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ABSTRACT
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Free Clusters. Acta Universitatis Upsaliensis.Digital Comprehensive Summaries of Uppsala
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Resonant electron spectroscopy has been performed on the diatomic molecules CO, N2 and
HCl. Core-excitations were made to bound and dissociative intermediate electronic states. Fun-
damental interference phenomena are observed and discussed in the framework of ”X-ray Ra-
man Scattering Theory”. For C1s → π∗ core-excited CO higher vibrational levels, which are
difficult to discerne in a total yield photoabsorption spectrum, are revealed. For N1s → π∗

core-excited N2 the interaction of the B2Σ+
u final state with the neighbouring C2Σ+

u state leads
to breakdown of the commonly used ”participator” and ”spectator” classification. For negative
photon frequency detuning with respect to the same resonance, an interference quenching of a
certain vibrational line in the X2Σ+

g final state of N+2 has been observed and analysed, showing
a novel way to determine the equilibrium bond distance of the core-excited state. The duration
time concept for the scattering process is refined in terms of partial and mean duration time,
explaining detuning asymmetries for the X2Σ+

g , A2Πu and B2Σ+
u final states of N+2 . The role

of monochromator stray-light on the formation of electron spectra has been investigated in the
vincinity of the N1s → π∗ resonance of N2, a method to drastically reduce undesired ”Stokes
spectral features” is demonstrated. The decay of a triply-excited intermediate state in N2, loc-
ated above the N1s ionisation threshold, has been studied, revealing a ”double spectator” type
mechanism. In HCl the decay to the4σ−1 inner valence region upon excitation to the ultra-
fast dissociativeCl2p−16σ∗ intermediate state exhibits a novel type of interference involving
”atomic” and ”molecular” decay channels, giving rise to a ”continuum-continuum interference
hole” in the electron spectrum. A selective population of spin-orbit split final state vibrational
components has been observed in the decay to the X2Π final state in HCl+ upon photon energy
tuning to either of the spin-orbit split components of theCl2p−16σ∗ core-excited state.

Direct photoelectron spectroscopy on free, neutral Ar, Kr and Xe clusters has been per-
formed and changes in the electronic structure upon cluster formation has been investigated.
Band structure formation for some of the inner valence levels is encountered, making a descrip-
tion of these orbitals in the sense of localised or delocalised difficult. The first resonant Auger
electron spectra of free rare gas clusters are presented and discussed. A ”spectroscopic loop”
method to decompose complex cluster photoabsorption spectra is experimentally demonstrated.
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Introduction

Atoms and molecules, both in uncondensed (free) and condensed forms (li-
quids and solids) are the building blocks of daily life. If two or more atoms
interact, they might start sharing electrons and if their total energy is lowered
upon interaction, bonds will be formed, which results in naturally occuring
ensembles, molecules. Furthermore, ensembles consisting of atoms or mo-
lecules can be artificially created in laboratories under certain conditions and
are referred to as clusters.

The bonding mechanism between atoms in molecules, clusters and other
condensed forms can be of different character. One typically divides the dif-
ferent types of bonding into covalent, ionic, metallic and van der Waals. Co-
valent bonding is due to the sharing of electrons between the involved atoms
and is present in all molecules existing as such in nature. In addition to that, an
electrostatic attraction between heteronuclear atoms might occur due to a po-
larisation of the charge, like e.g. in NaCl, resulting in ionic bonding. For atoms
which have only a few electrons in the outer shells, the ”valence” shells, like
the alkali atoms, the valence electrons are highly delocalised upon condensa-
tion, forming a collective ”electron gas” which is smeared out over the entire
crystal. This is an extreme case of covalent bonding existing in metals and is
therefore referred to as metallic bonding. Finally, in cases where atoms or mo-
lecules have only closed electronic shells, neither covalent nor ionic bonding
is possible. However an electrical dipole-dipole interaction occurs between
the atoms or molecules, either due to already existing dipole moments like it
can be found for many molecules, or due to fluctuations in the electron cloud,
giving rise to induced dipole moments in atoms or molecules. This is known
as van der Waals bonding.

All bonding mechanisms have something in common; they depend on the
electronic distribution. Thus, it is essential to investigate the electronic struc-
ture of any kind of matter. A direct way to study the electronic structure of mat-
ter is to expell electrons from sample atoms into the vacuum by irradiating the
sample with light - to ”photoionise” - and to analyse the kinetic energy of the
released electrons. This can be done either directly in a non-resonant process
or indirectly in a resonant process where an inner electron, a ”core-electron”,
is promoted to an unoccupied valence orbital - the sample is ”photoexcited” -
and the kinetic energy of a subsequently emitted electron, an ”Auger” electron

1



is analysed. The experimental technique is generally referred to as ”electron
spectroscopy”.

Due to induced changes in the bonding upon photoionisation or photoexcit-
ation of the system, dynamical processes due to the nuclear degrees of freedom
in polyatomic systems will occur. In particular, molecules and clusters may vi-
brate, rotate or dissociate, giving rise to dynamical structures like vibrational
(rotational) progressions or fragment (atomic) lines showing up in the electron
spectra. This offers the possibilty not only to investigate the electronic struc-
ture as such, but to study as well the nuclear dynamics of such systems with
electron spectroscopy.

In this Thesis the electronic structure of molecules and clusters is invest-
igated. The main experimental technique used is electron spectroscopy per-
formed at third generation synchrotron light sources. The major part of the
Thesis deals with resonant Auger electron spectroscopy on the diatomic mo-
lecules CO, N2 and HCl. Core-excitations were made to bound and dissociat-
ive intermediate electronic states and the resulting electron spectra have been
analysed with respect to both the electronic transitions themselves and the dy-
namical structures revealed in these spectra. The dynamical aspects are physic-
ally interpreted in the framework of ”X-ray Raman Scattering Theory” and the
”duration time concept” for the formation of the resonant Auger electron spec-
tra, whereby fundamental interference phenomena are investigated, revealed
and discussed in particular on the grounds of the ”Kramers-Heisenberg form-
alism”.

The second part of this Thesis deals with electron spectroscopy of free, van
der Waals bound rare gas clusters. The electronic structure of Ar, Kr and Xe
clusters is investigated by means of both conventional photoelectron spectro-
scopy and resonant Auger electron spectroscopy. In particular, changes in the
electronic structure of Ar, Kr and Xe upon cluster formation is investigated
with direct photoelectron spectroscopy, focusing on the aspect of localisation
and delocalisation of the electron orbitals, and the first resonant Auger electron
spectra of free rare gas clusters are presented and discussed.

The Thesis is organised in the following way: Chapter 2 deals with the ba-
sics of electron spectroscopy and related techniques. Fundamental processes
occuring in atoms, molecules and clusters upon light exposure are briefly re-
capitulated. In Chapter 3 we discuss the technical aspects of electron spectro-
scopy as it has been performed in the experiments reported in this Thesis. A
short introduction into synchrotron radiation is given and a short description
of the experimental set-ups used for recording the experimental data is made.
Chapter 4 is devoted to molecular physics. The necessary theoretical back-
ground for an understanding of the specific results of this Thesis is provided
and a summary is given of the major results of the papers included in the Thesis
which are dealing with resonant Auger electron spectroscopy on molecules.
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Chapter 5 is dedicated to clusters. The basic ideas of cluster physics are out-
lined, the cluster production machine used for the studies is described and the
major results of the papers included in the Thesis which are dealing with elec-
tron spectroscopy of clusters is given. The Thesis is ended with a somewhat
speculative outlook into the future.

3



Basics of Electron Spectroscopy and Related
Techniques

In this Chapter we will discuss fundamental processes occuring in atoms, mo-
lecules and clusters upon light exposure. Furthermore, the principle of electron
spectroscopy and related techniques will be discussed.

2.1 Development of Electron Spectroscopy
Historically important events for the development of electron spectroscopy
were the observation in 1887 by H. Hertz, that zinc irradiated with light of
not too large wavelength lost negative charge [1], and the discovery of X-rays
in 1895 by W. C. R̈ontgen [2]. Hertz’s observations of a ”photocurrent” and
its characteristics (a threshold wavelength related to the material of the cath-
ode, a saturation of the current and a dependence of the saturation current on
the intensity of the light) were confirmed in 1888 by W. Hallwachs [3], and in
1894 by Ph. Lenard [4]. A. Einstein explained all these findings in a remark-
ably consistent way in his theoretical paper from 1905 entitled ”Über einen die
Erzeugung und Verwandlung des Lichtes betreffenden heuristischen Gesicht-
spunkt” [5]. Since then the process is referred to as the ”photoelectric effect”
(see Fig. 2.1).

Briefly, a photon with energyhν interacts with a target, an atom ”A”. If the
energy of the photon is sufficiently high and if the photon is absorbed by the
atom, one (or several) electron(s) will be released with kinetic energyEkin.
Conservation of energy leads to the formulation of the photoelectric law (A.
Einstein, 1905),

Ekin = hν − Ebin, (2.1)

whereEbin is the binding energy of the electron, or the ionisation energy as
it is often called. The high accuracy with which this formula could reproduce
the photoelectric phenomena was proven in 1916 by R. A. Millikan and it
allowed him to give a very exact value of Planck’s constanth (Ref. [6]).

The distribution obtained when recording the intensity of photoelectrons
as a function of kinetic energy for a given photon energyhν is known today
as a ”photoelectron spectrum”. Early attemps were made to carry out such
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Figure 2.1: A schematic illustration of the photoelectric effect.

experiments in the 1920’s, but they were all unsuccessful due to technical dif-
ficulties. It was not until the 1950’s that the first photoelectron spectra could be
recorded by Kai Siegbahn and coworkers in Uppsala [7]. These spectra were
obtained making use of X-rays and spectrometers based upon progress made
in nuclear sciences. In electron spectroscopy, the kinetic energy of an electron
is measured by letting the electron pass through a dispersive element which
typically consists of two hemispherical electrodes put at a certain voltage, an
electrostatic analyser.

Since the pioneering days, other radiation line sources like helium lamps,
lasers etc. were introduced. One of the most powerful light sources available
today are synchrotrons as we will discuss in more detail in Sec. 3.1 below.
Furthermore, electrostatic analysers have been tremendeously improved and
are commercially available nowadays (see Sec. 3.2.2 below).

2.2 Photoionization, Photoexcitation and Auger Processes
The electronic structure of an atom, molecule or cluster can be divided into
valence levels and core levels. The valence levels correspond to the outer elec-
tronic shells and the core levels to the inner electronic shells (see Fig. 2.2).

If we expose an atom, molecule or cluster to tunable light, we can manip-
ulate the electronic structure of the system in different ways. Depending on
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Figure 2.2: A schematic figure illustrating possible processes occuring upon
photon impact. Depending on the energy of the incoming photon,
either a valence electron (left panel) or a core electron (middle
panel) is directly released into the continuum, or a core electron
is resonantly promoted to an unoccupied valence orbital (right
panel).

the energy of the incoming photon, we can either directly remove a valence
electron or a core electron, leading to singly-ionized electronic state configur-
ations, or we can resonantly promote a core electron to one of the unoccupied
valence orbitals, leading to neutral excited electronic state configurations as
schematically shown in Fig. 2.2. As all these processes involve photon im-
pact, the weight of spectral lines is governed, within the validity of the electric
dipole approximation (see discussion in Sec. 2.4 below), by the dipole operator
with its restricting selection rules.

