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Nacer Boudjemia: Deep core photoelectron spectroscopic studies
of atoms and molecules using hard x-ray

Nano and molecular systems research unit
P.O. Box 3000, 90014 Oulu
University of Oulu
FINLAND

Abstract

In this thesis the electronic structure and dynamics of iodine, krypton and
bromine atoms in isolated and molecular forms are investigated through K-
shell photoexcitation and subsequent Auger decay. The experimental stud-
ies are carried out using hard x-ray photoelectron spectroscopic techniques
and the theoretical work by applying relativistic ab initio quantum mechan-
ical models. The reported photoelectron spectra from iodine compounds
CH3I and CF3I have the highest binding energy, 33.2 keV, recorded from
any molecule in the gas phase up to date. From the spectra it is shown that
chemical shifts are observable even at such deep core orbitals. From kryp-
ton a detailed analysis of Auger decay and fluorescence cascade following K
and L-shell ionization up to quadruple ionized states is presented. The work
concerning bromine provides an analysis of photoionization, excitation, life-
time, Auger decay and nuclear dynamics around the K-edge of HBr molecule.

Key words: Photoionization, Photoexcitation, Auger decay, Coster-Kronig,
Electronic transition, Synchrotron radiation, Hard x-ray, Electron spectroscopy,
Electron correlation, Nuclear dynamics.

i
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Résumé

Dans ce travail de thèse, la structure électronique et la dynamique de l’iode,
du krypton et de brome, isolé ou sous forme moléculaire ont été étudiées en
couche profonde (K) par photoexcitation et relaxation Auger. L’expérience a
été réalisée en utilisant la thechnique de spectroscopie de photoélectron avec
des rayons-X durs (HAXPES). Des simulations théoriques utilisant un calcul
relativiste ab-initio ont été réalisées. Les seuils K de l’iode mesurés pour les
deux molécules CH3I et CF3I ont une énergie de liaison de 33.2 keV, cette
valeur n’avait encore jamais été mesurée avant pour cet élément chimique en
phase gazeuse. L’analyse des spectres de photoélectron mesurés, nous a per-
mis d’observer un déplacement chimique dans les couches très profondes K et
L pour cet élément lourd. Pour le krypton, une analyse approfondie des spec-
tres issus de la fluorescence et de la relaxation Auger a été présentée, et cela
jusqu’à des états quadruplement ionisés. Concernant le brome, une analyse
détaillée est également présentée après une excitation en couche profonde de
la molécule HBr: les processus issus de photoionisation et photoexcitation,
la durée de vie, la relaxation Auger ainsi que la dynamique nucléaire a des
temps très courts.

Mots clés: Photoionisation, Photoexcitation, relaxation Auger, Coster-Kronig,
Transition électronique, Synchrotron, rayons-X durs, Spectroscopie d’électron,
Corrélation électronique, Dynamique nucléaire.
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III. N. Boudjemia, K. Jänkälä, R. Püttner, T. Marchenko, O. Travnikova,
R. Guillemin, L. Journel, I. Ismail, D. Koulentianos, S. Kosugi, Y.
Azuma, M. Patanen, M. Huttula, D. Céolin, M. N. Piancastelli, and M.
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CHAPTER 1

Introduction

Availability of synchrotron radiation facilities that produce photon energy
beams in the hard x-ray region and the opportunity to combine them with dif-
ferent spectroscopic techniques provide fascinating avenues for understanding
electronic structure and properties of matter. In this thesis work, the focus
is put on investigation of deep core electrons of atoms and molecules. The
studies target and utilize different processes resulting from photon-matter
interaction, such as direct photoionization, resonant excitation, and radia-
tive and non-radiative relaxation. All these processes can be investigated by
using a spectroscopic technique where the kinetic energies and intensities of
electrons emitted from the studied sample are measured, which is known as
electron spectroscopy. This technique was used in all research works of the
thesis.

The reasoning of the nature of matter has started as a philosophical con-
cept, where it was considered as composed of indivisible entities defined as
atomos, meaning uncuttable. The modern understanding of matter, based
on scientific experiments, was started by John Dalton in 1808 [1], where he
showed that matter is indeed composed of tiny particles that are invisible
for the naked eye. Later in 1904, sir Joseph John Thomson came up with
the so-called ”plum pudding model” [2], where atoms are composed of small
particles charged negatively and the rest of the space is charged positively
imagined as a blueberry muffin. In 1911 Ernest Rutherford [3] showed using
a scattering technique that the positive charge in the Thomson’s model is
actually concentrated into the center of the atom, the nucleus. This model is
thus known as the nuclear model. In 1913, Niels Bohr [4] came up with a the-
oretical model which assumed that electrons occupy stationary circular orbits
that spin around the nucleus as planets around the sun. This concept gave
the first description of discrete atomic energy levels and quantum numbers.
The modern model of atoms was introduced by Erwin Schrödinger in 1920
[5]. The solution of the Schrödinger equation for atoms gives the wavefunc-
tion that describes atoms using the concepts of (non-relativistic) quantum
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Introduction

mechanics. The Schrödinger model was further refined and generalized by
Paul Dirac [6] to comply with special relativity, which led to the Dirac equa-
tion that is the basis of the present day state-of-the-art understanding of
atomic scale systems and the theoretical models used in this thesis.

One of the first experimental investigations of the electronic structure and
properties of matter rely on the photoelectric effect, in which a metal plate is
irradiated by light and electrons emitted from the plate are detected. This
phenomenon, often referred as photoionization, was discovered by Heinrich
Hertz in 1887 [7], and explained theoretically by Albert Einstein in 1905 [8].
From the basis of photoelectric effect a new spectroscopic technique, devel-
oped by Kai Siegbahn in 1960’s [9] emerged. This technique is nowadays
known as photoelectron spectroscopy. Combined with synchrotron radiation,
photoelectron spectroscopy is one of the most important techniques for inves-
tigation of electronic structure of matter. The electronic properties of matter
are revealed by measuring the kinetic energies and intensity distributions of
electrons ejected after disturbing the electron cloud of the target with photon
absorption. If the photon brings enough energy to the system, it may excite
it to a state that can decay via photon or electron emission, which are known
as fluorescence (radiative) and Auger (non-radiative) decays, respectively.

Availability of hard x-ray photon energies up to several tens of keV has
opened new avenues to probe deep core electrons of heavy elements using
the detection of electrons and photons emitted in Auger and fluorescence
decays. The chemical analysis such as chemical shifts [10] are accessible as
well as Auger decay timing and cascades. The deep core excited or ionized
states are characterized by very short lifetimes, which in the case of molecules
enables investigation of the effects of nuclear dynamics following elongation
of chemical bonds. This technique at the hard x-ray regime is generally
known as Hard X-ray Photoelectron Spectroscopy (HAXPES).

In this thesis, photoionization, Auger decay, photoabsorption, and ultra-
fast nuclear dynamics induced by hard x-ray excitation have been studied
in three articles. The recorded spectra were interpreted with the aid of rel-
ativistic atomic and molecular calculations. In article I photoelectron and
its subsequent normal Auger decay spectra below and above the deepest
ionization threshold of iodine (K-shell) were studied in two molecular en-
vironments, CH3I and CF3I. Article II provides a similar study as article
I, but in the case of atomic krypton. Experimental K-shell photoelectron
and its subsequent Auger decay spectra are provided and analyzed in de-
tail. In addition Auger cascade features arising from L-shell direct ionization
and Coster-Kronig decay are studied. In article III, bromine photoelectron
and its subsequent Br1+ →Br3+ Auger cascade below and above the K-shell
ionization threshold, and at dissociating σ∗ resonance were studied.

This thesis is organized as follows. Chapter 2 describes the basics of
electronic structure of atoms and molecules, and provides an overview of dy-
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namical phenomena studied in the articles. Chapter 3 provides a summary
of theoretical frameworks applied in the computational analysis. Chapter 4
describes the setups used for the experimental work and chapter 5 summa-
rizes the articles. Finally chapter 6 concludes the thesis and discusses shortly
about the future possibilities.
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CHAPTER 2

Structure of atoms and electronic transitions

In this chapter, a brief overview of the electronic structure of atoms and
the relaxation processes resulting from the x-ray photoexcitation such as
fluorescence, normal and resonant Auger decay is provided.

2.1 Electronic structure of atoms

In quantum mechanics point of view, atoms are described as objects that
contain a nucleus in the center, which consists of protons and neutrons with
positive and neutral charges, respectively. In addition, atoms contain a neg-
atively charged electron cloud surrounding the nucleus, and distributed in
different shells characterized by principal quantum number n (n = 1, 2,
3,. . .), which are historically named as K, L, M , N ,. . . referring to the x-ray
notations [11].

The atomic shell consists of one or several subshells with azimuth orbital
angular momentum quantum number `, where 0 ≤ ` ≤ n− 1. The subshells
` are labeled as s, p, d, f, . . . referring to the sharp, principal, diffuse, and
fundamental. These names come from the observation of the absorption
spectra of alkali-metal atoms [12]. The different subshells have different radial
shapes. The atomic subshell is composed of one or several orbitals described
by the magnetic quantum number m` which can take values −` ≤ m` ≤ `.
Each orbital can host two electrons with spin projection quantum number
ms = ±1/2 [13]. In conclusion, each of the electrons bounded to an atom
is described by a unique set of quantum numbers n, `,m`,ms, such single
electron state is referred as spin-orbital.

