O.
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3.3 Photoionisation Dynamics in FePc

The ultimate goal of this investigation was to successfully combine VMIS
and XPS in order to investigate the photoprocesses that occur in complex
molecules, in particular for those that occur upon ionisation of core electrons
in phthalocyanines (Pc’s).

These have become molecules of great interest because of their interest-
ing applications [8][9][10][11]. There have been studies both theoretical [49]
and experimental on the ionisation of valence electrons from these complex
molecules, but most experimental studies are concerned with the Pc’s when
adsorbed on substrates [50][51]. Shake up excitations [52] and satellites that
have been seen to occur in the spectra of these molecules, could then be a
result of them being adsorbed on substrates rather than being intrinsic of
the molecule themselves. Therefore studying the ionisation of core electrons
from these complex molecules in gas phase would be an interesting area of
study in which to apply the technique and to get conclusive evidence as
to whether the phenomena witnessed previously, are associated purely with
these molecules or not.

In this investigation gas phase iron phthalocyanine (FePc) was chosen to
be studied. Investigating the photoionisation dynamics of the simpler N2O
molecule was intended as a provision to understanding the VM-images and
the underlying photoprocesses that occur in the more complex FePc molecule,
thus aiding in the interpretation of the photodynamics within this molecule
and whether or not these intrinsic processes give rise to the features seen in
the spectra of other works.

Solid Sample Sublimation Source

The VMI spectrometer is limited to the analysis of gas-phase substances.
Thus in order to investigate the reaction dynamics of the solid FePc sample,
a sublimation source in the form of an oven was developed. The oven heats
up until the vapour pressure inside it is such that it allows the expansion of
a gas in a vacuum.

The oven shown in figure 3.6 was heated by a Rollmax 3,3 x 3,3 provided
by Backer. The main heating element is a nickel/chromium resistive wire
but integrated into the system is a J-type thermocouple that monitors and
controls the temperature. The oven was mounted vertically, underneath the
main chamber of the VMI spectrometer. The oven was fixed to an extension
rod of length 28 cm which was connected to a translator; this allowed the
translational motion of the oven, in and out of the main chamber, to be
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Figure 3.6: Picture of the oven showing the individual components of which
it is comprised. The coil of the Rollmax fits around a ceramic crucible which
contains the FePc sample under investigation. The sublimed solid leaves the
crucible through a 1mm aperture. Both the coil and the crucible are held
in place by a ceramic base that sits in a hollow stainless steel support. The
metal base has a segment cut out of it in order to compensate for the straight
length of the Rollmax. A ceramic sheath, with a 5mm exit slit in its top end,
envelopes the coil and the crucible. A protective stainless steel sheath, also
with a 5mm diameter opening in it top end, covers the ceramic layer. It
fastens to the metal base ensuring that all of the inner components of the
oven are completely encased and therefore making it an isolated system.

manipulated manually. The oven was connected to an external voltage supply
that provided power and to a voltmeter, so that the temperature inside the
oven could be determined from the corresponding voltage given by a generic
J-type thermocouple calibration curve.

The oven chamber was isolated from the main chamber by a valve, so that
the oven could be installed without affecting the vacuum pressure. When the
vacuum inside the oven chamber was comparable to that in the main, the
valve was opened and the oven lifted until there was only a 1 cm gap between
the top of the oven metal sheath and the photon beam.

For the measurements, the crucible was completely filled with FePc sam-
ple and to ensure that the sublimation point of the FePc was achieved, the
oven was heated to around to 460oC. However the point of sublimation and
degradation for FePc are separated by a temperature of approximately 50oC
and this became problematic upon heating the sample. The way the heat was
transferred through the crucible to the sample was effected by the amount
contained within the crucible. Because of the pure volume, the inner and
outer regions of the sample heated at different rates and ultimately resulted
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in both the sublimation and degradation points being reached. Such prob-
lems have been reported in the heating of guanine for similar experimental
work and it had been suggested that better results are achieved with small
amounts of sample [53].

As well as this, there was approximately a 100oC temperature gradient
between the outer metal casing and the inner ceramic component of the oven.
Thus when the gas phase FePc molecules passed through the opening at the
top of the ceramic crucible, upon contact with the casing, they immediately
cooled resulting in a build up of solid FePc around the openings, preventing
any gas from entering the spectrometer. This problem occurred at the very
end of the available beam time and as a result of time constraints no FePc
data was obtained.
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Conclusion and Outlook

The useful dynamical information that can be extracted from the angular
distributions of photoelectrons obtained upon inversion of raw VM-images,
is affected by the quality of the inversion image and on the geometry under
which the raw VM-image is obtained. The determination of the asymmetry
parameter is affected by how much background signal is present in the raw
VM-image and its position in relation to the key features within it, which in
turn is dependent on the photon energy.