As we can see from Fig. 2.2, both the core ionisation and the core excitation
processes create a hole in one of the inner orbitals, a ”core-hole”. Core-holes
are rather short-lived (a typical lifetime of core holes is in the order of a few
femtoseconds (10−15 sec)) and will be filled by one of the outer electrons. The
released energy will either create an X-ray photon (radiative decay channel) or
cause another valence electron to be thrown out of the atom (non-radiative de-
cay channel). The latter process was discovered in 1925 by Pierre Auger (Ref.
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[8]) and is named after him as the ”Auger effect” (see Fig. 2.3). The radiative
decay channel can be investigated by means of ”X-ray emission spectroscopy”
as developed in the 1920’s by Manne Siegbahn [9], whereas the Auger decay
can be studied with an electron spectrometer.

Core ionisation

hn

Core excitation

hn

Auger decay

2-h state

Participator decay

1-h state

Spectator decay

2-h 1-p state

Figure 2.3: Non-resonant (normal) and resonant Auger decay processes. The
normal Auger process leads to two-holes final state configurations
(doubly-ionized). The resonant Auger processes can be classified
into participtor decays, leading to single-hole final state configur-
ations (singly-ionized), and spectator decays, leading to two-holes
one-particle final state configurations (singly-ionized).

If the initial process is core ionization, the subsequent non-radiative decay
process is denoted as ”normal Auger effect”, leaving the system in a doubly-
ionized (2-holes) final state configuration. Normal Auger electrons can easily
be distinguished from conventional photoelectrons, as the kinetic energy of a
normal Auger electron is independent of the photon energy, but depends only
on the separation of the involved energy levels (see Fig. 2.3).

If the initial process is core excitation, the non-radiative decay process is re-
ferred to as ”autoionization” or ”resonant Auger effect”. Depending on if the
excited core electron participates in the decay or if it remains in the valence or-
bital and ”watches” the filling of the core-hole by another electron, the decay
mechanisms are distinguished as ”participator” and ”spectator” decays, leav-
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ing the system singly-ionized either in a 1-hole final state configuration or in
a 2-holes 1-particle final state configuration. The participator decay mechan-
ism apparently leads to singly-ionized final state configurations which are also
directly reached by valence photoionization (cf. Figs. 2.2 and 2.3), but due
to the presence of an intermediate electronic state in the case of autoioniza-
tion, the intensity distribution in the resulting electron spectra will be different.
Indeed, a comparison between valence photoionization spectra and resonant
Auger spectra is commonly done as we will see below in Chapters 4 and 5.

The classification in terms of ”participator” and ”spectator” transitions re-
lies upon a rather simple model, which may not always be applicable, in partic-
ular in cases where the final electronic state under investigation is interacting
with a neighbouring electronic state of the same symmetry. A case like this
was found for the N2 molecule and will be discussed in more detail in Sec.
4.2.2 below (see Paper III of this Thesis).

Furthermore, if some valence electrons are excited along with a core elec-
tron upon photon impact, several electrons will be involved in the deexcitation
process, leading to more advanced decay mechanisms. An example for this
is the resonant Auger decay of N2 following triple-excitation, which preferen-
tially shows a ”double spectator” type of decay (see discussion in Sec. 4.2.6
below and Paper VIII of this Thesis).

Both the non-resonant and resonant decay processes discussed in this sec-
tion depend on the Coulombic interaction of the electrons of the system and
therefore the spectral weight is governed by the Coulomb operator which is
much less restrictive than the dipole operator. Nevertheless, in some cases the
autoionization process follows some kinds of propensity rules as was recently
observed in the resonant Auger decay ofCl2p−16σ∗ core-excited HCl to the
X2Π final state (see discussion in Sec. 4.4.1 below and Paper X of this Thesis).

2.3 Absorption Techniques
Above we have seen that in conventional photoelectron spectroscopy one meas-
ures the intensity distribution of electrons emitted at a fixed photon energy as
a function of their kinetic or binding energy. This is typically done by sweep-
ing the voltages applied to the hemispherical electrodes. In resonant Auger
electron spectroscopy one basically does the same, but now the photon energy
is tuned to resonantly induce a certain transition between a core-level and an
unoccupied valence level. In order to determine the energies of the resonant
transitions, one needs to record the absorption probability (intensity) of the
photons as a function of their energy. This is referred to X-ray Absorption
Spectroscopy (XAS) or Near Edge X-ray Absorption Fine Structure (NEX-
AFS) spectroscopy [10]. Whereas conventional photoelectron spectroscopy
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directly probes occupied levels, X-ray absorption spectroscopy directly probes
unoccupied levels.

There are different possibilities to obtain the absorption profile of a sys-
tem. One can either measure the attenuation of the light beam by using e.g.
a photodiode after the sample (direct method), or one can record the yields of
secondary processes occurring upon photon impact like e.g. the creation of
ions and electrons (indirect method). In gas phase spectroscopy, the secondary
processes are preferably used.

By using a capacitor-based absorption chamber as e.g. shown in Ref. [11],
one can either use the ion signal or the electron signal. If the ion signal is used,
the technique is referred to as total ion yield X-ray absorption spectroscopy
(TIY-XAS) (see e.g. Paper I of this Thesis), and if the electron signal is used,
the technique is referred to total electron yield X-ray absorption spectroscopy
(TEY-XAS).

Alternatively, one can use an electron spectrometer for recording the elec-
tron signal as a function of photon energy. By doing this, one has to choose
a certain kinetic or binding energy range for the electrons being accepted by
the detector of the spectrometer. If this energy range is chosen to be several
tens of electron volts broad, the resulting absorption profile will mimic the
total ion yield or the total electron yield absorption profile to a very high de-
gree of accuracy. Therefore, the absorption profile recorded in this way could
be regarded as a ”pseudo” total electron yield X-ray absorption spectrum. If,
however, the kinetic or the binding energy range is very limited (e.g. to only
one final electronic state) the resulting absorption spectrum might be quite dif-
ferent from the total yield spectra and the technique is then denoted as partial
electron yield X-ray absorption spectroscopy (PEY-XAS). In addition to that,
one can find in the literature the terminology ”constant initial state” (CIS) spec-
troscopy for the case of a fixed binding energy interval, and the terminology
”constant final state” (CFS) spectroscopy for the case of a fixed kinetic energy
interval (see e.g. Refs. [12, 13]). In the present context of gas phase spec-
troscopy, these terminologies do not seem to be very appropriate, as e.g. the
initial state is always the ground state. Therefore we consider these notations
rather as names than meaningful terminologies in what follows.

There are several nice examples in the literature showing the capability of
partial electron yield spectroscopy. In Ref. [14], the CFS-method was ap-
plied in order to record the N1s → π∗ photoabsorption profile of N2 with a
substantial line narrowing effect, i.e. the often dominating contribution of the
core-hole lifetime to the experimental linewidth in total yield X-ray absorp-
tion spectra could be almost completely removed in this particular case. In
Refs. [15, 16] the CIS-method was used in order to disentangle the compos-
ition of the core-excited state which might contribute differently to different
final electronic states. In Paper II of this Thesis, the CIS-method was found
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to be very useful in order to improve experimentally the signal-to-background
ratio and thus to resolve additional, weakly populated vibrational components
of the C1s → π∗ core-excited state of the CO molecule (see discussion in
Sec. 4.2.1 below). Furthermore, in Paper XII of this Thesis we demonstrate
the usefulness of the CFS-method in the field of free clusters, in order to trace
the origin of certain resonant Auger lines appearing in an electron spectrum of
Ar-clusters. It is shown that, by limiting the kinetic energy interval of the elec-
tron spectrum to a certain Auger line, the complex total yield photoabsorption
profile of a cluster sample can be decomposed in uncondensed (atomic) and
condensed (cluster) contributions (see discussion in Sec. 5.4.2 below).

2.4 Angular Distribution of Electrons
Atomic, molecular and cluster orbitals have a spatial distribution of electrons.
Therefore, the experimentally measureable intensities of electrons are expec-
ted to show an angular dependence. The electric dipole approximation assumes
that the electromagnetic field of the photon beam,exp(ikr), expanded into a
Taylor series,1 + ikr + ..., can be truncated to unity. All higher order in-
teractions, such as electric quadrupole and magnetic dipole interactions, are
neglected in this level of description. When this is applied to the emission of
electrons upon photon impact, one arrives at the following expression for the
measureable intensityI(Θ), the differential cross section,dσ

dΩ ,

I(Θ) =
dσ

dΩ
=

σ

4π
(1 +

β

2
(3cos2Θ − 1), (2.2)

which describes the angular distribution of ejected electrons from a ran-
domly oriented gasphase sample, excited with 100% linearly polarized light
[17]. HereΘ is the angle between the direction of the electric field vector of
the light and the direction of the emitted electron,σ is the angle integrated
cross section of a specific state andβ is the asymmetry parameter which is
independent of the angleΘ, but can have some dependence on the kinetic en-
ergy of the electrons or the excitation energy. Theβ-parameter can take values
between -1 and 2, and in Fig. 2.4 we show the angular distribution plotted for
these values.

Let us consider the photoionization of an atomic 1s orbital as an example.
The electron in an s-orbital has an angular momentum ofl = 0. Upon photon
impact, an angular momentum ofl = 1 will be added to the angular mo-
mentum of the s-electron, according to the dipole selection rule∆l = ±1, and
the outgoing photoelectron will leave the system as a p-wave. This corresponds
to the situationβ = 2 in Fig. 2.4, which shows maximum intensity in plane
of the polarization vector and almost zero intensity in plane perpendicular to
the polarization vector. These arguments can easily be extended and e.g. the
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Figure 2.4: The asymmetry parameterβ at different angles relative to the po-
larization plane of the radiation.

photoionization of a p-orbital will result in a photoelectron with angular mo-
mentuml = p ± 1, i.e. a superposition of an s- and d-wave character, which
will correspond to aβ-value between 0 and 2 according to Fig. 2.4. It is in-
teresting to note from Fig. 2.4 that all angular distributions cross each other in
four (symmetrical) points where they are independent of theβ-parameter. One
of these point is indicated by a dashed line and appears at an angle of54.7◦

relative to the polarization vector of the light. This angle is referred to as the
”magic angle” since the intensity distribution measured here does not depend
on the wave-character of the emitted electron.

It is worthwhile pointing out that the asymmetry parameterβ describes
completely the angular intensity distribution within the dipole approximation.
Eq. 2.2 means in particular that the electron distribution is assumed to be sym-
metric in forward and backward directions along the propagation direction of
the light. Therefore, in order to fulfill experimentally the validity of the dipole
approximation, it is important that the set-up is mounted in a plane perpen-
dicular to the propagation direction of the linearly polarized light (see Secs.
3.2.2 and 3.3.2 below), which defines the so-called ”dipole plane”. If the set-
up is mounted within an angleΦ �= 90◦ between the propagation vector of the
light and the entrance slit of the set-up (i.e. out of the dipole plane), a for-
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ward/backward asymmetry in the electron angular distribution is expected and
higher order corrections need to be taken into account in eq. 2.2 (see e.g. Ref.
[18]).

For molecules and clusters core ionization is essentially atomic-like (see
e.g. discussion in Sec. 5.4.1 below and Paper XI of this Thesis). For valence
ionization, however, the picture is much more complicated, as valence orbitals
in molecules and clusters are delocalized, and the atomic character is therefore
not preserved. In molecular systemsβ-parameters are known to depend on the
photon energy (Refs. [19, 20]), the electronic state (Refs. [21, 22]) and, in
special cases, the vibronic state of the molecule (Ref. [23]), the presence of
continuum resonances (Ref. [24]) and interchannel coupling (Ref. [25]). For
clusters, not much is known so far. Indeed, this is currently under investigation
and one of the first results for core ionisation of free clusters have very recently
been achieved (Ref. [26]).