The requirement of having a unique set of quantum numbers arises from
the Pauli exclusion principle [14]. The number of electrons that a subshell
can host, can be determined from this principle. For example, s orbital
can host 2 electrons, p six and d ten electrons following 2(2` + 1) relation.
From the Pauli and so-called aufbau (German: building-up) principle [15],
electrons in atoms are placed in subshells in the following order 1s, 2s, 2p, 3s,
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Structure of atoms and electronic transitions

3p, 3d, 4s, 4p, 4d, 5s, etc.1 For example bromine (Br) Z= 35, the electronic
configuration is given as 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p5.

2.2 Angular momentum coupling schemes

In quantum mechanics, angular momentum is quantized and specified along
the quantization axis, usually chosen to be along the z-direction [16]. The
eigenvalues of angular momentum operator and its projection are given by

~x2 = x(x+ 1)~2 (2.1)

and
xz = mx~. (2.2)

In the case of individual electrons bound to atoms x is `, s or j, but x can
be any angular momentum present in an atom.

The total electronic state of an atom has a specific energy, wavefunction,
electron configuration, total angular momentum J and parity. In the case
of many electrons the total angular momentum J is obtained by coupling
the angular momenta of individual electrons together x1, x2,. . . ,xn such as:
~X=
∑

i ~xi, whereX denotes L, S, or J . The most convenient order of coupling
is usually defined by the magnitude of different interactions in the studied
state.

The most common ways of constructing the total angular momentum J
are LSJ and jj-coupling schemes depending on the weight between Coulomb
and spin-orbit interactions. The weight varies from light to heavy elements
and from the valence to core orbitals. A detailed definition of those coupling
schemes is described in reference [13]. During this research work, all the
calculation have been carried out in the jj-coupling scheme. Meanwhile,
LSJ-coupling also known as Russell-Saunders coupling [17] is used in the
representation of the bromine double ionized states in paper III.

In this thesis work, the deep core orbitals of elements characterized with
fairly large nuclear charges, such as bromine, krypton and iodine have been
investigated. Therefore, in the studied states spin-orbit interaction domi-
nates over the Coulomb interaction between electrons and L, S are not good
quantum numbers. In this situation, the most relevant coupling order for the
study is jj-coupling. It is known to be more common for the description of
the inner shells of atoms with a fairly large Z. In this coupling scheme ~̀ and
~s of a single electron couple together and give rise to

~j = ~̀+ ~s and mj = m` +ms. (2.3)

1Note that the aufbau principle is not general and does not hold for transition metals,
lanthanides and actinides.
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2.3 Electronic transitions

Here mj = -j, -(j − 1),. . . ,j − 1, j. In the case where the coupling involves
several electrons, the total J arises from the coupling of the individual elec-
trons such as ~J=

∑
i
~ji. In jj-coupling an electronic state that involves two

electrons or holes can be described by (j1, j2)J notation. For example, ps
configuration, the p-orbital has `1= 1 and s1=1/2, leading to j1 = 1/2, 3/2,
for the s-orbital `2= 0, and s2=1/2, giving rise to j2 = 1/2. From the jj-
coupling the four states are thus given by (j1, j2)J = (3/2, 1/2)1, (3/2, 1/2)2,
(1/2, 1/2)0 and (1/2, 1/2)1.

In LSJ-coupling the Coulomb interaction between electrons outweigh the
spin-orbit interaction, where the individual orbital and spin angular momenta
couple together to form a total orbital angular and spin angular momenta as
follows

~L =
∑

~̀
i and ~S =

∑
~si. (2.4)

From this one gets the total angular momentum J as

~J = ~L+ ~S. (2.5)

In LSJ-coupling a given electronic state is represented shortly by a from
known as term symbol

(2S+1)LπJ , (2.6)

where (2S + 1) is the multiplicity and π is the parity that takes values ±1
referring to even and odd parity, respectively.2 The parity can be calculated
from

π = (−1)
∑
`i . (2.7)

When the term symbols are obtained for a given electronic state, they may
be organized in energy using the Hund’s rules [18].3

2.3 Electronic transitions

The particles that are most often used for the study of the electronic structure
of the matter are photon, electron and ion. In this thesis, the studies were
carried out with high energy photons. The interaction of photons with the
electronic cloud of an atom changes its structure by ejecting an electron
from a bound orbital to continuum or to Rydberg orbitals, depending on the
applied photon energy. The two processes are known as photoionization if the
selected photon energy is larger than the binding energy and photoexcitation
in the case of resonance.

The changes in the electronic structure trigger different relaxation mech-
anisms. In the case of atomic scale systems in free space there are two relax-
ation ways, one is radiative via emission of a photon know as fluorescence, the

2Note that π is often omitted during the representation of the term symbols
3In general Hund’s rule works only for coupling of two electrons
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second is non-radiative through electron emission to the continuum known
as Auger decay [19, 20]. The probability between the decays depend on the
atomic number Z and location of the excited orbital. In the case where K-
shell is ionized, the Auger decay is more probable compared to fluorescence
for lighter Z (Z . 33) elements, and vice versa for heavier elements. These
processes provide information on the electronic states of the investigated
system and their behaviour with respect to the surrounding media.

Throughout the coming subsections x-ray short-hand notations will be
used to describe the fluorescence and Auger transitions. In the case of fluo-
rescence two electron orbitals are involved, for example the transition from L
to K (2p→ 1s) is denoted by KL-emission. In the case of Auger transition
three electron orbitals are involved, for example K, L1 and L2,3 (1s→ 2s2p),
the transition is denoted by KL1L2,3. Here K represents the initial hole and
L the electrons that occupy the hole and eject to the continuum. Note that
K denote 1s orbital, L1 2s and L2,3 2p1/2 and 2p3/2 orbitals.

2.3.1 Photoionization and satellites structures

Investigation of the electronic structure of matter can start by disturbing
it with a photon. If the photon energy is sufficiently high (hard X-rays in
this thesis), photon-matter interaction can lead the photon to be absorbed
and an electron from a bound orbital may be ejected to the continuum. In
the case of photoionization the absorbed photon is characterized with an
energy higher than the binding energy of the ejected electron. The process
is schematically shown by (1) in Figure (2.1). Thus, this process gives rise
to a photoelectron spectrum.

During the photoionization process, there is also a probability where an-
other electron is excited to a Rydberg orbital as depicted in the case of
valence excitation by (2) in the same figure. This effect, known as shake-up
process, lowers the kinetic energy of the photoelectron giving rise to a long
tail or another peak following the main lines as depicted in figure (2.1). This
lines are usually referred as satellites structures.

There is also a probability that in (2), instead of being excited the second
electron is ejected to the continuum giving rise to direct double photoioniza-
tion. This process was a part of the study in paper II.

In general photoionization process is expressed by the below form (2.8),
where the process ends by forming an ion A+ followed by ejection of electron
to the continuum known as photoelectron.

A+ hν −→ A+ + ephotoelectron (2.8)

The photon energy (hν) is equivalent to the sum of binding (EB) and kinetic
(EK) energies as

hν = EB + EK , (2.9)

8



2.3 Electronic transitions

Figure 2.1: Depiction of photoionization process and a schematic shape of
photoelectron spectrum arising from core ionization.

where EB is the energy difference between final Ef and initial Ei states EB =
Ef −Ei. During the photoionization process, the main measurable quantity
that gives rise to a photoelectron spectrum is the kinetic energy (EK) of the
ejected electron.

2.3.2 Fluorescence and normal Auger decay

Photoionization, fluorescence, Auger decay are not separate processes. Start-
ing from the ground state, photoionization takes the system to a singly ion-
ized state which can be highly unstable. In such case, the system starts to
relax towards a state characterised with minimum energy (a stable state).
Depending on the initial singly ionized state, the final state is singly, doubly,
or multiply ionized through a cascade of fluorescence and Auger decay or
both, as depicted in Figure (2.2).

The most probable decay following the K-shell ionization in heavy el-
ements is fluorescence [19]. It is a radiative decay that occurs during the
electron transitions, for example L2,3-shell to K−1-shell. The process leads
to emission of a photon in the x-ray regime. This is depicted in Figure (2.2)
by (3). This transition can be summarized by the acronym KL2,3-emission.

The second possible decay channel is the Auger decay [20, 21, 22, 23].
The hole created by photoionization is filled by an a electron from a higher
shell, as displayed by (3) in Figure (2.2). Therefore, an energy release is

9



Structure of atoms and electronic transitions

Figure 2.2: Schematic picture of fluorescence and normal Auger decay pro-
cesses.

induced from this passage and transmitted to another electron leading to its
withdrawal from the system to the continuum depicted by (4) in the same
figure. The (1) + (3) + (4) one-electron processes give rise to the normal
Auger spectrum.

The energy of this electron depends on energy difference between the
initial and final state,4 such as

Ek = Ei − Ef . (2.10)

The one-electron processes (1) + (3) + (4) as depicted in the Figure
(2.2) can be summarized with the acronym KLL Auger decay, due to the
involvement of the K and L shells during the decay.

The one-electron processes (3) + (5) + (6) can be summarized by notation
LLM Auger decay, which is an example of a special Auger decay known as
Coster-Kronig [24] decay, where the vacancy is filled by an electron from a
higher subshell of the same shell and the emitted electron from another shell.