Most of the background, contained within both the Ar and N2O images,
has been positioned close to the image centre, but as the photon energy de-
creases so does the kinetic energy of the photoelectrons and therefore so does
the radius of their distributions. At energies close to threshold where the
photoelectrons have a few eV of energy, the radius of the rings are small and
are subsequently situated in the location of the background. This effects the
extraction of the β parameter at these energies as the background influences
the photoelectron signal from which it is measured. All of the images were
subject to background subtraction before being inverted, but it was not al-
ways sufficient enough to remove all the noise especially at near threshold
energies. However even with the noise present it is obvious that the VMI
spectrometer, used for the imaging XPS technique, can ’capture’ the veloc-
ity distributions of photoelectrons with low kinetic energies produced upon
the ionisation of inner shells induced by soft X-rays, meaning that the deter-
mination of β from the angular distributions of slow moving photoelectrons
is highly likely if more effort is made to reduce the amount of background
signal created in the spectrometer, as it is not possible to reduce it enough
in the analysis procedure.

The inversion images for both Ar and N2O were subject to distortions
that were carried through from the collected, raw VM-images. This did
have an effect on how accurately β was deduced from the reconstructed
angular distributions on which the differential cross section was modelled,
as the image distortions influenced them. Thus, in this investigation the
accuracy and reliability of the β values may not be as good as what is possibly
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achievable with the spectrometer i.e, with the use of laser light, but the
distortions are as a result of skewing in the detector plane caused by residual
aberrations of the spectrometer electrostatic lens, which is an issue caused
by the experimental set-up. Therefore in the future setting up the equipment
with the highest precision could eliminate this problem.

Due to such issues, it was not possible to observe the same trends in the
asymmetry parameter of Ar at the investigated photon energies as have been
documented previously. However the imaging XPS technique was successful
at determining β for the highest photon energy used to probe the photody-
namics of Ar. This implies that even in the case of soft X-rays, the quantum
mechanical interference effects between the outgoing ionisation channels are
successfully ’captured’ by imaging XPS, which makes it an extremely pow-
erful tool.

In the N2O images however, the extracted β values concurred with pre-
viously documented results. The photon energies studied were further away
from the Nt 1s threshold energy than the energies used to study Ar but they
were still at most only 29.2 eV above the energy threshold of the Nt 1s state.
It appears that the improvement in the measurement of β in N2O, is due to
the 4.2 eV energy separation in the kinetic energies of the photoelectrons from
the ionised 2p states and this indicates that the capability of the technique
may be limited by its resolving power in a synchrotron facility.

From these outcomes it seems plausible that the imaging XPS technique
can be used in conjunction with synchrotron light in order to successfully
measure the photoionisation dynamics in atoms and molecules, but the issues
arising due to image distortion and background signal need to be eliminated
first in order to obtain accurate values of the dipole asymmetry parameter.
Both the spectrometer and the imaging technique allows access to kinetic
energies of photoelectrons that are not accessible with many other spectrom-
eters and so it is important for future work that these problems that affect
the images are resolved.

The major limiting factor of the procedure is that the iterative inversion
requires symmetry in the raw VM-images in order for them to be inverted
with a good quality. As has been reported within this investigation, the
experimental conditions on which a measurement of β has been obtained
could induce effects that cause asymmetry in the images. The inversion
procedure is not equipped to account for these effects and its inability to do
so could result in vital information on the photodynamics being lost. This is
extremely detrimental for works that use this analysis procedure to look at
the photodynamics of not so well studied systems.

One solution to this could be to use a Monte Carlo simulation to create
a replica of the final inversion. The dipole and non-dipole asymmetry pa-
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rameters could be input into the program and changed accordingly until the
Monte Carlo simulated inversion produces a result that is exact within error
limits to the experimentally obtained inversion.

However this would only solve the asymmetry problem in the images and
not any of other effects. One idea that could possibly solve all of the issues,
is to use the slice imaging as reported by Rakitzis et al. [7]. This method
allows for the direct measurement of dσ

dΩ
from a slice image of the 3D velocity

distributions without the need of an inversion technique. The method is
general and can be used not only for photoelectron imaging, but for reaction
product imaging also. The elimination of the image analysis would not only
get rid of the blurring and the distortion seen within inversion images, but
it would also mean that non-dipole effects may also be seen, ensuring that a
complete dynamical picture of the photoionisation process is seen.