Similar to the angular dependence of direct photoionization, normal Auger
decay and resonant Auger decay should exhibit an angular dependence (see
Refs. [27, 28, 29, 30, 31]). For normal Auger decay only very small angular
effects have been encountered so far (see e.g. Refs. [32, 33]), whereas for
resonant Auger decay in atoms (see e.g. Ref. [33]) and in particular for mo-
lecules, strong angular effects have been observed (see e.g. Refs. [34, 35, 36]).
If one can consider the Auger decay as a two-step process, theβ-parameter
for the angular distribution of the Auger electrons can be written as a direct
productβ = AβA (cf. Refs. [34, 35]). Here,A describes the initial core-
excitation step (photoabsorption) andβA describes the parameter characteriz-
ing the asymmetry of the secondary Auger process. In a gas cell, molecules are
randomly oriented relative to the electric field vector of the linearly polarized
light. If we take as an example the core excitation from an s(σ) orbital to a
molecularπ orbital, theπ orbital being localized perpendicular to the molecu-
lar plane, then those molecules perpendicular to the electric field vector will
preferentially be excited and those parallel won’t. This results in a ”select-
ive alignment” of molecules due to the photoabsorption process and therefore
the parameterA is referred to as ”alignment parameter”. Accurate values of
A can be gained from symmetry-resolved photoabsorption spectroscopy (see
Ref. [35] and refs. therein). IfA is known andβ is measured with a photo-
electron spectrometer, than the instrinsic asymmetry parameter for the Auger
decay can be extracted according toβ = AβA.
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Experimental Set-up

This Chapter deals with the experimental set-up used for high resolution elec-
tron spectroscopy and related techniques on free molecules and free clusters.

3.1 Synchrotron Radiation
In order to resonantly populate neutral, core-excited, intermediate states in
molecules and clusters, one preferably likes to use a tunable light source with
high photon flux in the entire soft X-ray region, i.e. from 50 eV up to 1500
eV. Due to the lack of suitable table-top lasers or other tunable light sources
for this spectral region, one commonly uses nowadays synchrotron radiation
sources for such types of experiments. Almost all of the results presented in
this Thesis were achieved at the third generation synchrotron radiation storage
ring MAX II (see Fig. 3.1), MAX-lab, Lund, Sweden. The exception is Paper
VIII, where the experiments were carried at the third generation synchrotron
radiation facility SPring-8, Hyogo, Japan (see Sec. 3.3 below).

As known from classical electrodynamics, a charged particle emits electro-
magnetic radiation when it is submitted to a force [37]. An electron becomes
an extremly efficient source of radiation if its energy is rised so that it travels
nearly with the speed of light and if it then is subjected to strong magnetic
fields. This radiation was first observed by human eye on April, 24th, 1947,
at the General Electric 70 MeV synchrotron by Floyd Haber [38], and has
since then be called synchrotron radiation. Since these early days, synchrotron
radiation has developed a lot. The properties of synchrotron radiation are man-
ifold. They can be found in greater details in textbooks like e.g. Refs. [39, 40]
and a summary of the most important ones can be found e.g. in Ref. [41].
Thus, only the most relevant properties for this Thesis will be recapitulated in
what follows. As an example of a synchrotron radiation facility, the Swedish
National MAX-laboratory (MAX-lab) will be used for the following discus-
sion. A schematic overview of MAX-lab is shown in Fig. 3.1. Three different
storage rings can be seen, the MAX I storage ring which has a circumference
of 32.4 m and is operating at 550 MeV, the MAX II storage ring which has a
circumference of 90 m and is operating at 1.5 GeV and the presently upcoming
MAX III storage ring which will be of the same size as MAX I and which will
be operating at 700 MeV.
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Figure 3.1: A schematic overview of the MAX laboratory showing the MAX
I and the MAX II storage rings which are routinely operating. A
new storage ring ”MAX III” is at present under construction. It is
dedicated for the production of third generation synchrotron light
in the infrared and low soft X-ray energy region.

In a storage ring electrons circulate in a magnetic lattice closely to the speed
of light, and when their trajctories are bent by dipole magnets in order to force
them circulating in a closed orbit, they emit electromagnetic radiation due to
centripetal acceleration. In order to keep them in the same orbit, energy has
to be fed back which is usually done with a radio frequency (rf) electric field.
The intense photon beam is emitted into a very narrow cone in the direction of
travel of the electrons.

First generation synchrotron radiation sources were not built for the purpose
of light production, but for accelerating particles to high velocities and to use
them for bombarding target samples or colliding them with other particles (i.e.
mainly for nuclear experiments). The synchrotron light was regarded at this
time as an undesired byproduct. Synchrotron radiation emitted at a bending
magnet gives a large range continuous spectrum. It didn’t take too long time
since the idea was born that it could be useful for other branches in natural
sciences, like e.g. atomic and molecular physics. In the beginning, synchro-
trons of the first generation were parasitely used for this type of research. Later
on, storage rings were built dedicated and optimised for the production of syn-
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chrotron radiation and they are referred to as second generation machines in
the literature. The MAX I storage ring (see Fig. 3.1) was originally a first
generation machine, but it was later on optimised for the production of syn-
chrotron light. Until today, both nuclear experiments and experiments making
use of the synchrotron light are performed at this storage ring in a part-time
sharing mode.

As the technique developed further, it was realized that the photon flux can
be drastically enhanced by arranging several magnets in a way that the elec-
trons change direction several times. Such magnet arrays are typically inserted
into the empty straight sections of the storage ring (a storage ring is never a
ring; cf. Fig. 3.1) and are therefore called ”insertion devices”. The most com-
monly used insertion devices are undulators and wigglers. A schematic picture
of an undulator or a wiggler is shown in Fig. 3.2.

Figure 3.2: Schematic arrangement of an undulator or a wiggler.

The period of the magnets is such that the magnetic field is of alternat-
ing direction and hence the electrons ”wiggle” through the undulator or the
wiggler. The main difference between undulators and wigglers is, that in an
undulator constructive interference is achieved between light pulses emitted
at different magnets, i.e. the period length of the sinusoidal trajectory of the
electrons agrees with the emitted wave length. Such a phase relation of the
emitted light is not given in a wiggler. Thus a typical undulator spectrum con-
sists of sharp peaks or harmonics, whereas a typical wiggler spectrum has a
fairly even intensity distribution over a certain energy range, very similar to
a bending magnet spectrum. The period of a wiggler is usually smaller and
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the strength of the magnets is higher than in an undulator. Wigglers are there-
fore suitable to generate synchrotron radiation at high flux in the hard X-ray
spectral region, whereas undulators are often used in the soft X-ray spectral
region. The energy of the harmonics in an undulator spectrum as well as the
intensity maximum of a wiggler spectrum are determined by the strength of the
magnetic field, which can be varied in the case of insertion devices based on
permanent magnets by changing the distance (gap) between the magnet arrays
(see Fig. 3.2). Insertion devices are characteristic for a third generation storage
ring like the MAX II storage ring is. MAX II houses today three undulators
and three wigglers and a fourth undulator is under design. It is worthwhile
mentioning that the MAX I storage ring was already in the beginning of the
1990’s equipped with two undulators. These devices are, however, not in use
anymore due to the relocation of experimental stations from the MAX I to the
MAX II storage ring.

Synchrotron light sources, in contrast to traditional laboratory sources such
as rotating anodes and discharge lamps for the UV and soft X-ray regions,
provide continuously tunable light at high flux and at high photon energy res-
olution. The light is emitted in pulses separated by several tens of nanoseconds.
The radiation is highly directional, which means that a very large portion of
the total flux can be used. The light emitted in the plane of the electron orbit is
linearly polarized. By going above or below this reference plane, the light be-
comes elliptically polarized with varying and opposing helicities, depending
on if one looks above or below the plane, and how far one looks. Further-
more, by either combining the magnetic structures of two planar undulators in
a crossed scheme or by arranging the magnets in insertion devices in a specific
way like e.g. shown in Fig. 3.3, one can produce ellipitically or even circularly
polarized synchrotron light at high flux. An elliptically polarized undulator is
currently under design for the MAX II storage ring (the fourth undulator).

The device shown in Fig. 3.3 is quite common at high energy rings like e.g.
SPring-8 in Japan (see discussion in Sec. 3.3.1 below). In this design a helical
field is produced by using 3 arrays of permanent magnets above and below the
main axis of the electron propagation. The central array of magnets generates
the vertical field, while the outer arrays generates the horizontal field. The
strength of the magnets is chosen in a way that both fields have equal amplitude
and thus generate a helical field. To change the light polarisation from left to
right and right to left, one simply slides the central magnet arrays back and
forth, a process that is denoted as ”phasing” in Fig. 3.3. We will come back to
this undulator design in Sec. 3.3.1 below.

The harmonics of an undulator have a finite width in the order of several
eV’s. This is usually too broad to perform high resolution spectroscopy and,
thus, additional optics for further monochromation is needed. Therefore, and
since there might as well be the requirement of having a small light spot at
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Figure 3.3: The magnetic arrangement of an helical undulator as used at
SPring-8.

the sample compartment, one assembles optical elements to a ”beamline” for
accommodating the light beam for a certain type of experiment (see e.g. Secs.
3.2 and 3.3 below).

Fourth generation synchrotron light sources will incorporate spontaneous
emission of synchrotron light, utilizing interaction between the electron bunches
passing through an undulator and the light pulses emitted. These light sources
are called ”Free Electron Lasers (FEL)” and very long undulators, i.e. many
more magnetic periods than so far used in undulators at third generation ma-
chines, are needed in order to achieve ”Self-Amplification of Spontaneous
Emission (SASE)” in the ultraviolet and soft X-ray spectral regions. SASE-
FELs will produce light at much higher flux than currently produced at third
generation machines and will deliver light pulses in the femtosecond time do-
main. These machines are at present under development, and at one of the
world’s largest projects, the ”TESLA”-project in Hamburg, Germany, the first
scientific results have very recently been achieved in the field of cluster phys-
ics [42]. It can be foreseen that FELs will become available to a broad user
community in a not too distant future like third generation storage rings are
today.
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3.2 Beamline I 411 at MAX-lab
Beamline I 411 is designed for high resolution spectroscopy on gases, liquids
and condensed samples. It originates from beamline 51 at MAX I (see Ref.
[43]). It uses light produced by the undulator installed in the straight section
4 (clockwise counted) after the injection line of MAX II (see Fig. 3.1). The
beamline is described in details in Refs. [41, 44], and Paper I of this Thesis
reports on its performance and the first scientific results. A brief summary of
its major components will be given in what follows.

3.2.1 Layout of Beamline I 411
The technical layout of beamline I 411 is shown in Fig. 3.4. The undulator
at beamline I 411 has 87 poles, a period length of 58.85 mm and produces
photons at energies from 50 eV to 1500 eV at high flux in the order of1015

photons/(sec mrad 0.1% bandwidth) (calculated value, Ref. [41]) with linear
polarization. The undulator light is collected and focused in the horizontal
direction by a cylindrical pre-mirror (M1). This mirror also cuts off energies
higher than̄hω = 1200 eV in order to reduce the heat load on other optical
elements in the beamline.

The heart of a beamline is the monochromator. For beamline I 411 a modi-
fied version of the commercially available ZEISS SX 700 plane grating mono-
chromator (PGM) was chosen (Refs. [45, 46]). This monochromator type
incorporates only three optical elements; a large plane mirror (M2), a plane
diffraction grating (G1) and a focusing mirror (M3) which, in case of Bl I
411, has a plane elliptical shape. There is no entrance slit implemented in this
monochromator design. Therefore the circulating electron beam functions as
a real source and the inherent resolution of this monochromator is determined
by the vertical source size, the slope errors of the last focusing mirror and the
exit slit size [46]. The required photon energy is selected by rotating the plane
grating (G1), resulting in a dispersion of the photon beam. The photon energy
resolution is practically chosen by adjusting the size of the exit slit. The optical
elements M1, M2 and G1 are supplied with water-cooling in order to reduce
the heat load on these elements.