When the selected photon energy is slightly above the EB of the targeted
electron, the obtained Auger and photoelectron spectra show distortions and
broadening, the reason is related to the interaction between the ejected slow
photoelectron, the fast Auger and the ion. This interaction causes asymmet-
ric distribution of the energy, which leads to the shift of the Auger lines to

4The kinetic energy of the Auger electron do not depend on the photon energy at high
above the threshold.
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2.3 Electronic transitions

higher kinetic energies (the same amount of energy lost by the slow photo-
electron is gained by the fast Auger electron). This effect is known as Post
Collision Interaction (PCI) (see, e.g. [25, 26]). The second possibility is the
capture of the slow photoelectron into Rydberg orbitals, this occurs when the
exchange energy between the slow photoelectron and the fast Auger electron
is so large that the slow photoelectron is recaptured into a Rydberg orbital
[13].

2.3.3 Photoexcitation and resonant Auger decay

Another way to investigate electron cloud of an atom, molecule or more
complicated systems is photoexcitation followed by resonant Auger decay
(see, e.g. [23]). The technique is known as resonant Auger spectroscopy
(RAS). It is used in this thesis for the investigation of the ultrafast nuclear
dynamics in HBr molecule in paper III. If fluorescent photons, (2) in Figure
(2.3), are recorded instead of electrons one speaks of Resonant Inelastic X-ray
Scattering known as RIXS.

Figure 2.3: Schematic picture of fluorescence and resonant Auger decay.

When the selected photon energy is smaller or comparable to the studied
ionization threshold, the bombarded electron is excited to a Rydberg orbital
as depicted in Figure (2.3) by (1). If the excitation energy is above the first
ionization threshold the state is embedded in the ionization continuum. The
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Structure of atoms and electronic transitions

photoexcitation process is summarized with the following form

hν +M −→M∗, (2.11)

where M represent the system in its ground state, and M∗ the same system
in its excited state which can be considered as a highly unstable state.

In contrast to normal Auger decay, in which two electrons are promoted
to the continuum (one from photoionization and second from normal Auger
decay), in the case of resonant Auger decay only one electron is promoted to
the continuum, as shown by (3) in the Figure (2.3). Note that photoexcita-
tion can be followed also by fluorescence as in the case of photoionization,
which is shown here by (2) in the same figure. The resonant Auger decay can
be separated into two different branches, so-called participator and spectator
decay, whether or not the excited electron participate to the Auger process.

12



CHAPTER 3

Theoretical background

In this chapter, a brief overview of the computational methods used for the
interpretation of the experimental data, such as calculation of energies of
atomic and molecular states, and photoelectron and Auger decay spectra.
The discussion in sections 3.1, 3.2 and 3.4.4 apply to atoms, sections 3.5
and 3.6 to molecules and sections 3.2.1, 3.3 and 3.4 (except 3.4.4) apply for
both, atoms and molecules. The calculations were carried out with the aid of
atomic and molecular relativistic Dirac-Fock frameworks, in which grasp2k
[27, 28, 29], fac [30], and Dirac [31] codes were used. In addition, geometry
optimization and natural population analysis of CH3I and CF3I molecules
were carried out using orca [32] code and JANPA package [33]. A simplified
form of Kramers-Heisenberg equation has been used for the interpretation of
the nuclear dynamics in the case of RAS [34].

Throughout this chapter, we make use of the Hartree atomic units, such
as e = ~ = me = 1, c = 1/α ≈ 137, where e is the elementary charge, ~
is the reduced Planck constant, me the mass of the electron, c the speed of
light and α the fine structure constant.

3.1 Dirac-Coulomb-Breit Hamiltonian

In quantum mechanics the properties of N -electron system are predicted by
solving the Schrodinger equation (3.1):

Ĥ |ψ〉 = E |ψ〉 . (3.1)

The Hamiltonian (Ĥ) operator is the sum of operators corresponding to
kinetic and potential energies, |ψ〉 is the wavefunction, and E is the total
energy of the system, which is the eigenvalue of operator Ĥ.

The N -electron atomic system is approximated by ”no pair” approxi-
mation (no electron-positron interactions) expressed by the Dirac-Coulomb-
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Breit relativistic Hamiltonian, defined as

ĤDB
N =

N∑
i=1

ĥDi +
N∑

j>i=1

ĥBi,j, (3.2)

where ĥDi is the Dirac operator and hB is the Breit operator

ĥD = c~α · ~p+ c2(β − 1) + VeN(r). (3.3)

The ~p = −i∇ is the momentum operator, VeN(r) is the electron-nucleus
potential,

αi =

(
0 σi
σi 0

)
and βi =

(
I 0
0 −I

)
, (3.4)

where αi and βi are the four component Dirac matrices, σi are Pauli matrices,
0 and I are 2×2 zero and identity matrices, respectively. Equation (3.1) with
Hamiltonian (3.2) fulfill the relativistic equation E2 = p2c2 + m2

0c
4 between

energy and momentum.
The electron-electron interaction is approximated by Breit operator [35],

in which the Coulomb repulsion (Vcou), magnetic interaction (Vmag) and the
retardation (Vret) in the electron electron interaction due to the finite value
of the speed of light have been included. The operator ĥB is defined as

ĥB =
1

r12︸︷︷︸
VCou

− ~α1. ~α2

r12

cosω12r12︸ ︷︷ ︸
Vmag

+ (~α.~∇)1(~α.~∇)2
cos(ω12r12)− 1

ω2
12r12︸ ︷︷ ︸

Vret

, (3.5)

where ω12 = (ε1− ε2)/c is the frequency of virtual photon exchanged, and ε1
and ε2 are the orbital energies of the interacting electrons.

3.2 The N-electron wavefunction

The N -electron wavefunction is estimated in the central field approximation1

as a solution of one-electron Dirac-Fock equations [36]. In the relativistic
case, the single electron wavefunctions are expressed using four-component
Dirac spinors

Φnκm(r, θ, ϕ) =
1

r

{
Pnκ(r)χκm(θ, ϕ)
iQnκ(r)χ−κm(θ, ϕ)

}
, (3.6)

where Pnκ(r) andQnκ(r) represent so-called large and small radial component
of the wavefunction. The χκm(θ, ϕ) and χ−κm(θ, ϕ) are the angular two-
component Pauli spinors.

1The electron moves in the field of nucleus and in the time averaged field of N -1 other
electrons, hence in the spherically symmetric potential.
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3.2 The N-electron wavefunction

Notations n, κ,m denote quantum numbers, where n is principal quantum
number, m is the eigenvalue of ĵz operator and κ accounts parity π and the
total angular momentum j. The quantum numbers κ, j and ` are linked
through κ = ±(j + 1/2) for ` = j ± 1/2, thus j = |κ| − 1/2.

The angular parts χ±κm(θ, ϕ) in the wavefunction equation (3.6) are the
two-component Pauli spherical spinors defined as

χκm(θ, ϕ) =
∑

q=±1/2

〈`(m− q)1/2q|jm〉Y m−q
` (θ, ϕ)φq, (3.7)

where 〈|〉 is Clebsch-Gordan (CG) coefficient [37], Y m−q
` (θ, ϕ) is the spherical

harmonic and φq is Pauli spinor.

φ1/2 =

(
1
0

)
φ−1/2 =

(
0
1

)
. (3.8)

In the atomic case Dirac-Fock equation is usually solved for configuration
states functions (CSFs), which are jj-coupled linear combinations of Slater
determinants [38].

Defined as |γνPJM〉, CSFs are antisymmetric products of one-electron
wavefunctions. γν denotes other quantum numbers needed for specifying
CSFs uniquely, which are expressed by

|γνPJM〉 =
∑
ι=1

dι

∣∣∣∣∣∣∣
Φι

1(r1) . . . Φι
N(r1)

...
. . .

...
Φι

1(rN) . . . Φι
N(rN)

∣∣∣∣∣∣∣ . (3.9)

In 3.9, di are combinations of CG coefficients determined by the chosen cou-
pling scheme and requirement that the final CSFs are antisymmetric. CSFs
are normalized eigenfuctions of the parity operator P̂ , total angular momen-
tum Ĵ2 and Ĵz operators.

3.2.1 CI and MCDF methods

In general single CSFs are not suitable to describe atomic states. There-
fore, Configuration interaction (CI) and multi-configuration (MC) Dirac-Fock
(MCDF) methods are imperative for qualitative and quantitative estimation
of the electronic states. CI and MCDF schemes are used for obtaining and
optimizing the atomic states functions (ASFs) defined as

|ΓPJM〉 =
nc∑
ν=1

cΓν |γνPJM〉 , (3.10)

where cΓν are the configuration mixing coefficients, and the sum is over the
total number of the CSFs nc. The ASFs are linear combinations of CSFs.
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Note that ASFs do not depend on the coupling scheme, once the ASFs are
obtained a unitary transformation is possible to different coupled or even
uncoupled basis.

In case of CI scheme only the mixing coefficients cν are obtained in the
basis of the CSFs. However, MCDF scheme optimizes the expected energy
value E(ψ) with respect to the variation of the mixing coefficients cν as well
as with one-electron radial wavefunctions.

In both cases the mixing coefficients and the ASFs energies can be solved
from equation (3.1) in its matrix form as

ĤYΓ = EΓYΓ, (3.11)

where YΓ and EΓ are obtained by diagonalizing the Hamiltonian Ĥ in the
subspace spanned by the CSFs solving the following secular equation

(H− EΓ1)cΓ = 0, (3.12)

in which 1 is the ne×ne unit matrix, and H is the Hamiltonian matrix where
its elements are expressed by

Hi,j = 〈ψi(γiΠJM)|Ĥ|ψj(γjΠJM)〉 , i 6= j. (3.13)

CI and MCDF methods are relativistic generalization of the Hartree-Fock
CI [39] and MCHF [40] methods.