The ultimate goal of studying FePc was not achievable during this inves-
tigation. However the problems that arose during these studies are rectifiable
and so it would be more than possible for future works to pursue such re-
search. A simple solution could be to load less sample in the crucible so that
a more even heat distribution is achieved across the sample; this would elim-
inate the issue of inhomogeneous heating and therefore the problem of both
sublimation and evaporation of FePc occurring simultaneously. Also, heating
up the oven more slowly may result in the temperature gradient across the
inner and outer components of the oven being diminished. Another possible
solution could be to improve upon the oven design, such as removing the
metal casing material or by changing the size of the openings for example.
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Self Reflection

Looking back over the time of my thesis study, I realise how much I have
learnt and how much I have progressed, not only a scientific level but on a
personal level also. The journey to complete my thesis work has not neces-
sarily been the smoothest; in my opinion I have faced a lot of adversity and
I am very proud to say that I managed to push through all of it and create
a piece of work that was my own and survived to tell the tale.

During the course of my study I had to overcome many challenges, the
biggest being my computer illiteracy. The thesis required the use of a Mat-
lab code that had little operating instructions provided with it and that
was completely new to me. This, alongside my inability to read and under-
stand computer coding made the thought of conducting any work with it
very daunting. However from this work, I have gained an understanding of
computer coding, I have learnt how to diagnose problems within a code and
manipulate them according to my needs. In fact, I dare say that I came to
enjoy this aspect of my work as I found great satisfaction in finding a prob-
lem, being able to solve it and then reaping the rewards of your efforts when
something functioned as it should. I feel that I have become proficient in the
use of this particular program and I feel that if I continued to practice with
Matlab and coding in general, my confidence and abilities in programming
would continue to grow.

I was very unfortunate that whilst writing my thesis three computers
stopped functioning for various reasons. The most devastating of these mal-
functions resulted in the loss of my hard-drive, which contained all of my
results. However, through losing this information and therefore having to
reproduce it, I found an error in the code I was using to analysis my results
that I would not have noticed otherwise and through finding it I was able
to improve my results drastically. This in itself was a great lesson, proving
that at even the most challenging times, with determination and the right
attitude, any negative can become a positive.

I have learnt a lot of new things during my thesis work that I know I will
use in future ventures. During my beamtime at MAX-lab I gained numerous

51



52 CHAPTER 5. SELF REFLECTION

practical skills and insight into the amount of effort that goes into having
a successful beamtime. I thoroughly enjoyed being part of a team effort
and I felt privileged to have the opportunity to work at such a renowned
national facility. I enjoyed being given personal tasks, mainly in regards to
the development of the oven, as it gave me a sense of independence and value.
In order to write my thesis, I have had to learn how to use various computer
programs that I would never have learnt to use otherwise. These include
Lyx, Latex, Adobe illustrator and Inkscape and what I have learnt about
each of them will be beneficial to me in many aspects of work.

Most importantly, I have gained knowledge and insight into an interesting
area of work. Applying imaging XPS as it was during this investigation, with
the use of a VMI spectrometer on a soft X-ray beam was a novel approach
and I understand that my department were the first to initiate such an in-
vestigation. It is extremely exciting to think that the studies I conducted
could be used to help develop works of this kind in the future. From reading
numerous journals and books and from the writing process itself, I feel that
I have a good grasp on my thesis work and I know that my knowledge in this
field of work has improved leaps and bounds from when I started, which is
extremely satisfying.

The greatest thing I have learned through out this whole process is that
I can do anything I put my mind to. I am more than capable of achieving
my goals, all it takes is a little engagement and a focused mind set. I have
realised that I am competent physicist and that I should have confidence in
my scientific abilities and in myself. There will always be challenges, always
something new to learn, always a time when you question yourself and always
room for improvement, but as long as you do not give up, you can not fail.
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[20] E. Månsson, Ultra-fast Dynamics in Atoms and Molecules during Pho-
toionization. PhD thesis, Lund Univeristy, 2014.

[21] S.-C. Yang and R. Bersohn, “Theory of the Angular Distribution of
Molecular Photofragments,” The Journal of Chemical Physics, vol. 61,
no. 11, pp. 4400–4407, 1974.



BIBLIOGRAPHY 55

[22] V. Schmidt, “Photoionization of Atoms using Synchrotron Radiation,”
Reports on Progress in Physics, vol. 52, 1992.

[23] A. Sankari, Relativistic Atomic Structure Calculations Applied to Elec-
tronic Transitions in Atoms. Acdemic Dissertation, Univeristy of Oulu,
2008.

[24] R. G. Houlgate, J. B. West, K. Codling, and G. V. Marr, “The Angular
Distribution of the 3p Electrons and the Partial Cross Section of the
3s Electrons of Argon from Threshold to 70 eV,” Journal of Electron
Spectroscopy and Related Phenomena, vol. 9, pp. 205–209, 1976.

[25] P. O’Keeffe, P. Bolognesi, R. Richter, A. Moise, Y. Ovcharenko, G. King,
and L. Avaldi, “Velocity-Map Imaging of Near-Threshold Photoelec-
trons in Ne and Ar,” Physical review A, vol. 84, 2011.

[26] C. Isvoranu, Metal-Organic Complexes at Surfaces. Phd thesis, Lund
University, 2010.
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