Since electron spectrometers can typically utilize only small source volumes,
a toroidal refocusing mirror (M4) is installed after the exit slit in order to adapt
the source size to the electron spectrometer. The toroidal shape of this mirror
was chosen in order to achieve focusing of the photon beam both in horizontal
and vertical direction.

As in the soft X-ray region no material has appreciable reflectivity at nor-
mal incidence, all the optical elements have to be operated at grazing incid-
ence angles. Furthermore, all optical elements must be kept under ultrahigh
vacuum to avoid contamination of the clean reflecting surfaces and reduction
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Figure 3.4: Layout of beamline I 411 at MAX-lab. M1 is the horizontally fo-
cusing pre-mirror. The plane mirror M2 as well as the focusing
mirror M3 and the plane grating G1 are inside the SX700 mono-
chromator chamber(s). M4 is the toroidal refocusing mirror. OM
indicates a free 1m section of the beamline. The end station ES ter-
minates the beamline with the Scienta SES 200 electron analyser.

of the light intensity due to photoabsorption by contaminants or by rest gas
molecules. In gas phase electron and ion yield spectroscopy, the pressure in
the experimental chamber is typically in the10−5 mbar (or sometimes even
higher) in order to get a sufficient signal. The monochromator should work
in the10−10 mbar or in the low10−9 mbar range in order to avoid rapid con-
tamination of the optical elements. This means that at least five orders of
magnitude of difference in pressure between the experimental chamber and
the monochromator has to be taken care of. At beamline I 411 a permanent
differential pumping station is used for this purpose, accommodating three ion
pumps and one turbo molecular pump. It is positioned after the exit slit of the
monochromator. The above mentioned toroidal refocusing mirror (M4) was
necessary due to the elongation of the distance between the monochromator
and the source point introduced by this differential pumping station. Another
reason of including such a refocusing mirror is to cut straight atomic or mo-
lecular beam originating from the high pressure source region, thus preventing
it to continue into the monochromator. The idea is that this refocusing mirror
is a lot easier and cheaper to clean than the whole monochromator.

The exit arm of beamline I 411 compared to beamline 51 is elongated. This
provides an additional one meter (OM) section (see Fig. 3.4) for users to put in
exchangeable experimental set-ups like e.g. time-of-flight spectrometers, cyl-
indrical mirror analysers, X-ray emission spectrometers etc. before the main
multipurpose end station (ES).

The photon energy resolution of beamline I 411 was investigated several
times by recording total ion yield spectra of different rare gases and the N1s →
π∗ photoabsorption spectrum of N2, the ”benchmark spectrum” for soft X-
ray beamlines. Some of these measurements and detailed results from the
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data analysis as well as results on the undulator performance and photon flux
measurements are presented in Paper I of this Thesis. These measurements
show that beamline I 411 operates routinely as designed and that the photon
energy resolution of the beamline is sufficiently high to perform state-of-the
art experiments. At the nitrogen 1s edge (h̄ω = 401 eV) a resolving power of
about 5700 (∆E = 70 meV) can easily be obtained in first diffraction order of
the monochromator grating, giving the possiblity to carry out resonant Auger
measurements under so-called ”Raman conditions”, i.e. the monochromator
bandwidth at 401 eV is substantially smaller than the N1s core-hole lifetime
(see Sec. 4.1.7 below). As an example of the capabilities of beamline I 411,
the first fully vibrationally resolved resonant Auger Raman spectrum of N2

in gas phase was recorded at this beamline (see Fig. 3.5 and Paper I of this
Thesis), revealing e.g. the unusually weak singly-ionized B2Σ+

u final state of
N2 for the first time in an autoionization spectrum (for further discussion see
Sec. 4.2.2 and Paper III of this Thesis).
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Figure 3.5: The first vibrationally resolved resonant Auger spectrum of N2, re-
corded under so-called ”Raman-conditions” (i.e. monochromator
bandwidth� core-hole lifetime width).

The photon flux at beamline I 411 lies between1011 photons/(sec 100mA)
and1013 photons/(sec 100mA) in the sample compartment of the permanent
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end station, depending on which undulator gap and harmonic is chosen as well
as what exit slit size is applied to the monochromator. A degree of linear
polarizationPlin > 98% could be determined by angle-resolved photoelectron
measurements of the Xe 5s line (see Paper I of this Thesis).

Resolution is a demanding, but as well a pretty fast aging parameter in spec-
troscopy. In the next section (see Sec. 3.3 below) we will discuss another soft
X-ray beamline, BL 27SU at SPring-8 in Japan, which shows an enhanced
resolving power compared to beamline I 411. Plans are already made to im-
prove the resolution of beamline I 411 even further.

Beamline I 411 offers many advantages compared to beamline 51. One
of the most important advantages is the much more extended photon energy
range, covering absorption edges like e.g. the C1s, N1s, O1s and F1s edges
at high photon flux. This has opened up a large field of interesting research.
Many of the results presented in this Thesis would not have been possible to
obtain at the former beamline Bl 51 at the MAX I storage ring.

3.2.2 Experimental End Station
Most of the results presented in this Thesis have been obtained using the per-
manent end station at beamline I 411. This end station was developed, built
and scientifically used during the last period of beamline 51 (see Ref. [47]). A
short description of it will be given in what follows.

The end station is very versatile as it is adapted to handle gas phase, liquid
phase and solid phase samples which makes beamline I 411 to one of the most
frequently used beamlines at MAX II. It incorporates a Scienta SES 200 elec-
tron spectrometer which was developed and constructed at Uppsala University
[48] and is nowadays commercially available from Gammadata-Scienta AB
in Uppsala. The electron spectrometer consists mainly of four components:
the sample compartment, the electron lens, the hemispherical electron energy
analyzer and the detector. The purpose of the lens is to collect the electrons,
transport and focus them onto the entrance slit of the analyzer, and to acceler-
ate or to retard them to a fixed kinetic energy, the pass energy, before entering
the analyzer. The analyzer itself consists of two hemisperical electrodes, where
the field is directed so that the electrons are accelerated towards the inner elec-
trode. The radius of curvature of the electron path is directly related to the
kinetic energy. Thus the position of the electron after having passed through
the electrodes is proportional to the kinetic energy of the electron. The posi-
tion of the electron is monitored by a position sensitive detector. The detector
is based on microchannel plates in a chevron configuration as an electron mul-
tiplier. The multiplied electron signal is detected as flashes on a phosphor
screen by a CCD camera and these flashes are registered by computer soft-
ware. The same software handles the voltage scanning such that the electron
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lines are swept over a chosen width of the detector, whereas the pass energy in
the lens is kept constant.

The electron analyzer used at beamline I 411 is capable of rotating around
the axis of the incoming photon beam without compromising the vacuum.
Therefore angle-resolved studies can be carried out by varying the angle of
the lens axis with respect to the electric field vector of the incoming linearly
polarized synchrotron light.

3.3 Beamline 27SU at SPring-8
SPring-8 (Super Photon Ring 8 GeV) was comissioned in the autumn 1997 as
one of the world’s youngest and largest third generation synchrotron radiation
facilities. The storage ring has a circumference of 1436 m and is located up
in the mountains of Hyogo, Japan. At present there are about 31 beamlines
in operation and many more beamlines are planned or are already under con-
struction. This machine is mainly designed for the production of hard X-rays,
however, a few soft X-ray beamlines are available as well. One of them is
BL27SU, the soft X-ray photochemistry beamline, which is connected to a
so-called ”Figure-8” undulator.

3.3.1 Figure-8 Undulator
As the heat load on the optical elements produced by higher harmonics of
a planar undulator (see discussion in Sec. 3.1 above) is expected to be ex-
traordinary high at a synchrotron accelerating electrons to an energy as high as
8 GeV which is done at SPring-8, special designed undulators have to be used
for the production of soft X-rays.

When circular polarisation is needed or when the polarisation is not an is-
sue at all, heat load problems can be solved by using a helical undulator of the
type shown in Fig. 3.3 above. In a helical undulator, the electron moves along
a helix shaped orbit, which allows for the emission of circularly polarised light.
The principal characteristic of a helical undulator is that only the first harmonic
of the radiation can be observed on the electron beam axis. Therefore, the hel-
ical undulator can be considered as the ideal light source in this context since
it allows experimentalists to use the synchrotron radiation without worrying
about the heat load due to higher order harmonics.

When linearly polarized light is required, a slightly modified version of a
helical undulator can be used, a so-called ”Figure-8” undulator [49]. Basically,
the external magnets (see Fig. 3.3 above) are elongated in z-direction by a
factor of two. By doing this the electron beam will follow a figure-8 motion as
shown in Fig. 3.6, hence the name ”Figure-8 undulator”.
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Figure 3.6: Electron orbit in a Figure-8 undulator.

The period length of such a Figure-8 undulator would be the period length
of the arrays generating the horizontal field. At SPring-8, however, one uses
for the purpose of convenience the period length of the arrays generating the
vertical field to define the period length of the Figure-8 undulator. Therefore
one can call the harmonics generated by the horizontal arrays half harmonics,
and the harmonics generated by the vertical arrays integer harmonics. Using
this definition, one can see that the harmonics 0.5, 1.5, 2.5, ... are vertically
polarised and that the harmonics 1, 2, ... are horizontally polarised.

The Figure-8 undulator of beamline 27SU consists of 44 periods with a
period length of 100 mm. The tunable photon energy range of this undulator is
around 100 eV to 5800 eV with a typical flux in the order of1014 photons/(sec
mrad 0.1% bandwidth) at 500 eV photon energy of the 1st harmonic (calcu-
lated value, Ref. [50]).

3.3.2 Layout of Beamline 27SU
Beamline 27SU at SPring-8 is designed for the investigation of photochem-
ical processes of atoms, molecules, and surfaces in the inner-shell excitation
region. This beamline is divided into three branches (a-, b- and c-branches) by
using three pre-mirrors, and has as well a direct beam station (t-station) used
for the characterization of the undulator light (see Ref. [51]). Whereas the a-
branch is still under development, the b-branch is used for soft X-ray chemical
vapour deposition (CVD) experiments and the c-branch, which is the relevant
one for this Thesis, is designed to study photoionization and electronic relax-
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ation dynamics of core-excited atoms and molecules, making use of a high
resolution photoelectron spectrometer in combination with a varied line spa-
cing plane grating monochromator (see Ref. [52]), similar to beamline I 411
at MAX-lab (see Sec. 3.2).

To achieve high resolving power with high stability and simple alignment, a
Hettrick-type design (see Ref. [53]) was chosen for the monochromator [52],
since the energy is scanned in this monochromator type only by rotating a
varied line spacing plane grating (VLSPG). The optical layout of the c-branch-
line is shown in Fig. 3.7.
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Figure 3.7: Optical layout of beamline 27SU, c-branch.

The distance between the entrance slit (S1) and the exit slit (S2) of the
monochromator is 20 m. The light is vertically focused by the first premir-
ror (M0) on the entrance slit. The second mirror (M1) focuses the photon
beam horizontally on the sample. The energy range 100 eV to 2700 eV is
covered using two spherical mirrors (M21, M22) and three gratings (G1, G2,
G3). The three refocusing mirrors (M31, M32, M33) focus the monochromatic
light onto different sample points.