3.3 Quantum electrodynamics corrections

For precise prediction of deep core hole states, thus the electron binding
and kinetic energies of Auger lines, it is imperative to consider the quantum
electrodynamics (QED) corrections [41, 42] to the relativistic Hamiltonian.
In our case QED effects are considered as perturbation. QED is described
by Richard Feynman to be “the jewel of physics-our proudest possession”
[42]. For atoms the largest QED corrections are vacuum polarisation and
self energy (radiative corrections), their effects are reported to be tens of eVs
in the investigation of the deep core orbitals in heavy elements [43].

3.3.1 Vacuum polarization

It is a contribution where the electromagnetic field assumed to produce cre-
ation and annihilation of virtual electron-positron pairs in the field of the
nucleus. The lowest-order term α(Zα) is calculated using the Uehling po-
tential [44] in the case of finite nuclear size and spherical symmetric nuclear
charge distribution ρ(r) as

U(r) = −2αλe
3r

∫ ∞
0

uρN(u)

[
K0(

2

λe|r − u|
)−K0(

2

λe|r + u|
)

]
du, (3.14)
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3.4 Photon-atom interaction

where λe is the Compton wavelength of the electron and K0(r) is defined as

K0(r) =

∫ ∞
1

dte−xt(
1

t3
+

1

2t5
)
√
t2 − 1. (3.15)

For higher-order terms α(Zα)2 and α(Zα)3, the potential is given by Källén
and Sabry [45] and Wichmann and Kroll [46, 47].

3.3.2 Self energy

The self energy (SE) is a correction that comes from interaction of electron
with its own electromagnetic field.

Calculated by Mohr [48, 49, 50] for one electron system, the self energy
is expressed as

Enk =
1

n3α2
(Zα)4Fnk(α), (3.16)

where Fnk(α) is defined in [48]. The SE correction to the energy changes in
the case of N -electron system due to electron screening. There are three ma-
jor approaches that describe differently the approximation of the SE screening
based on the correction brought to s-subshell energy. The first approach is
known by Welton picture [51], the SE for s-type Dirac-Fock orbitals is calcu-
lated from exact hydrogenic orbitals. The second approach is an extension to
Walton picture known as density approach [52], in which SE screening coeffi-
cients are approximated as a ratio between Dirac-Fock wavefunction density
against hydrogenic orbital density in a small region around the nucleus (r
≤a0 Bohr radius). This approach is the one implemented in grasp2k code.
The third approach is known by model Lamb-shift operator introduced by
Shabaev et al [53, 54], in which the screening operator is calculated based on
numerical solution of radial wavefunctions.

3.4 Photon-atom interaction

The photon-atom interaction operator arises from (3.3) by substitution of

~p→ ~p− ~A and Φ(ri), which gives rise to a modified Dirac operator [55] as

ĥD =
N∑
i

c~α · (~pi − ~A) + Φ(ri) + c2(β − 1) + VN(r). (3.17)

Here Φ(ri) is the scalar potential and ~A is the vector potential defined as

~A =
∑
λ,q

√
2π

ωλV
(~eλqaλe

i ~Kλ·r + ~e∗λqa
†
λe
−i ~Kλ·r), (3.18)

where ~eλq, ~e
∗
λq (q±1) stand for polarization vectors and aλ, a

†
λ are the photon

annihilation and creation operators.
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3.4.1 Transition probabilities

The transition probability rate between an initial state |Ψi〉 and a final state
|Ψf〉 is calculated using the Fermi’s Golden rule [56]. The equation is derived
from the perturbation theory and it reads as

wi−→f =
2π

~
|Mi−→f |2ρ(Ef). (3.19)

In the case of photon-atom interaction the matrix element Mi−→f =

〈Ψf |Ĥint|Ψi〉 is expressed by

Mi−→f ∝ 〈f | c~α · ~A+ Φ(ri) |i〉 ei(Ef−Ei+ω)t, (3.20)

where ρ(Ef ) is the density of the final states. Ef and Ei are eigenvalues of
|Ψf〉 and |Ψi〉 states, respectively. ω is the photon energy.

3.4.2 Transition matrix element

In works of this thesis, the photoexcitation matrix element (3.20) is calculated
using the dipole approximation. It is a long wavelength approximation mainly
used for the description of processes induced by a photon-matter interaction
where the photon wavelength λ is larger than the dimension of the atomic
system λc and the photon field can be considered weak.

In our case, the radii of the treated systems is around λc ≈ 1 Å and
the photon wavelength used in the measurement is about 5.4 < λ < 0.35
Å, which correspond to energies of 2.3-35.5 keV. Note that even though in
present case λc ≈ λ, the dipole approximation can be expected to work when
studying relative photoionization cross sections [57], because the higher order
contributions contribute in equal manner to different subshells. In dipole
approximation the exponential functions in (3.18) occurring in the matrix
element are approximated by unity as

e±i
~Kλ·~r ≈ 1. (3.21)

In the velocity (Coulomb) gauge, ∇Φ(ri) = 0, thus Ĥint operator reduces
to a simple form, and the matrix element is

〈Ψf | Ĥint |Ψi〉 =

√
ω

πc
〈Ψf | c~α · (~eqλaλ + ~e∗qλa

†
λ) |Ψi〉 ei(Ef−Ei+ω)t, (3.22)

Using the commutation relation [~r, hD]=ic~α, the matrix element can be
equally written in the length (Babushkin) gauge, in which the vector ~r acts
as photon-atom interaction operator and finally one gets

〈Ψf | Ĥint |Ψi〉 = i~eλqω 〈Ψf | r̂ |Ψi〉 . (3.23)
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3.4 Photon-atom interaction

3.4.3 Fluorescence rate

Representing the operator Ĥint as a spherical tensor D(K) (in case of dipole
operator K = 1) and applying the Wigner-Eckart theorem [58, 59], the tran-
sition matrix element Mi−→f reduces to

Mi−→f =

(
Mi K Jf
Ji M Mf

)
〈ψi(γνPiJi)||D̂(K)||ψf (γνPfJf )〉 . (3.24)

The first term is Wigner 3j symbol and the second term is the reduced matrix
element, which is independent of projection quantum numbers.

This matrix element is different from zero unless satisfying the following
conditions:

∆S = 0

∆L = 0± 1(L = 0 6→ 0)

∆J = 0,±1(J = 0 6→ 0)

∆M = 0,±1

The conditions are known as dipole selection rules for photoexcitation. Note
that the parity of the initial state is different from the parity of the final
state which gives rise to ∆` = ±1 within the dipole approximation. As an
example, a transition from 2p→ 1s is allowed, but a transition from 2s→ 1s
is forbidden.

3.4.4 Photoionization cross section

The isotropic photoionization cross section for atoms in dipole approximation
and length gauge is given by the following form [60, 61, 62],

σiso =
4π2αω

3(2Ji + 1)

∑
Jt,κ

| 〈Ψ(γfPfJf )εκ;PtJt||D̂(K)||Ψ(γiPiJi)〉 |2 (3.25)

In the case of unpolarized atoms and detection of photoelectrons perpendic-
ularly to linearly polarized light, the differential cross section is

dσ

dΩ
=
σiso

4π

[
1 + βP2(cos θ)

]
, (3.26)

where β is the angular anisotropy parameter and P2(cos θ) is second order
Legendre polynomial.
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3.4.5 Auger decay rate

The subsequent Auger transitions after core electron excitation are induced
by Coulomb interactions. The Auger matrix element is calculated using
Coulomb operator expressed in the atomic units as

Opi,j =
1

|ri − rj|
=
∞∑
`=0

∑̀
m=−`

4π

2`+ 1

r`<
r`+1
>

Y ∗`m(Ω1)Y`m(Ω2), (3.27)

where Y`m(Ω) are spherical harmonics. The Auger decay line profile in two-
step approximation [13] is given by

L(E,Ei,f ) =
Ti,f
2π

1

(E − Ei,f )2 + (Γi,f/2)2
, (3.28)

where Ti,f is the Auger decay rate for a single Auger transition and Γi,f is
the total decay rate of the initial state of the transition. The Auger decay
rate is given by

Ti,f = 2π
∑
Jt,κ

| 〈Ψ(ΓfPfJf )εκ;PtJt||
N−1∑
i,j

Opi,j||Ψ(ΓiPiJi)〉 |2. (3.29)

Since Coulomb operator (3.27) is a scalar operator, the selection rules for the
matrix elements (3.29) are:

∆L = ∆S = ∆ML = ∆Ms = ∆J = ∆M = 0.

The Lorentzian shape of (3.28) is the result of time to energy domain
Fourier transform of exponentially decaying |Ψi〉 initial state to |Ψf〉 final
state.

3.5 Molecular calculations

In the following section, a brief overview about the theoretical methods in the
molecular codes used for the interpretation of experimental results is given.

3.5.1 PEC of diatomic molecule

When atoms are bonded together they from molecules with chemical bonds
originating from shared electrons. This concerns mainly valence electrons,
but this change in the valence orbitals affect also the deep core electrons.
In addition, the molecular orbitals are different from each other by their
bonding and antibonding character depending on its energy in comparison
to the atomic orbitals that form it.
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3.5 Molecular calculations

Figure 3.1: An example of a molecular potential energy curve of a diatomic
molecule.