As a benchmark test for the performance of the monochromator, the N1s →
π∗ photoabsorption spectrum of N2 has been measured. Data analysis revealed
a resolving power better than 10000 at the nitrogen 1s edge. This resolving
power is further supported by linewidth measurements of the Xe 5p3/2 photo-
electron line, using 400 eV photon energy (see Ref. [52]). The degree of linear
polarization of the 0.5th and 1st undulator harmonic isPlin > 98% which was
experimentally determined by angle-resolved measurements of the Ne 2s and
Ne 2p photoelectron lines (see Ref. [54]).
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In order to perform high resolution, angle-resolved, electron emission meas-
urements on free atoms and molecules, a Gammadata-Scienta SES 2002 elec-
tron spectrometer has been fitted to a gas cell [55]. This system is a further
development of the SES 200 design (see Sec. 3.2.2 above) with modifications
on the lens system, the power supplies and the software to run the spectro-
meter. These changes improved the analyser when using low pass energies
(< 5 eV) as recently shown by Ref. [56]. As drawback, however, it is not
possible to perform partial electron yield measurements (see Sec. 2.3 above)
with the current version of the software.

The hemisperical analyser at BL 27SU is mounted fixed in plane of the
storage ring and with the lens axis perpendicular to the vacuum chamber of
the beamline. Simply by changing the undulator gap and hence by using the
1st harmonic (linear polarization in plane of the storage ring) and the 0.5th
harmonic (linear polarization perpendicular to the storage ring) of the Figure-
8 undulator, angle-resolved measurements can be performed at0◦ and 90◦

angles relative to the axis of the electric field vector of the synchrotron light
without rotating the electron analyser. With this set-up, symmetry-resolved
measurements are easily performed, as changing of the undulator gap only
takes a few seconds. In turn, measurements being free of anisotropic effects
due to the electron emission cannot directly be performed, as the ”magic angle”
of 54.7◦ is not accessible. However, spectra corrected for anisotropic electron
emission can be constructed afterwards, making sure that, in particular for
resonant Auger measurements, the photon energies used for the0◦ and90◦

recordings have been exactly the same.
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Resonant Auger Spectroscopy of Diatomic
Molecules

The majority of the papers included in this Thesis deals with resonant Auger
measurements on the diatomic molecules CO, N2 and HCl. As we discussed
in Chapter 2, in resonant Auger spectroscopy a core electron is resonantly pro-
moted to an unoccupied orbital, which is subsequently followed by the release
of a secondary electron, the Auger electron. All the results presented in this
Thesis were achieved making use of third generation synchrotron light, where
the bandwidth of the monochromatised soft X-rays was chosen to be substan-
tially smaller than the natural lifetime width of the created core hole (Raman
conditions). Before going into more details concerning these measurements
and results, we would like to refresh some basic knowledge of molecular phys-
ics.

4.1 Principles and Theoretical Background
In the following subsection we will discuss the electronic structure of atoms
and molecules. The most important quantum numbers will be recapitulated.
This subsection will be followed by considerations of molecular dynamics due
to nuclear motion and their spectral appearance.

4.1.1 Electronic Structure of Atoms and Molecules
Electrons in an atom have quantised energies and can therefore be character-
ised by a set of quantum numbers. In the simple Bohr model, the electrons
are thought to circulate around the nucleus (which consists of neutrons and
protons) on certain discrete orbits, creating a magnetic field perpendicular to
the plane of motion. Quantum mechanics as developed in the 1920’s modi-
fied this description dramatically by including the wave aspect of nature in the
treatment. Nevertheless, what evolves from both models is a shell structure.
Possible main shells are denoted by the quantum numbern = 0, 1, 2, ... . Elec-
trons which have different angular momenta within the same shell are further
distinghuised by the angular momentum quantum numberl = 0, 1, ..., (n−1),
giving rise to subshells. As common notation for different values ofl, one
usess, p, d, f, ... for increasing angular momentum. Furthermore, by using a
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three-dimensional cartesian diagram, one can project the orbital angular mo-
mentuml onto one of these axes (conventionally the z-axis is used), leading to
the quantum numberml = 0,±1,±2, ...,±l.

Besides the orbital angular momentum, electrons have an intrinsic angular
momentum, the spins. The spin quantum number is12 , and the projection of
the spin onto the direction of the created magnetic field leads to the quantum
numberms = ±1

2 . The sum of the orbital angular momentum and the spin res-
ults in the total angular momentum with quantum numbersj = l±s (the z-axis
of the cartesian diagram is chosen to be parallel to the magnetic field direction),
and its projection leads to the quantum numbermj = 0,±1,±2, ...,±j.

Making use of these quantum numbers, one can label all possible energy
levels for electrons in an atom, as done e.g. in Fig. 4.1. In order to characterise
electronic states in many-electron atoms,l, s andj are replaced by the sum of
all the individual electron moments and denoted consistently asL, S andJ (in
the case of weak spin-orbit interaction compared to the Coulombic interaction
between the electrons;LS-coupling), and the term symbol2S+1LJ is used for
notation. The different projections are denoted accordinglyML, MS andMJ .

Orbitals are filled with electrons according to the Pauli exclusion principle,
which states that ”the electronic states of an atom can only be occupied in such
a way that no two electrons have exactly the same set of quantum numbers”
(Pauli 1925), and following Hund’s rules for the energetic ordering of electrons
within the subshells, which are aiming for minimization of the energy of the
total system [57].

When two or more atoms come close to each other and start to interact, they
might form molecules. In general, if this interaction lowers the total energy of
the system, bonds will be formed between the individual atoms. This implies in
particular that the electronic structure of the involved atoms will be rearranged
due to their interaction, and atomic orbitals may be combined to molecular
orbitals as schematically shown in Fig. 4.1 for two nitrogen atoms.

A good way to construct molecular orbitals is to write them as (symmetry
adapted) linear combinations of atomic orbitals according to the MO-LCAO
(Molecular Orbitals as Linear Combinations of Atomic Orbitals) method as
introduced in 1929 by J. Lennard-Jones [58] and further developed later on by
F. Hund [59, 60] and R. Mullikan [61]. By doing this, one receives bonding
and antibonding molecular orbitals, whereby the bonding ones are lower in
energy compared to the corresponding atomic levels and the antibonding ones
are higher, as schematically illustrated in Fig. 4.1 for the N2 molecule. As
we can see from Fig. 4.1, the molecular orbitals become split symmetrically
in the case of a homonuclear diatomic molecule. For heteronuclear diatomic
molecules, like e.g. the CO molecule and the HCl molecule, the splitting is
asymmetrical as we can see from Figs. 4.2 and 4.3.

The labelling of orbitals for linear, in particular for diatomic molecules, is
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Figure 4.1: Schematic illustration of nitrogen atomic orbitals and their linear
combinations forming molecular orbitals of the N2 molecule.

slightly different from the atomic case. For the orbital angular momentum
greek letters are used and the quantum numberl denotes for such molecules
asλ. I.e. in particular that the notations, p, d, f, ... converts intoσ, π, δ, φ, ...
for increasing angular momentum. As for linear molecules the electrostatic
force field is cylindrically symmetric relative to the internuclear molecular
axis, the orbital angular momentum can be projected onto this axis and the
projection, denoted for atoms asml, is (as well) denoted asλ in the molecular
case, wherebyλ = |ml|. Accordingly, the spins of the electron can be projec-
ted onto the same axis, and the projection is denotedσ, wherebyσ = |ms|, and
the total angular momentumj can be projected onto this axis and the projec-
tion is denoted asω, wherebyω = |mj |. In addition to that, the behaviour of
orbitals under reflection in a plane that contains the internuclear axis is con-
sidered for further classification. For instance, eachσ-orbital has the character
+1 under this operation, whereas aπ orbital may have the character +1 or -1.
Moreover, for molecules with an inversion centre, like e.g. the N2 molecule,
the symmetry properties of orbitals under exchange of the electron coordin-
ates has to be considered. If an orbital remains indistinguishable from itself
under inversion, it is classified asgerade (’even’) and denoted as ’g’, and if it
becomes negative of itself under inversion, it is classified asungerade (’odd’)
and denoted as ’u’ (see Fig. 4.1). Again, in analogy to the atomic situation, the
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Figure 4.2: Schematic illustration of carbon and oxygen atomic orbitals and
their linear combinations forming molecular orbitals of the CO
molecule.

orbital angular momenta of the electrons couple into a resultantΛ, wherebyΛ
= |ML|, and the spins of the electrons couple into a resultantΣ, wherebyΣ
= |MS |, in the case of weak spin-orbit interaction compared to the Coulombic
interaction of the electrons. Moreover, these composite momentaΛ and Σ
couple together toΩ, wherebyΩ = |Λ + Σ| = |MJ |. Finally, the symmetry
properties, ’+’ or ’-’, and, for molecules with a centre of inversion, ’g’ or ’ u’,
are determined for the overall character of an electronic state. The product of
theg andu symmetries follows the rules: [g x g = g], [g x u = u x g = u], [u x
u = g]. Therefore, in order to label electronic states in diatomic molecules, the
term symbol2S+1Λ±

Ω is used. Alternatively, for molecules with a centre of in-
version the slightly modified term symbol2S+1Λ±

g,u is used, or, if appropriate,
2S+1Λ±

g,u,Ω.
It is worthwile mentioning that usually the core-orbitals of molecules re-

tain their atomic character to a high degree. Thus they are considered being
”localised” and in order to emphasize this, the atomics, p, d, f, ... notation is
sometimes retained for molecular core-levels. In contrast, molecular valence
orbitals are, due to the strong overlap between the atomic orbitals, delocalised
and therefore the molecular notation is strictly followed.

Molecular orbitals are filled with electrons in correspondence to the atomic
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Figure 4.3: Schematic illustration of hydrogen and chlorine atomic orbitals
and their linear combinations forming molecular orbitals of the
HCl molecule.

case by following the Pauli principle and Hund’s rules. In Figs. 4.1, 4.2 and
4.3 the electronic configuration of the ground state of the N2, CO and HCl
molecules are shown, respectively. These configurations can be denoted ac-
cording to our discussion as

N2: N1s(1σg)2 N1s(1σu)2 (2σg)2 (2σu)2 (1πu)4 (3σg)2

CO:O1s(1σ)2 C1s(2σ)2 (3σ)2 (4σ)2 (1π)4 (5σ)2

HCl: Cl1s(1σ)2 Cl2s(2σ)2 Cl2p(3σ)2 Cl2p(1π)4 (4σ)2 (5σ)2 (2π)4

As we can see from these notations and from Figs. 4.1, 4.2 and 4.3, the triple
degeneracy of the atomicp-orbitals is removed. This is due to the fact that the
spherical symmetry of an atom is broken upon the formation of a molecule.
Atomic p-orbitals which are perpendicularly oriented to the molecular axis
(for convention we choose the molecular axis being parallel to the z-axis of
the cartesian diagram),px andpy, will result in molecularπ-orbitals with the
shape of a propeller. Thepz atomic orbitals oriented along the molecular axis
have a rotational symmetry around the z-axis and are therefore denoted asσ-
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orbitals. Hence, 6 atomicp-orbitals of which each can contain at maximum
2 electrons, will result in 2 molecularπ-orbitals of which each can contain at
maximum 4 electrons, and 2 molecularσ-orbitals of which each can contain at
maximum 2 electrons.

So far we considered the atoms and molecules being in the ground state. If
the electronic configuration is different from the ground state one, it is custom-
ary to write only the orbitals which are changed. If e.g. a 1s core electron is
directly removed from the1σu orbital of the N2 molecule, we can write1σ−1

u .
If e.g. a 1s core-electron from the1σu orbital of the N2 molecule is resonantly
promoted into the first unoccupied valence orbital1π∗

g (the asterix denotes that
this orbital is unoccupied; see Fig. 4.1), we can write1σ−1

u 1π1
g etc.

Moreover, it is important pointing out that so far we have considered all
electrons in a molecule as independent particles. In a more adequate many-
electron model electron correlations have to be taken into account. For ex-
ample in Fig. 4.1 the order of the3σg and 1πu orbitals, drawn as experi-
mentally found, is well predicted in many-electron treatment, but seems to be
inverted at the Hartree-Fock-level. Another example of electron correlations is
discussed in Paper VIII of this Thesis, where the spectral features occuring in
the2σ−1

g inner valence band of the N2 molecule upon resonant core-excitation
to a triply-excited intermediate state cannot be understood on the grounds of a
simple one-electron model (see discussion in Sec. 4.2.6 below).

4.1.2 Nuclear Dynamics and Born-Oppenheimer Approximation
From the considerations above we can conclude that two atoms form a mo-
lecule if their total energy is decreased by interaction. A diatomic molecule
has an equilibrium bond distanceRe between the two atoms which corres-
ponds to a minimum of the molecular energy. The molecular energy is due to
the Coulomb repulsion between the nuclei and the Coulomb attraction between
the electron distribution (”electron clouds”) and the nuclei. Thus the electron
distribution plays a crucial role for the binding of the molecule. If we decrease
the distance between the atoms (R < Re), the molecular energy will increase
due to an increase in the nuclear repulsion, and if we increase the distance
between the atoms (R > Re), the molecular energy will increase as well due
to an increase of the electronic term. By plotting the molecular potential en-
ergy as a function of the internuclear distanceR we achieve a ”potential curve”
as schematically shown by the lower curve of Fig. 4.4.

In reality, the atoms in a molecule are in permanent motion, i.e. molecules
are vibrating and can also be rotating, whereby the total energy of the system
is conserved. Therefore, some vibrational (rotational) levels are schematically
included in the lower curve of Fig. 4.4. Futhermore, the equilibrium bond
distanceRe at the mimimum of the potential curve and the dissociation energy
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Figure 4.4: Molecular potential curves: The lower curve illustrates a bound
potential with an equilibrium bond distanceRe, some vibrational
(rotational) levels and the dissociation energiesDe andD0. The
upper curve illustrates a dissociative potential curve.

(i.e. the energy required in order to separate the two atoms)De and the ex-
perimentally measureable dissociation energyD0 are schematically indicated.
The difference betweenDe andD0 is the so-called ”zero-point energy” (i.e.
half of a vibrational quantum).

In this context, it is worth mentioning that if the electron distribution con-
tributes repulsively to the interaction of the atoms, the potential curve won’t
show any minimum, and will therefore be ”dissociative” as schematically shown
by the upper curve of Fig. 4.4. We will return to such potential curves later on
in this Thesis. For the following discussion we will focus on bound potential
curves.

An important condition for using molecular potential curves is the Born-
Oppenheimer approximation, which states that the motion of the electrons and
the motion of the nuclei can be decoupled, assuming the electronic motion
is much faster than the motion of the nuclei. In quantum mechanical terms
this means that the total wavefunction of the molecular systemΨmol(ri, Rn)
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factorises into an electronic partψel(ri, Rn) and a nuclear partφnuc(Rn),

Ψmol(ri, Rn) = ψel(ri, Rn)φnuc(Rn), (4.1)

whereri andRn represent the position of the electrons and the nuclei, re-
spectively. This condition is usually fulfilled, but several cases can be found
in the literature where this approximation breaks down. A typical situation
where it does not hold is ”ultrafast dissociation” of molecules [62], where the
separation of the nuclei occurs on the same timescale as the electronic Auger
decay, i.e. on the low femtosecond timescale (see Secs. 4.1.8 and 4.3 as well
as Paper IX of this Thesis).

In order to calculate the total energyEtot of the molecular system, one has
to solve the Schr̈odinger equation

ĤΨmol = EtotΨmol, (4.2)

whereĤ is the Hamilton operator.Ĥ can be written as the sum of an
operator of the kinetic energy of the nucleiT̂nuc, an operator of the kinetic
energy of the electronŝTel and the potential energy V.

Ĥ = T̂nuc + T̂el + V. (4.3)

For a diatomic molecule AB the potential energy V can be written as

V =
∑
i,j>i

e2

rij
−

∑
i

ZAe2

riA
−

∑
i

ZBe2

riB
+

ZAZBe2

R
(4.4)

Hererij is the distance between the electronsi andj, riA andriB are the
distances between the electroni and nucleus A and B respectively,R is the
distance between the two nuclei, andZA andZB are the atomic numbers. The
first term gives the mutual potential energy of the electrons, the second and the
third terms give the potential energy of the electrons with respect to the nuclei
A and B, respectively, and the fourth term gives the mutual potential energy of
the nuclei. As a shorthand notation we can write

V = Vel(r, R) + Vnuc(R) (4.5)

wherer andR are the position vectors of the electrons and the nuclei in
some coordinate system, andR is the distance between the nuclei.Vel is given
by the first three terms of eq. 4.4 and is a function ofr andR, andVnuc is
given by the last term of eq. 4.4 and is a function ofR. The Hamilton operator
(eq. 4.3) can now be written as

Ĥ = T̂nuc + T̂el + Vel(r, R) + Vnuc(R). (4.6)
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So far the treatment has been exact. To solve the Schrödinger equation for
a molecular system (eq. 4.2) with this Hamilton operator, one can start with
the electronic problem, by making following assumption: As the nuclei are
much heavier than the electrons, the kinetic energy of the nucleiT̂nuc can be
neglected in the Hamiltonian. Thus one arrives at an electronic Schrödinger
equation, satisfied, under the validity of the Born-Oppenheimer approxima-
tion, by an electronic wavefunctionψel

[T̂el + Vel(r, R) + Vnuc(R)]ψel = Efixψel, (4.7)

whereEfix is the total energy of the system of fixed nuclei. As the nuclei
are assumed not to move in space, their mutual repulsion is constant. Adding
a constant to an operator has the effect of adding a constant to the eigenvalue.
Therefore we can rewrite eq. 4.7 as

[T̂el + Vel(r, R)]ψel = Eeψel, (4.8)

whereEe = Efix - Vnuc(R) is the total energy of the electrons moving in
the field of fixed nuclei. Eq. 4.8 can be solved for a fixed value ofR and the
electronic wavefunctionψel depends only onr in this case. However, different
values ofR result in different wavefunctions and energies, thus leading to a
parametrical dependence onR: ψel(r, R), Ee(R).

Now we turn our attention to the motion of the nuclei. As the electronic
part of the Schr̈odinger equation is solved, we can rewrite eq. 4.2 as

[T̂nuc + Ee(R) + Vnuc(R)]φnuc(R) = Etotφnuc(R). (4.9)

It is important pointing out that the operatorT̂el of eq. 4.6 only acts on the
electronic part of the wavefunction and is therefore already contained inEe.
Moreover, the operator̂Tnuc = − h̄2

2µ∇2 (µ is the reduced mass of the two nuc-

lei, ∇2 is a Nabla-operator involving second order derivatives) principally acts
as well on the electronic part of the total wavefunctionΨmol. However, as this
part of the wavefunction is assumed within the Born-Oppenheimer approxim-
ation to vary slowly withR, it’s first and second order derivatives with respect
to R are essentially zero, and therefore this contribution can be neglected in
eq. 4.9. Thus only the nuclear partφnuc of the total wavefunction needs to be
considered in what follows.

Eq. 4.9 containsEe, the total energy of the electrons, which parametrically
depends onR. Ee(R) can be calculated for different values ofR according
to eq. 4.8 above and can be implemented in this way in eq. 4.9. This works
because the electrons move so rapidly that they can adjust instantaneously to
the new position of the nuclei.

Furthermore, by looking closer at eq. 4.9, we can see thatEe(R)+Vnuc(R)
formally acts like a potential energy for the motion of the nuclei. This might
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appear somewhat strange, sinceEe(R) is both the kinetic and the potential
energy of the electrons. It can be understood as follows: Since the electrons
adjust instantaneously to the position of the nuclei, the work that has to be
done is not only to overcome the repulsion of the nuclei, but also to change
the total energy of the electrons. Therefore,Ee(R) + Vnuc(R) is the potential
energy shown in potential curve diagrams like Fig. 4.4. In particular, each
electronic state configuration in a molecule corresponds to a potential curve
and the minimum value (if there is one) is taken to be the electronic energy.
This is an essential point of our considerations and will be frequently used in
the following sections.

Etot in eq. 4.9 is the sum of the electronic as well as the translational,
vibrational and rotational energy of the molecule. The translational motion of
the molecule can be set to zero if the reference frame of the molecule is chosen
accordingly. Moreover, the vibrational energy in a molecule is typically two
or three orders of magnitude larger than rotational energy. Therefore, when
rotational motion is neglected, as we will do in the following, the vibrational
energy isEvib = Etot - Ee.

In order to solve the nuclear Schrödinger equation (eq. 4.9) one needs
to know the nuclear potential functionVnuc(R). There are different ways
to mathematically describe nuclear potential curves. For bound states the
simplest one is the harmonic oscillator potential given by

V (R) =
1
2
k(R − Re)2, (4.10)

wherek is the force constant andRe is the equilibrium bond distance. Solv-
ing eq. 4.9 results in the vibrational eigenenergy values

Eν =
(

ν +
1
2

)
h̄ωe, (4.11)

whereν denotes the vibrational quantum number (ν = 0, 1, 2, ...) and
the vibrational frequency is given byωe = ( k

µ)
1
2 (µ is the reduced mass of

the atoms). The harmonic approximation, however, is usually only a good
approximation for small values ofν.

A more realistic parametrisation for potential curves is the Morse potential
given by

V (R) = De(1 − exp(−α(R − Re))2, (4.12)

whereDe is the depth of the potential well, or the dissociation energy (see
Fig. 4.4), andα is a parameter related to the shape of the potential. It can be
shown that
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α =

√
µω2

e

2De
, (4.13)

whereµ is the reduced mass of the atoms andωe is the vibrational fre-
quency. By solving again eq. 4.9 we achieve for the vibrational energies

Eν =
(

ν +
1
2

)
h̄ωe −

(
ν +

1
2

)2

h̄ωexe, (4.14)

whereh̄ωe is the harmonicity constant and̄hωexe is the anharmonicity con-
stant. From this equation we can see that the Morse potential takes into ac-
count corrections due to anharmonicity of the vibrational motion. Moreover,
the Morse potential treates both the repulsive and the attractive nature of the
potential and can therefore be used (to some extent) to describe as well anti-
bonding states.

4.1.3 Franck-Condon Principle
So far we have seen that there are different electronic state configuration pos-
sible in a molecule (see Sec. 4.1.1) and that a certain electronic state configur-
ation is associated with a certain potential curve (see Sec. 4.1.2). Furthermore,
if the electronic state is bound, several vibrational (and rotational) sublevels
occur (see Fig. 4.4 above). Whenever the electronic structure of a molecule
is changed (for simplicity let us consider an electron being directly removed
from the molecule upon photoionization), transitions will take place between
potential curves like schematically shown in Fig. 4.5. The lower potential
curve (Initial state, i) in this figure may represent the neutral ground state of a
diatomic molecule and the upper curves (Final states, fb and fd) may represent
singly-ionized final states reached via photoionization, whereby the lower one
describes a bound final state (fb) and the upper one a dissociative final state
(fd).