The electronic states of molecules have quantized energy levels as in the
case of atoms, however, the non-spherical symmetry give birth to the con-
cept of potential energy curve (PEC) in the case of diatomic molecules and
potential energy surface in the case of poly atomic molecules.

A bonding diatomic molecular state is characterized with a PEC that
has a minimum at certain equilibrium internuclear distance. This coordinate
describes the state as two units attracting or repelling each other depending
on the distance. In general, PEC at large distances is characterized with a
point where the curve flattens. This point is known as a dissociation limit,
which report a state where the molecule is dissociated into two separate
atoms as displayed in the Figure (3.1).

3.5.2 Molecular Dirac-Hamiltonian

In addition to the atomic Dirac-Coulomb-Breit electronic Hamiltonian HDB
N

(3.2) described in section (3.1), the molecular electronic Hamiltonian [63, 64]
consists of additional term that account the repulsion between the nucleus of
atom A and nucleus of atom B. In addition, interaction between electrons of
atom A with nuclei B and interaction of electrons of atom A with electrons
of atom B and vice-versa need to be accounted.
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The Molecular electronic Hamiltonian is defined as

H =
∑
i

h(i) +
1

2

∑
i 6=j

g(i, j) +
1

2

∑
A 6=B

ZAZB
RA,B

(3.30)

Here h(i) includes electron kinetic energies and all electron-nucleus interac-
tions and g(i, j) term accounts all electron-electron Coulomb interactions.
Note that in relativistic case g(i, j) includes other corrections such as Breit
interaction [65, 66]. Z is the atomic number and RA,B is the inter-atomic
distance.

3.5.3 Born-Oppenheimer approximation

A simple way to solve the Schrodinger equation (3.1) in case of molecules is
to separate the electron and the nuclear motions from each other. This is
possible, since the mass of the nucleus is considerably larger than the mass
of electron. Therefore, the nuclear motion does not depend explicitly on the
electronic motion and the wavefunctions can be written as Θ(R) for the nuclei
and ψ(r;R) for the electrons. This approximation is known by the Born-
Oppenheimer approximation [67], where the total molecular wavefunction is
expressed as

Ψ(r;R) = ψ(r;R)Θ(R). (3.31)

3.5.4 Hartree-Fock method

Hartree-Fock (HF) method [13, 68, 69] is the most common numerical method
to solve the electronic wavefunction ψ(r, R). The starting point of HF method
is the approximation of ψ(r, R) with a Slater determinant [38] as represented
in (3.9). However, instead of having φi(rj) in the case of atom, the spin-
orbital of electrons in molecule depend parametrically on the nuclear co-
ordinates and expressed as φi(rj, R). Using variational principle the HF
equations are obtained from

δEHF [ψHF (r, R)]

δψHF (r, R)]
= 0, (3.32)

where δ denotes functional derivative in which EHF is functional of HF wave-
function ψHF .

From (3.32) one obtains HF equation as

F̂ [{φi}]φi(r;R) = εiφi(r;R), (3.33)

from where orbital energies εi can be obtained. F [{φi}] is one-electron Fock
operator that consists of two terms contributing to the energy. The first term
accounts the kinetic-energy of electron i and Coulomb interaction between
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3.5 Molecular calculations

the electron and all nuclei of the system. The second term consists of the
Coulomb repulsion between electron i and all other electrons.

F̂ [{φi}] = ĥi +

N/2∑
j=1

[2Ĵj − K̂j] (3.34)

ĥi = −1

2
∇2
i −

∑
I

ZI
riI

(3.35)

Ĵjφi(r;R) =
( ∫ φ∗j(r

′;R)φj(r
′;R)

|r − r′|
dr′
)
φi(r;R) (3.36)

K̂jφi(r;R) =
( ∫ φ∗j(r

′;R)φi(r
′;R)

|r − r′|
dr′
)
φj(r;R) (3.37)

Here ĥi is known as core operator, Ĵj is the Coulomb operator and K̂j is the
exchange operator.

HF is a SCF method which is due to the fact that equation (3.33) for
electron i depends on other electrons j. Therefore, one cannot solve φi(r, R)
without knowing the one electron wavefunctions φj(r, R).

3.5.5 Basis sets

Basis sets are used to build molecular orbitals (MOs) in quantum chemistry
calculations. MOs are thus linear combinations of basis functions having the
following from

φi(r, R) =

Nb∑
j

cijχj(r, R) (3.38)

In spherical coordinates, complex spherical-harmonic basis functions are
defined as products of radial and angular parts as

χj(r, θ, φ) = R(α, r)`Ylm(θ, φ), (3.39)

where l, m are the orbital and magnetic quantum numbers and Ylm(θ, φ) is
the spherical harmonic. R(α, r)` is the term responsible for the description
of the radial part of the function. The basis sets used in this thesis work are
Gaussian type orbitals [77], where R(α, r)` is defined as

R(α, r)` =
2(2α)3/4

π1/4

√
2`

(2`+ 1)!!
(
√

2α r)` e−αr
2

. (3.40)

In this thesis two families of Gaussian basis sets were used, def2 and
Dyall’s. def2 basis set family is a second generation default atom-centered
Gaussian type basis set [78]. This basis set is known to be flexible due to
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its split into additional functions in the case of valence orbitals, but not for
the core orbitals. This basis is known to give accurate results and form an
adequate basis for geometry optimization of large molecules. Dyall’s type
basis set is a family of fully relativistic basis sets defined to work with Dirac-
Coulomb Hamiltonian [79]. This set is the default basis used in the Dirac
molecular code and it is the most complete set available for relativistic molec-
ular calculations.

3.5.6 Calculation of molecular core excitation energies

For the first estimation of binding energies, it is straightforward to use the
Koopmans’ theorem [74] where the EB is assumed to the negative of Hartee-
Fock orbital energy. This works well in the case of valence orbitals due to
the fact that valence ionization does not change the shape of core orbitals.
However, the case of core orbitals requires a method that accounts changes
occurring in the whole electronic system after core excitation.

One way of estimating precise energy values in case of core excitation is
to use ∆-SCF method [75]. It is based on calculation of ground and ionized
states within separate SCF procedures. Excitation energies are then obtained
as

EEX(Ψi) = EExcited − EGround, (3.41)

where EExcited can be core excited or ionized state.

∆-SCF method is able to give accurate core excitation energies by avoid-
ing so-called variational collapse. This is done by first running a calculation
for the ground state. Then the ionized orbital is rotated to the valence and
an electron is removed from it. Then the orbital is frozen and the rest of
the orbitals are optimized. This procedure is continued by freezing the core
orbitals and optimizing the ionized orbital, and so on until convergence is
achieved [76].

3.5.7 Population Analysis

Population analysis is an important tool for the study of the electronic struc-
ture of molecules. It is a method that provide separation of the total elec-
tronic density of a molecule into atomic contributions. In the other hand,
the total charge of the molecule is equal to the sum of each atomic charge
contribution that contain the molecule. There are several methods for the
decomposition of the electronic density such as Mulliken and Natural Popu-
lation Analysis (NPA) [80].

Mulliken method is the most common population analysis tool, but it is
sensitive to the selected basis set and it is not reliable for molecules charac-
terized with highly ionic character. Since population analysis in the works of
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this thesis considered ionic states, Mulliken is an undesirable method. There-
fore, NPA was applied. It is imperative method for the calculation of the
partial charge distribution for compounds having a highly ionic character
and it is known to be insensitive for the selection of basis set. It provide
representation of occupancies [80] within natural atomic orbitals.

3.6 Ultra-fast nuclear dynamics

The ultra-fast nuclear dynamics (UFD) is defined as propagation of wave-
packet on a potential energy surface causing elongation and breaking down
of a chemical bond in the femtosecond time scale [81]. It is induced by an
excitation of an electron from the ground state to a rapidly dissociating state
by, for example absorption of a photon.

One commonly used experimental technique for investigation of UFD
in molecules is RIXS. The obtained RIXS data as a function of the photon
energy can be analyzed using the Kramers-Heisenberg equation [82]. By
applying the formula to experimental data, it provides access to molecular
state lifetimes and to the slopes of potential energy surfaces experimentally
[83, 84, 85, 86].

Kramers-Heisenberg formula for RAS

A simplified formula describing the spectral properties of RIXS and RAS [34]
involving rapidly dissociative intermediate and/or final states can be derived
from the generalized Kramers-Heisenberg formula [87].

In the Born-Oppenheimer approximation the total wavefunction is sep-
arated into electron and nuclear parts. In Franck-Condon principle, the
photoexcitation and Coulomb transition matrix elements are independent of
nuclear coordinates. The overlap of vibronic wavefunctions can be factored
out and two Franck–Condon (FC) factors appear, i.e. 〈χf |χc〉, 〈χc|χo〉, de-
scribing the overlap between initial and intermediate states during excitation,
and between intermediate and final states during the emission step. Thus,
the simplified Kramers-Heisenberg formula for RIXS and RAS in relative
intensity scale reads as

σ(ω, ω′) ∝
∫ ∞

0

dEf

∣∣∣∣∑
c

〈χf |χc〉 〈χc|χo〉
ω − ωco −∆Ec + iΓc

∣∣∣∣2
×L(ω − ω′ − ωfo −∆Ef ,Γf ),

(3.42)

where the first term describes the stationary amplitude of the scattering
and the second term accounts lifetime broadening. ω is the incident photon
energy and ω′ is the energy of emitted photon or kinetic energy of the Auger
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electron. |φo〉, |φc〉 and |φf〉 denote ground, intermediate and final state
vibronic wavefunctions. ω(c,f)o ≡ Uc,f (r0) − Eo is the energy of o → c, f
vertical transition, Eo is total energy of the ground state, Γc,f are the lifetime
broadenings of the intermediate and final states described by the potentials
Uc,f (r). ∆Ec,f = Ec,f −∆Uc,f (r) are kinetic energies at r = r0, Ec,f are the
kinetic energies at r →∞, where ∆Uc,f = Uc,f (r = r0)− Uc,f (r →∞).

Figure 3.2: A scheme describing different variables of equation (3.42).

In case where the electronic states are characterized with a lifetime that
is much shorter than the dissociation time of the molecular state and the
molecule has a large reduced mass, the propagation of the wavepacket on
the intermediate state potential energy surface can be neglected. Conse-
quently, an instantaneous transfer of the induced wavepacket to final state
can be assumed at the equilibrium distance r0 as depicted in Figure (3.6)
[86]. Therefore, the numerator in equation (3.42) reduces to | 〈χf |χo〉 |2 de-
scribing the projection of the ground state wavepacket into the final state
directly and consequently ∆Ec ∼= ∆Ef ≡ ε. Therefore the differential cross
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3.6 Ultra-fast nuclear dynamics

section in the case of RAS [34] reads as

σ(ω, ω′) ∝
∫ ∞
−∆Uf

dε exp (− ε
2

γ2
f

)L(ω − ωco − ε,Γc)

×L(ω − ω′ − ωfo − ε,Γf ),
(3.43)

where ε = Ef − ∆Uf is the nuclear kinetic energy at r → ∞. ∆f = Ffoa0

is the Franck-Condon factor where Ffo is the gradient of the PEC of the
final state at r = re, a0 = [(~/µω0)]1/2 is the width of Franck-Condon zone,
µ is the reduced mass and ω0 is the vibrational frequency of the ground
state. The Gaussian function describes a wavepacket on the surface of PEC,
L(ω−ωco− ε,Γc) is the normalized Lorentzian function with a FWHM equal
to Γc and L(ω − ω′ − ωfo − ε,Γf ) is a second normalized Lorentzian with a
FWHM equal to Γf .

Another parameter provided by Kramers-Heisenberg equation is the slope
of the PEC through FC factors. The dissociative potential at the equilibrium
distance (r = re) is described using an exponential shape [88]

Uf (r) = ∆Uf exp

[
(
−Ffo
∆Uf

)(r − r0)

]
+ Uf (r →∞). (3.44)
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CHAPTER 4

Experimental overview

In this chapter, an overview of the experimental apparatus that allowed car-
rying out the measurements presented in this thesis is given. The basic prin-
ciples of synchrotron radiation and hard x-ray photoelectron spectroscopy
end station are discussed. In addition, the kinetic energy calibration of an
electron analyzer, photon energy and procedure of defining experimental res-
olution is described.

4.1 Synchrotron radiation

Synchrotron radiation (SR) was observed experimentally for the first time
at the General Electric 70 MeV storage ring [13, 89, 90]. The experimental
part of this thesis work has been carried out at two different synchrotrons,
SPring-8 located in Japan and SOLEIL in France. Figure (4.1) shows the dif-
ferent parts leading to generation of SR at the two facilities after accelerating
bunches of electrons to near speed of light. The electrons are first accelerated
in a linear accelerator known as linac, then accelerated further in a booster
ring where they reach the final operating energy of 8 GeV at SPring-8, and
2.75 GeV at SOLIEL. The electrons are then injected into a storage ring,
where bending magnets define their trajectories, while quadrupole and sex-
tupole magnets keep their orbit and emittance beam stable. SR from IR to
hard x-rays is produced in insertion devices such as wigglers and undulators.
The produced SR is then directed to beamlines which consists of different
optical elements and a monochromator in which different photon energies
can be selected.

The electron bunches lose energy during each round in the storage ring
by emitting SR. To compensate the lost energy, radiofrequency cavities are
used. All the measurements presented in this thesis were carried out in multi-
bunch mode, which is a mode where N -electron bunches circulating in the
storage ring by producing flashes separated by a short time (≈ ns). This
mode provides approximately constant high photon flux. The operational
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mode used by SPring-8 and Soleil is so-called top-up mode, where electrons
are injected continuously to the rings.

Figure 4.1: A typical scheme of a modern SR facility like SPring-8 and
SOLEIL.

4.2 Insertion devices

SR is mainly generated in insertion devices (IDs), such as as wigglers and un-
dulators [91]. IDs are periodic magnet systems in which a bunch of electrons
oscillate N times following a periodic trajectory. The number of oscillations
of electron bunches is higher in undulators than in wigglers. At each period
SR is produced. In the case of undulator, the emitted light at each oscillation
is superimposed coherently and its intensity is enhanced by interference as
shown in Figure (4.2). This gives rise to SR characterized with high photon
flux and a spiky spectrum. In the case of wigglers, the emitted light is inco-
herently summed up, and it gives rise to SR similar to the one produced by
bending magnets characterized with a broad continuous spectrum.

The photon wavelengths produced by an undulator is described with the
form

λn =
λu

2nγ2
(1 +

K2

2
+ γ2θ2), (4.1)
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where λu is the undulator wavelength depending on the spacing between the
magnets, γ is the Lorentz factor, θ is the observation angle and n = 1, 2, 3, . . .
is the harmonic number. K is the undulator strength parameter defined as

K =
eBλu
2πmec

, (4.2)

where in the case of wigglers K � 1, and < 1 in the case of undulators.
From equation (4.1), the position of the emitted SR spectrum is determined
by the parameter K, where the magnetic field strength B can be varied by
changing the gap between the magnetic poles.

Figure 4.2: A typical scheme view of an undulator.

4.3 Beamlines

The three beamlines used in the research work of this thesis are described
below.

4.3.1 BL19LXU

The experiment presented in paper I has been carried out at BL19LXU [92],
SPring-8, RIKEN, Japan. It is an undulator beamline with photon energy
of 7.1 to 18 keV using the first harmonic and from 22 to 51 keV using the
third harmonic. The beamline flux is about 2 × 1014 photons/s at 14 keV.
It has a 27-m-long undulator with a magnetic period length of 32 mm (780
periods) and a maximum K value of 1.79 at 11.8 mm gap. The optics hutch
contains a Si(111) double-crystal monochromator with cryogenic cooling and
a double mirror.
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4.3.2 BL29XU

The experiment presented in paper II has been carried out at BL29XU,
SPring-8, RIKEN, Japan. It is a high photon energy beamline [93] equipped
with an undulator in vacuum that produces photon energies from 5 to 19 keV
using the first harmonic, and from 15 to 56 keV using the third harmonic.
It is characterized with a magnetic period length of 32 mm (140 periods)
and a maximum K value of 2.53 at 8.86 mm gap. The monochromatic
photon beam is obtained using Si(111) double-crystal monochromator cooled
by liquid nitrogen. The beamline flux is about 6 × 1013 photon/s at 10 keV.

4.3.3 Galaxies

The experiment presented in the paper III has been carried out at Galaxies
[94] beamline, Soleil, France. It is a beamline constructed for resonant in-
elastic x-ray scattering (RIXS) and hard X-ray photoelectron spectroscopy
(HAXPES) experiments in two different experimental hutches. Galaxies is
equipped with an in-vacuum undulator having a magnetic period length of
20 mm (100 periods) producing x-ray photons from 2.3 to 12 keV. The flux of
the beamline is about 1.5 × 1012 ph/s with standard focusing at 8 keV. The
monochromatic beam is obtained using a Si(111) double crystal monochro-
mator.

4.4 HAXPES end station

For the investigation of the deep core orbitals of low matter density a high
photon energy source (hard x-rays) and an electron energy analyzer [95, 13]
are needed. All the three beamlines mentioned above are equipped with
HAXPES end station having the same basic operational principle [94, 96,
97, 98, 99]. The results presented in the paper I and paper II, a Scienta
Omicron SES-200 hemispherical deflection analyzer (HDA) with 200 mm
radius was used. In paper III a Scienta Omicron EW4000 HDA was used. It
is an HDA capable of operating in wide angles mode providing high angular
resolution and transmission for high kinetic energies up to 10 keV.

Figure (4.3) shows the working principle of the HDA analyzers stated
above. The first part of HDA is an electrostatic lens which allows to accel-
erate or decelerate electrons to a decided pass energy and refocus them to
the entrance slit of the hemisphere. The electrostatic lens is followed by two
metallic hemispheres on which a voltage is applied between them. This pro-
vides deflection of electron trajectories as a function of their kinetic energies
towards an exit slit, where a detector is placed.

The detector is equipped with a set of micro channel plates (MCPs) [100]
and a device capable of detecting amplified electrons, which can be for ex-
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Figure 4.3: A typical scheme view of HDA

ample a charge coupled device (CCD) camera, a resistive plate or a delay
line detector.

MCP is a glass wafer of silica covered with a thin semiconducting layer
that posses a strong characteristic of secondary electrons emission, it is com-
posed of several inclined channels that operate to promote contact between
the walls of the channels and the incident electrons. When the incident
electron interact with a micro-channel, several secondary electrons will be
pulled out, which will be accelerated by a high voltage applied between the
two electrodes causing a cascading process that produces several thousand
of electrons (electron avalanche).