Let us first concentrate on transitions between the initial state and the lower
final state (fb), i.e. transitions between two bound states. Simultaneous elec-
tronic and vibrational transitions are called ”vibronic transitions” and give rise
to vibrational fine structure observable in electron spectra as schematically de-
picted on the left axis of Fig. 4.5. The analysis of vibronic transitions is based
on the Franck-Condon principle, which is qualitatively illustrated in this figure.
The potential curve of the final state fb is somewhat displaced to larger bond
distance relative to the potential curve of the ground state because the removal
of an electron from a molecule introduces changes in the bonding, and if the
ionized final state is less strongly bonding than the neutral ground state, the
equilibrium bond distance will increase. Moreover, the force constants of the
ground and the final states are different for the same reason. Thus the shape
of the potential curve fb has changed in comparison to the ground state. We
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Figure 4.5: The Franck-Condon principle illustrated by transitions from the
neutral ground state of a diatomic molecule (Initial state, i) to two
different final states (Final states fb and fd). The lower final state
is bound and the upper one is dissociative.

assume that the neutral ground state is only populated in the lowest vibrational
level, which is the usual case for diatomic molecules at room temperature ac-
cording to the Boltzmann distribution governing the population probability.

The total energy of a state is the sum of the kinetic energy and the potential
energy of the system. It is represented by a horizontal line in a potential curve
diagram and e.g. the lowest vibrational level in the ground state (see Fig.
4.5) represents the total energy of the lowest possible vibrational state in a
molecule. In a classical analogy the nuclei could be thought of as vibrating in
such a way that the system moves in time along a horizontal line. At the points
T1 andT2 in the diagram the kinetic energy is zero and atM it is maximum.
T1 andT2 are called the classical ”turning points”, since the nuclei ”stop” there
and start moving in opposite direction.

Quantum mechanically one cannot say where the system is at a certain time,
but since the molecule vibrates around its equilibrium bond distanceRe, the
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wave function will be distributed aroundRe. Assuming a harmonic potential
which is a good approximation at the bottom of a bound potential curve, the
wave function will look like a Gaussian for the lowest vibrational level. As we
can see from Fig. 4.5 the wave function is almost zero outside of the classical
turning points and therefore the classical turning points can be used to define
a transition region which is called the ”Franck-Condon region”.

As we have discussed above in the context of the Born-Oppenheimer ap-
proximation, the electronic motion is much faster than the motion of the nuclei.
In particular, the internuclear distance remains unchanged during an electronic
transition, why such transitions can be considered being ”vertical”, and hence
the transition region is marked by vertical lines in Fig. 4.5. Since the nuclear
motion is ”frozen” under the actual electronic transition, the vibrational part
of the transition can be imagined simply as a projection of the ground state
vibrational wavefunction onto the final state potential curve. The experiment-
ally observable vibrational intensity distribution (see left axis of Fig. 4.5) is
therefore governed by the vertical overlap between the ground state vibrational
wavefunction and the parts of the wavefunctions of the final state potential
curve which are within the Franck-Condon region.

Quantum mechanically one considers the transition dipole momentT between
the ground vibronic state and the final vibronic state, which can be described
within the Born-Oppenheimer approximation by the wavefunctionsψelφnuc

andψel′φnuc′ , respectively. As we will consider here vibrational motions of
the molecule, we will denote the nuclear part of the wavefunctions asφν and
φν′ , respectively. The transistion dipole moment is therefore

T =
∫

ψ∗
el′(r, R)φ∗

ν′(R)µ̂ψel(r, R)φν(R)dτedτN , (4.15)

whereµ̂ is the electric dipole moment operator which depends on the charge
and the positions of the electrons as well as the nuclei. The electric dipole
moment operator can be written as the sum of an electronicµ̂e and a nuclear
partµ̂N,

µ̂ = µ̂e + µ̂N, (4.16)

and thus eq. 4.15 can be rearranged to

T =
∫

ψ∗
el′(r, R)φ∗

ν′(R)(µ̂e + µ̂N)ψel(r, R)φν(R)dτedτN

=
∫

φ∗
ν′(R) {∫ ψ∗

el′(r, R)µ̂eψel(r, R)dτe}φν(R)dτN

+
∫

φ∗
ν′(R)µ̂N {∫ ψ∗

el′(r, R)ψel(r, R)dτe}φν(R)dτN .

(4.17)

The integral over the electron coordinates in the second term of eq. 4.17
is zero because the electronic states are orthogonal to one another for each
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selected value ofR. The integral over the electron coordinates in the first
term of eq. 4.17 is the electric dipole moment for the transition when the
nuclei have coordinatesR. To a reasonable first approximation, this transition
moment is independent of the locations of the nuclei so long as they are not
displaced by a large amount from the equilibrium and hence this integral may
be approximated by a constantµe′e. Therefore, the overall transition dipole
moment is

T = µe′e

∫
φ∗

ν′(R)φν(R)dτN = µe′eS(ν ′, ν), (4.18)

where

S(ν ′, ν) =
∫

φ∗
ν′(R)φν(R)dτN = 〈φν′ |φν〉 (4.19)

is the overlap integral between the vibrational wavefunction of the initial
state and the vibrational wavefunction of the final state.S(ν ′, ν) is called
the vibrational overlap integral or, when using Dirac notation (as we will do
in what follows), the vibrational overlap matrix element. The experimentally
observable intensities in direct photoelectron spectra are simply the square of
eq. 4.19

Iν′ν ∝ |S(ν ′, ν)|2 = |〈φν′ |φν〉|2, (4.20)

which is called the Franck-Condon factor.
We would like to recall that the Franck-Condon principle builds on the as-

sumption that the internuclear bond distance remains unchanged during the ac-
tual (electronic) transition (”vertical” transistion). Thus, from an experimental
point of view, as long as the Born-Oppenheimer approximation is valid, the re-
lative intensity distribution of a vibrational progression can be used to determ-
ine the difference in equilibrium bond distance between the involved potential
curves as the vibrational overlap is a direct fingerprint of∆Re. An altern-
ative method to determine the equilibrium bond distance of an intermediate
core-excited state is based on an interference quenching of a certain final vi-
brational state. This will be discussed in Sec. 4.2.3 in connection with Papers
IV and V of this Thesis. Moreover, in Paper III of this Thesis we discuss a case
where the transition rates strongly depend on the internuclear bond distanceR
and hence where the Franck-Condon picture is not appropriate (see Sec. 4.2.2
below).

So far we have considered transitions between two bound potential curves
which give rise to a vibrational progression in the resulting electron spectrum.
If the final state reached upon direct photoionisation is not bound, but dissoci-
ative, as is the case for the upper final state (fd) shown in Fig. 4.5, the molecule
is not vibrating anymore, but the nuclei move monotoneously apart from each
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other until the atoms do not interact any longer. Discrete energy levels are
absent in such a potential curve and the overlap formed between the nuclear
wavefunctions of the ground state and a dissociative final state simply results
in a continuum structure as schematically indicated on the left axis of Fig. 4.5.

Furthermore, we only considered so far transitions between two different
electronic states, i.e. two different potential curves. When performing reson-
ant Auger spectroscopy, one promotes the system into a core-excited, inter-
mediate electronic state, which subsequently decays to an ionized final elec-
tronic state by emission of a secondary electron. This process involves three
different electronic states. The population of the vibrational levels in the inter-
mediate and final electronic states can, in principle, be determined within the
Franck-Condon description. The fact that the Auger decay is governed by the
Coulomb operator (see discussion in Chapter 2) whereas the excitation pro-
cess (photoabsorption) is governed by the dipole operator does not influence
the Franck-Condon description. The difference affects only the electronic part
(µe′e) of the transitions, but not the nuclear part (S(ν ′, ν)). Similar consider-
ations are valid for resonant soft X-ray fluoresence spectroscopy, where both
the photoabsorption and the fluorescence emission are governed by the dipole
operator. Such a pure Franck-Condon like description, however, is not suffi-
cient, as it does not take into account the finite lifetime of the created core-hole
and the dynamical evolution of the system in the core-excited state before the
Auger decay happens. In particular, as we will see below, interference effects
may occur upon resonant core-excitation, shifting the centre of gravity of the
final state intensity distribution (see Sec. 4.1.6 below) compared to direct pho-
toionisation. Moreover, it is important to point out that the Franck-Condon
region which describes the decay transition from the intermediate to the final
state (”decay region”) is shifted relative to the the Franck-Condon region of
the excitation process (see Fig. 4.16 in Sec. 4.2.1 below), as the decay region
is centered around the internuclear bond distance of the core-excited state. In
addition, the decay region might be much broader than the Franck-Condon
region of the excitation process, depending on to which vibrational level the
core-excitation is made and if the core-excited state is more of bonding or an-
tibonding character compared to the ground state. In particular, with resonant
core-level spectroscopy one probes different parts of the final state potential
curve in comparison to direct photoionisation spectroscopy (see e.g. Papers
II, III and X of this Thesis). Before continuing our discussion on resonant
Auger electron spectroscopy of molecules, we would like to have a look on the
situation when two or more potential curves are close in energy.
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4.1.4 Avoided Crossing of Potential Curves
Above, we have considered all electronic states as being well separated and
independent of each other. However, potential curves of different electronic
states, which are energetically close to each other, might cross at some inter-
nuclear distances (see left panel of Fig. 4.6). Alternatively, if the neighbour-
ing electronic states are of the same overall symmetry, these states will inter-
act with each other, leading to so-called ”avoided crossings” of the potential
curves (see right panel of Fig. 4.6).
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Figure 4.6: A schematic illustration of close lying electronic states: a) If the
electronic states are of different symmetry, the potential curves
will cross each other; b) If the electronic states are of the same
symmetry, the electronic states will interact, leading to ”avoided
crossings” of the potential curves.

As a result, configuration interaction (CI) occurs, i.e. electronic config-
urations of the same symmetry, which are degenerate in energy at a certain
bond distanceR, are getting mixed. This may lead to non-trivial spectral fea-
tures as for example observed in Paper III of this Thesis (see discussion in
Sec. 4.2.2 below), showing in some particular cases even the breakdown of the
Born-Oppenheimer approximation or, as often called as well, the ”adiabatic
framework”, as was very recently studied for the inner valence photoelectron
spectrum of the HCl molecule (see Ref. [63] and refs. therein). In particu-
lar, in the adiabatic framework, as illustrated in the right panel of Fig. 4.6,
the electrons move sufficiently fast compared to the nuclear motion, so that
the nuclear wavefunction remains on one of the potential curves as drawn,
whereby the electronic configuration changes. In contrast, in the ”diabatic
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framework”, electron motion and nuclear motion occur on the same timescale
(non Born-Oppenheimer), why the nuclear wavefunction switches from one
of the (adiabatically drawn) potential curves to the other as indicated by the
dashed lines in the right panel of Fig. 4.6, whereby the electronic configura-
tion is preserved. In other words, within the diabatic framework, neighbouring
electronic states of the same symmetry do cross as schematically indicated by
the dashed lines in Fig. 4.6, but the perturbation is local (see as well Sec. 4.2.1
below and Paper II of this Thesis).