Electrons between the hemispheres are subjected to the Lorentz force

~F = q ~E + q~v × ~B, (4.3)

where ~E is the electric field applied between the two hemispheres, ~v is the
velocity, q elementary charge and ~B is the magnetic field that equal to zero in
our case. In the present configuration the velocity is proportional to the root
square of the electric field applied between the two eco-centric hemispheres
such as

v ∝
√
qrE

me

, (4.4)

where r is radius and me is electron mass.
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The effective resolution of electron analyzer working in constant pass
mode is given by equation

R ≈ EpS

2r
, (4.5)

where R is the Full Width at Half Maximum (FWHM) of analyzer contribu-
tion to the experimental broadening, Ep is the pass energy and S is the slit
width. The resolution of EW4000 analyzer at Galaxies beamline is estimated
to be 1 eV at the pass energy of 500 eV and slit width of 0.8 mm. The pass
energy has an opposite relation with the slit width, the smaller is Ep, the
higher is resolution R.

4.5 Data handling

The recorded data with a certain photon energy needs preliminary treat-
ments before analysis, such as energy calibration and determination of the
experimental broadenings.

The needed calibrations vary between different experiments. In our cases,
it is necessary to calibrate the kinetic energy scale of the HDA, its transmis-
sion and the incident photon energy. For the calibration of the kinetic energy
scale of HDA, Auger lines were used due to their independency from the pho-
ton energy, i.e. changing the photon energy does not affect the position of
the Auger lines. The photon energies were calibrated using photoelectron
lines due to their dependency of photon energies. However, in the case when
possible, the use of absorption lines is the best way for photon energy cali-
bration.

To carry out energy calibrations in practice a reference from well-known
spectra features are needed, such as rare gas photoelectron and Auger lines.
The well-known features used for the kinetic energy calibration of the HDA
energies are Ne(KLL), Ar(KLL,KLM), Kr(LMM) and Xe(LMM) [101].
The photon energies were calibrated by measuring the photoelectron spectra
of Ar, Kr and Xe (1s, 2s, and 2p) [102]. The idea behind calibration is to shift
the recorded spectra by a ±∆E comparing to values reported in literature,
for example, intense features of the Ar KL2L3 Auger lines for the calibration
of HDA and Ar 1s photoelectron spectrum for calibration of the photon
energy.

To obtain precise lifetime broadenings from photoelectron and Auger
lines, it is necessary to isolate the values of experimental resolution first.
Having Gaussian profiles, they are contribution from HDA broadening and
from photon bandwidth. In the case of normal Auger spectra measured well
above threshold the photon bandwidth does not contribute to experimental
broadening. In the case of absorption spectra, HDA broadening does not
matter.
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The recorded lines have Voigt profiles, which is a convolution of Gaussian
and Lorentzian functions expressed as

G(x, σ) =
1

σ
√

2π
exp(− x2

2σ2
), (4.6)

L(x, γ) =
γ/π

x2 + γ2
, (4.7)

V (x, σ, γ) =

∫ +∞

−∞
G(x′, σ)L(x− x′, γ)dx′. (4.8)

Here σ is the standard deviation of the Gaussian G, in which the Gaus-
sian FWHM = σ

√
2 log 2. γ is the FWHM of the Lorentzian L. V is the

convolution G ∗ L.
The obtained Lorentzian FWHM corresponds to the sum of the lifetime

broadenings of the initial and final states. The obtained Gaussian FWHM
has several contribution and can be described by the following equation

ΓGaussian =
√

Γ2
Experimental + Γ2

Doppler−thermal + Γ2
Doppler−shift, (4.9)

where ΓDoppler−thermal is the broadening induced by the thermal agitation of
the atoms in the gas cell [103], and ΓDoppler−shift is the broadening induced
by the emitted electron that causes recoil movement to the ion [104]. In
this thesis work, the ΓDoppler−thermal and ΓDoppler−shift are small against the
ΓExperimental and have been neglected. Therefore, equation (4.9) reads

ΓGaussian ∼= ΓExperimental

ΓGaussian ∼=
√

Γ2
HDA + Γ2

Photon−bandwidth.
(4.10)

Determination of photon bandwidth at hard x-ray energy regime, for
example at 20 keV as reported in paper II is not a straightforward task.
This is due to the fact that photoelectron lines whose lifetime broadening is
small in comparison to the photon bandwidth are not accessible due to their
extremely high kinetic energy. Therefore, new approaches were applied for
experimental spectra measured at BL19XU and BL29XU beamlines. The Ar
1s, Kr 2p, Kr 1s and Xe 1s photoelectron lines were measured over a photon
energy range of 6 keV to 35.5 keV with different pass energies and slit widths
as shown in the Figure (4.4). The recorded spectra were fitted with Voigt
profiles, in which the widths of the Lorentzian and Gaussian functions were
set as free parameters. After subtracting the HDA broadening from the
total Gaussian, the rest of the width is then compared with the broadening
obtained from the simulation of the beamlines. Finally, the simulated values
can be described reasonably well using this linear relation: 0.871X − 0.019,
where the error of the slope was estimated to be ± 0.05.
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Figure 4.4: Measured and theoretical photon bandwidth at BL19XU and
BL29XU from 6 keV to 35.5 keV photon energy [105].
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CHAPTER 5

Results and discussion

5.1 Summary of article I

In article I, deep core orbitals of atomic iodine in the methyl iodide (CH3I)
and trifluoromethyl iodide (CF3I) molecules have been investigated exper-
imentally using HAXPES and theoretically with the aid of atomic MCDF
and molecular DF frameworks.

1s and 2s photoelectron spectra

The aim of the present iodine photoionization experiment was to answer to
what extend the created deep core hole feels its molecular environment. Is
there still an observable chemical shift in the binding energies of iodine 1s
and 2s levels in CH3I and CF3I molecules? Indeed, a chemical shift between
CH3I and CF3I molecules was observed with values of 1.3 eV and 0.7 eV for 2s
and 1s energy levels, respectively. The fairly small values can be understood
by considering the C-bridge acting as a charge buffer which nullifies most of
the charge effects arising from H or F atoms bound to carbon. The partial
charge distribution studies for the different individual C, F and H sites shows
drastic changes, but almost nothing is reflected to the I-site. This is because
of CH3 and CF3 parts are almost charge neutral. A chemical shift of 8 eV
was reported for C 1s between the two molecules.

It was also seen that the binding energies of iodine deep core orbitals
in CH3I and CF3I molecules are in agreement with the calculated binding
energies for neutral iodine rather than for Xe-like anion, despite of the fact
that iodine is highly electronegative. The extracted 1s and 2s core-hole
liftimes broadening are found to be in agreement with the core-hole lifetime
broadening extracted for the atomic xenon.
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LMX Auger spectra below and above 1s threshold

The LMX Auger spectra subsequent to L and K photoionization were also
studied. It was observed that CH3I and CF3I have virtually identical Auger
spectra and their overall spectral features are similar to the recently reported
LMX Auger spectrum for Xe [98]. The observed differences in intensities
are mainly related to differences in initial states populations between above
and below thresholds due to KL-emission.

To analyse the experimentally measured Auger spectra, high-level theo-
retical simulations were performed by including QED corrections. This was
done for neutral iodine and for Xe-like anion and it was seen that the experi-
mental spectrum lies between these two cases. The partial charge distribution
analysis was also carried out. It was observed that the slightly positive iodine
in neutral molecule gains more negative charge (withdraws charge from the
rest of the atoms in the molecule) as a function of the excess positive charge
in the core. This explains why the experimental spectrum lines between the
two calculated cases.

5.2 Summary of article II

In article II, krypton 1s photoelectron spectrum and subsequent Auger spec-
tra below and above 1s ionization threshold were recorded experimentally
using HAXPES and analyzed in detail theoretically with the aid of MCDF
framework.

Kr 1s photoelectron spectrum

The Kr 1s photoelectron spectrum was measured using photon energy of
about 20 keV. The spectrum was fitted using Voigt profiles and the extracted
binding energy (14327±3.4 eV) was found to be in agreement with the value
(14325.5 eV) obtained by our calculations using fac code.

The 1s−1 core-hole lifetime broadening was extracted (2.65±0.14 eV) and
the monopole shake-up satellite line positions were isolated with the aid
of Kr 2s photoelectron spectrum. In the simulated spectrum, the relative
intensities of the satellite lines with respect to the main line were taken from
the literature. The satellite lines are results of transition to 1s−1(4s, 4p)−1nl
final states and 1s−1(4s, 4p)−1 core-valence double ionization thresholds were
also assigned with aid of calculation.

Auger decay of Kr below and above 1s threshold

The experimental Auger spectra in the kinetic energy range of 1075-1750 eV
were measured above and below 1s threshold using photon energies of 16.5
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keV and 13.0 keV, respectively. High level theoretical simulations including
QED corrections showed that the Auger features produced in this kinetic
energy range arise from the decay of singly and doubly ionized L-shell states
induced by two relaxation pathways discussed in the next paragraphs.

In both cases, below and above 1s ionization threshold, analysis showed
Auger contributions from Kr1+ →Kr2+ and from Kr2+

CK →Kr3+ to the total
spectrum. However, contributions from Kr2+

LL →Kr3+ and Kr3+ →Kr4+ are
found only in the case of Above 1s threshold. Notations CK and LL denote
initial states arising from L1,2L2,3X Coster-Kronig and KLL Auger decay,
respectively.

Below 1s ionization threshold, the initial states are induced by direct
ionization of L-shell to Kr(2s2p)−1 states. Thus, those states undergo Auger
cascade to Kr2+ and Kr3+. The Kr2+ initial states can be also produced by
Coster-Kronig decay, such as

Kr1+(2s2p)−1 → Kr2+
CK(2p1/2,3/2)−1nl−1 → Kr3+,

where nl stands for 3p, 3d, 4s and 4p orbitals.

Above 1s threshold, L-hole states are reached via direct photoionization
of L-shell, and K-shell followed by fluorescence and Auger decay. Direct
ionization probability of L-shell is ∼ 13 % and the K-shell is ∼ 87 %.

The 1s-hole states decay further via KL-emission and KLX-Auger decay
with yields of ∼ 54% and ∼ 33%, respectively.

The KL-emission gives rise to 2p−1 hole states only, because transition
2s → 1s is forbidden. Meanwhile, L2,3-hole states undergo Auger cascade
to Kr2+, where there is a probability to produce Kr2+

CK by a Coster-Kronig
process 2p−1

1/2→2p−1
3/2nl

−1, nl stands for 4s and 4p orbitals, thus, these states

undergo also Auger decay to Kr3+.

Another relaxation pathway above 1s threshold is KLL and KLM Auger
decay, giving rise to Kr2+ that decays further to Kr3+. Note that Kr3+

(2p−1nl−2) states can Auger decay further giving rise to Kr4+. There is also
probability that Kr5+, Kr6+ and so on can be reached through multistep
Auger decay cascade. The first decay steps following K-shell ionization can
be summarized as

γ + Kr
∼87%−−−→ Kr1+(1s−1) + eph

54%−−→ Kr1+(2p−1) + γKα
25%−−→ Kr2+(2s2p)−2 + eKLL
8%−−→ Kr2+(2s2p)−1nl−1 + eKLM .
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5.3 Summary of article III

In article III, photoabsorption spectrum from partial electron yield, photo-
electron spectrum around the Br 1s−1 threshold and Auger spectra induced
by K and L ionization were investigated in details for Br in HBr molecule.
Following the HBr 1s−1σ∗ edge as a function of photon energy, ultra-fast
nuclear dynamics was investigated in subfemtosecond time scale.

Photoabsorption of HBr around Br 1s−1 threshold

Detailed analysis of recorded absorption spectrum in the photon energy range
of 13467-13489 eV is provided. A fit to the spectrum using Lorentzian profiles
display two edges found at 13475.1(1) eV and 13479.5(2) eV, referring to Br
1s−1σ∗ and Br 1s−15p, respectively. In addition, an arctan-profile was used
to fit the higher Rydberg states and the continuum cross section. The Br
1s core-hole lifetime broadening was also extracted from the spectrum and
estimated to be 2.66 eV.

HBr 1s−1 photoelectron spectrum

Detailed analysis of HBr 1s−1 photoelectron spectrum was reported. The
binding energy value of 13482.1(3) eV was extracted and compared against
atomic and molecular calculation giving values of 13481.65 eV and 13480.90
eV, respectively. The lifetime broadening from the photoelectron spectrum
was obtained to be 2.37 eV.

The extracted binding energy value form the experiment was found to be
in agreement with atomic-Br rather then Br− (krypton-like anion) despite
of high electronegativity of bromine atom. In this situation one would in-
tuitively assume to see the Br-site appear as Kr-like in the HBr molecule.
However, the reason is due to the fact that in H–Br chemical bond the dif-
ference of the electronegativity between the H and Br atoms is 0.7, which
means a mildly polar covalent chemical bond. Therefore, the Br-site is only
slightly negatively charged and appears to be as atomic-Br.

Auger spectra subsequent to Br K and L-shells

Energy positions, double core-hole lifetime broadenings and intensity fea-
tures of HBr KLL normal Auger spectrum were provided. The experimental
spectrum was supported with the aid of relativistic MCDF simulation which
was found to be in reasonable agreement with the neutral atomic-Br case.

In addition, the Auger spectra resulting from the Br1+ →Br2+ →Br3+

cascade decay below and above 1s threshold and on the Br 1s−1σ∗ resonance
(Br0+ →Br1+ →Br2+) in the energy range of 1000-1550 eV were analyzed
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and supported with relativistic MCDF simulations. The shapes of the spectra
were found to be similar to the atomic-Kr studied in paper II.

Study of nuclear dynamics

The analysis of HBr KLL resonant Auger spectra as a function of photon
energy close to Br 1s−1 threshold was reported. The excitation of 1s electron
to σ∗ antibonding orbital revealed a signature of ultra-fast nuclear dynam-
ics in subfemtosecond time scale. The dynamics are reflected on the kinetic
energies and FWHMs of the resonant Auger lines by exhibiting anomalous
kinetic energy dispersion (S-shape) and line narrowing as a function of pho-
ton energy. These observations are due to strong antibonding character of
the σ∗ orbital leading to elongation and breaking down of the H–Br chemical
bond in femtosecond time scale.

The effects were studied specifically in the case of 2p−2σ∗ (1D2) line. The
anomalous kinetic energy dispersion and line narrowing were analyzed using
a simplified version of Kramers-Heisenberg cross section for RAS. The fit
revealed that HBr 2p−2 double-core-hole lifetime is two times shorter than
the lifetime of HBr 2p−1 single-core-hole. This value is found to be in agree-
ment with the value extracted for the fit of normal KLL Auger spectrum.
In addition, the Kramers-Heisenberg formula provided direct access to the
reconstruction of the potential energy curve of HBr 2p−2σ∗ state, in which
the potential is represented by an exponential shape with a slope of -13.60
eV/Å.

The resonant HBr KLL Auger spectra resulting from 1s−1σ∗ and 1s−15p
excitations were supported with atomic MCDF calculation, in which the
neutral atomic Br 1s−14p and Br 1s−15p initial states are assumed to mimic
the molecular states. It is found that the calculated KLL Auger spectrum
resulting from Br 1s−14p is in agreement with the spectrum resulting from
the HBr 1s−1σ∗, however, the agreement in energy is coincidental because
bond length elongation during the lifetime 1s−1σ∗ state is practically zero.
This apply also in the case of HBr0+ →HBr1+ →HBr3+ cascade Auger decay.
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CHAPTER 6

Conclusion and future prospects

The availability of hard x-ray synchrotron radiation has made it possible to
investigate deep core holes in heavy elements via single photon excitation.
Therefore, multitude of interesting phenomena induced via photoexcitation,
subsequent Auger decay cascade and dynamics were studied. Relativistic
MCDF and DF atomic and molecular calculations were used in which also
quantum electrodynamics corrections played a crucial role in data interpre-
tation.

In CH3I and CF3I molecules a chemical shift is reported for iodine 1s
and 2s orbitals indicating that the deep core orbitals are influenced by the
bonding orbitals. Detailed analysis of the Auger spectra below and above the
K-edge showed that more the iodine-site becomes positive more it attracts
negative charge from the rest of the molecule and more the valence orbitals
in the iodine-site become xenon-like. However, even doubly ionized in the
deep core, iodine-site is not fully xenon-like, but something in between to
neutral iodine.

In atomic krypton, the 1s photoelectron spectrum and subsequent Auger
decay below and above K-edge were recorded using HAXPES technique and
studied theoretically in detail using MCDF framework. The 1s−1(4s4p)−1n`
satellite structure following Kr 1s main line was studied and assigned. The
subsequent Auger spectra below and above K-edge excitation was studied
in the range of Kr1+ → Kr4+ decays revealing different pathways such as
KL-emission and Auger Coster-Kronig.

In the HBr molecule, photoexcitation around K-edge, the subsequent
Auger spectra below and above K-edge as well as on the top of 1s → σ∗

resonance were studied in detail with the aid of MCDF and DF frameworks.
The obtained Auger spectra were found to have similar shapes as atomic
krypton. The analysis of KLL Auger spectra as a function of photon energy
around 1s → σ∗ resonance revealed ultrafast nuclear dynamics in the sub-
femtosecond time scale due to strong dissociative character of the σ∗ orbital.

The present research work showed the importance of the HAXPES tech-
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Conclusion and future prospects

nique in the study of the deep core electronic structure of atoms and molecules
by providing multitude of interesting phenomena. The ab-initio simulations
including QED corrections showed to be a valuable asset for precise inter-
pretation of the data. This thesis contribute to a better understanding of
heavy element containing molecules. The results add a valuable piece to the
knowledge in the field of hard x-ray spectroscopy and will be of interest of
both theoretically and experimentally oriented researchers.

In the future these type of studies could be carried out also at upcoming
hard x-ray free-electron lasers, where the study of many-photon deep core
ionization is possible. In such cases the relativistic and QED effects studied in
this thesis would be even more pronounced. The present work serves also as
an important reference for interpretation of spectra recorded at free-electron
lasers. The studies can be also extended to cover more complex molecules,
where the chosen targets are relevant in understanding, for example radiation
damage in x-ray imaging and radiotherapy, and production of free radicals
via aerosol bond breaking in atmospheric chemistry.
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[104] M. Simon, R. Püttner, T. Marchenko, R. Guillemin, R. K. Kushawaha,
L. Journel, G. Goldsztejn, M. N. Piancastelli, J. M. Ablett, J.-P. Rueff
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