4.1.5 X-ray Raman Scattering Theory: Kramers-Heisenberg Form-
alism

The theory which deals with resonant excitation and subsequent decay of core-
holes, both for the non-radiative (Auger) and the radiative (fluoresence) decay,
is X-ray Raman Scattering theory, which was developed in the 1970’s by Faris
Gel’mukhanov and coworkers (see Ref. [64] and refs. therein). In this the-
ory, the secondary particles (Auger electrons or fluorescence photons) are con-
sidered being scattered off upon photoabsorption. The sample interacts with
the radiation field through the dipole momentD of the molecule as given by
the photoabsorption cross-section

σ ∝ |〈Φc|D · e|Φ0〉|2, (4.21)

wheree is the polarization vector of the incoming X-ray photon and|Φ0〉
and |Φc〉 denote the ground and core-excited states of the molecule, respect-
ively. The created core-excited state decays by emitting a photon or an Auger
electron of energyE. The energy released in the decay process can be es-
timated from the energy conservation law. It is, however, important to take
into account possible vibrational degrees of freedom or dissociation processes
which might occur in the core-excited state and influence the released energy.
Indeed, the interplay between the nuclear motion in the core-excited state and
the decay process opens up an entire field of highly interesting research, as we
will see in the following discussions (see in particular Secs. 4.1.8, 4.2, 4.3 and
4.4).

By applying perturbation theory (see Ref. [65]), one can show that the
intensitiesI(ω, E) measureable in resonant X-ray scattering experiments are
guided by the square of the scattering amplitudeFf (ω, E), which enters into
the formula for the cross-sectionσ as

σ(ω, E) ∝
∑
f

|Ff |2Φ ∝
∑
f

∣∣∣∣∣β̃f

∑
c

〈f |Q̂|c〉〈c|V̂ |0〉
ω − (Ec − E0) + ıΓ

∣∣∣∣∣
2

Φ. (4.22)
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In this expressionΦ = Φ(ω−ωm, γm) is the unit-normalised spectral func-
tion of the exciting radiation centred at the frequencyωm with the spectral
width γm, |0〉 = |0̆〉|0〉, |c〉 = |c̆〉|c〉 and |f〉 = |f̆〉|f〉 are the total wave-
functions of the ground, core-excited and final states, respectively, factorised
within the validity of the Born-Oppenheimer approximation into an electronic
part (|0̆〉, |c̆〉, |f̆〉) and a nuclear part (|0〉, |c〉, |f〉). E0, Ec andEf are the
associated vibronic energies,ω is the excitation frequency andΓ is the lifetime
width of the core-excited state. Furthermore,V̂ is the electric dipole moment
operator acting between the ground and the core-excited electronic states. In
the case of fluoresence decay,Q̂ is as well an electric dipole moment oper-
ator, and in the case of Auger decay, it is a Coulomb operator. All unessential
constants are collected iñβf .

The transition operators can be factored out, together with the electronic
parts of the total wavefunctions, as long as they do not strongly depend on
the molecular geometry (Franck-Condon principle) and eq. 4.22 can then be
denoted as

σ(ω, E) ∝
∑
f

∣∣∣∣∣βf

∑
c

〈f |c〉〈c|0〉
ω − (Ec − E0) + ıΓ

∣∣∣∣∣
2

Φ, (4.23)

where〈c̆|V̂ |0̆〉 and〈f̆ |Q̂|c̆〉 are collected now as constants inβf . The mo-
lecular geometry dependence of the excitation operatorV̂ is practically always
negligible, whereas the decay operatorQ̂ shows in some particular cases strong
geometry dependence as we will discuss below in Sec. 4.2.2 (see as well Pa-
per III of this Thesis). Eq. 4.22 is called the ”Kramers-Heisenberg equation”
(see Ref. [65]), which decribes the resonant part of the scattering process and,
written in the simplified form of eq. 4.23, it will be referred to as the ”standard
Kramers-Heisenberg equation” in what follows.

A full description of the scattering process does not only take into account
the pathway via the resonant intermediate state, but as well the direct channel
from the ground electronic state to the final electronic state as schematically
depicted in Fig. 4.7. Therefore, the cross-section as denoted in eq. 4.22 ex-
tends now to

σ(ω, E) =
∑
f

∣∣∣∣∣α̃f 〈f |Ẑ|0〉 + β̃f

∑
c

〈f |Q̂|c〉〈c|V̂ |0〉
ω − (Ec − E0) + ıΓ

∣∣∣∣∣
2

Φ, (4.24)

where the first term describes the direct channel according to our discussion
in Sec. 4.1.3 above.̂Z is the dipole transition operator between the ground
and final electronic states and̃αf collects all unessential constants related to
the direct channel. This equation will be referred to as the ”extended Kramers-
Heisenberg equation” in what follows.
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Figure 4.7: A schematic figure illustrating two different pathways leading to
the same final state. One pathway is the resonant channel going
via an intermediate electronic state (c) to the final electronic state
(f), and the other pathway is the direct channel from the ground
electronic state (0) to the final electronic state (f).

For simplicity, we assume in the following discussions that all the operators
(together with the electronic parts of the total wavefunctions) can be factored
out. Thus we rewrite eq. 4.24 as

σ(ω, E) =
∑
f

∣∣∣∣∣αf 〈f |0〉 + βf

∑
c

〈f |c〉〈c|0〉
ω − (Ec − E0) + ıΓ

∣∣∣∣∣
2

Φ, (4.25)

whereby all the operators (together with the electronic parts of the total
wavefunctions) are now included in the constantsαf andβf . It is appealing to
calculate the square of Eq. 4.25:

σ(ω, E) =
∑
f
|αf 〈f |0〉|2 Φ +

∑
f

∣∣∣∣βf
∑
c

〈f |c〉〈c|0〉
ω−(Ec−E0)+ıΓ

∣∣∣∣2 Φ

+2
∑
f

∣∣∣∣αfβf 〈f |0〉
∑
c

〈f |c〉〈c|0〉
ω−(Ec−E0)+ıΓ

∣∣∣∣ Φ
= σDir + σRes + σIntDir

Res
.

(4.26)

As we can see, the cross-sectionσ basically consists of three components,
the direct cross-sectionσDir (cf. eq. 4.20), the resonant cross-sectionσRes and
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a third cross-section termσIntDir
Res

which describes the interference between the
direct and the resonant pathways (see Fig. 4.7).

By having a closer look on the resonant cross-sectionσRes we can see
that the denominator of the Kramers-Heisenberg equation gets very small for
photon frequencies close to the nominal resonant frequencyω = Ec − E0

and thus the entire expression blows up for such frequencies. As long as
the resonant process is much stronger than the direct process (which is the
usual case in the vincinity of a photoabsorption resonance), the second term in
eq. 4.26 is the dominant one, andσDir andσIntDir

Res
can be neglected in such

cases. When, however, the direct and the resonant processes are of comparable
strength already on top of the photoabsorption resonance, all three components
of the cross sectionσ have to be taken into account (see Papers III and IX of
this Thesis).

It is challenging to evaluate the resonant partσRes (the standard Kramers-
Heisenberg equation) of the cross-section (eq. 4.26) by calculating its square.
This results in

∑
f

β2
f


∑

c

P 2
c

R2
c + Γ2

4

+ 2
∑
c<c′

PcPc′(RcRc′ + Γ2

4 )

(RcRc′ + Γ2

4 )2 + [(Rc − Rc′)2 Γ2

4 ]


 , (4.27)

wherePc = 〈f |c〉〈c|0〉, Pc′ = 〈f |c′〉〈c′|0〉, Rc = ω−(Ec−E0), Rc′ = ω−
(E′

c−E0), andc andc′ denote different possible intermediate state vibrational
levels.

As we can see, the second term is (again) an interference term and will be
referred to asσInt in what follows. In contrast, the first term contains only
product intensities which are purely Franck-Condon like and hence this term
can be regarded as the ”direct” termσDir(Res) of the resonant cross-section.
Therefore we can write for the resonant part of the cross-section

σRes = σDir(Res) + σInt. (4.28)

The interference term of the resonant cross-sectionσRes is the key term to
explain a manifold of physical phenomena observable with resonant core-level
spectroscopy. One of the well-known phenomena is lifetime vibrational inter-
ference (LVI) which will be discussed in detail in the next section. Moreover,
it is worth pointing out that even if the Kramers-Heisenberg equation has so far
be denoted only for discrete vibrational levels, it is as well applicable for situ-
ations in which dissociative electronic states are involved in the resonant X-ray
Raman scattering process as we will discuss below (see Sec. 4.3). Therefore,
in order to systematise the discussion of the major results of this Thesis (see
Secs. 4.2 - 4.4), we will first concentrate on decay transitions between a bound
intermediate and a bound final electronic state (Sec. 4.2), then we will discuss
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cases where both the intermediate and the final electronic states are dissociat-
ive (Sec. 4.3) and finally we will discuss a situation in which the intermediate
state is dissociative, whereas the final electronic state is bound (Sec. 4.4).

4.1.6 Lifetime Vibrational Interference
Above we have discussed that when an excitation is made from the ground
state (0) to a bound intermediate state (c) (see Fig. 4.8), the population of the
vibrational levels in the core-excited state is governed by the Franck-Condon
principle (see Sec. 4.1.3 above).

Ground state (0)

Final state (f)

Core-excited state (c)

<c|0>

<f|c>

F
(w
-w

m
,g

m
)

L c
(w
-w

c,
G
)

Figure 4.8: A schematic figure illustrating lifetime vibrational interference.
The vibrational levels in the core-excited state overlap and are co-
herently excited. Thus several decay pathways are possible giving
rise to interference in analogy to light diffraction by a grating.

If the natural lifetime widthΓ of the core-excited state is in the same order
of magnitude as the vibrational spacing of the corresponding potential curve,
the vibrational levels of the core-excited state substantially overlap, as schem-
atically shown in Fig. 4.8, and need therefore to be treated as a superposition of

46



coherently excited vibrational wavefunctions, a ”wavepacket”. In analogy to
the diffraction of light by a grating, the intermediate state decays via a manifold
of possible pathways to the final electronic state (f), giving rise to constructive
and destructive interference pattern in the resulting Auger spectrum. This is
referred to as lifetime vibrational interference (LVI) in the literature (see Ref.
[65]) and is formally described by the interference termσInt of the (standard)
Kramers-Heisenberg equation (see eqs. 4.27, 4.28).

Lifetime vibrational interference manifests itself as energy shifts and changes
of the intensity distribution of the vibrational components compared to the dir-
ect photoelectron spectrum. It was experimentally identified in the first C1s
→ π∗ resonant Auger spectrum for CO, excited by narrow-band synchrotron
radiation (see Ref. [66]), and was shortly afterwards reconfirmed by the first
fully vibrationally resolved participator Auger spectrum for CO using the same
core-excitation as reported in Ref. [67]. Since then, LVI was found to be cru-
cial in a manifold of other studies and, indeed, the physical effects observed in
many of the papers included in this Thesis need to take into account LVI for a
proper explanation (see Papers II - VI of this Thesis).

4.1.7 Resonant ”Raman” Scattering and ”Stokes” Spectral Fea-
tures

For the following discussion, we will first consider a core-excitation from the
ground state (0) to a well separated, single resonant intermediate state (c),
which decays into a single final state (f) as schematically depicted in Fig. 4.9.
Such a situation can typically be found for atoms.

As mentioned above, the X-ray Raman Scattering Theory considers the
Auger decay as a scattering event from an initial state, consisting of an in-
coming photon and the system in its ground state, to a final state - an ejected
Auger electron and a singly-ionized system. The core-excited intermediate
state acts, from a statistical point of view as a bandpass filter selecting the
photons with suitable energy for the scattering process. Such filtering selects
the photons with energyω (correctly one should writēhω; however, for con-
venience and for consistency with the notation used above we normaliseh̄ = 1
in what follows) around the nominal resonance energyωc in a range limited
by the lifetime broadening of the resonance state which has a Lorentzian dis-
tributionLc(ω − ωc, Γ) with a widthΓ (see Fig. 4.9). Absorption of a photon
ω results in an Auger electron with kinetic energyEA according to the energy
conservation principle

EA = ω − (Ef − E0) = ω − EBf
, (4.29)

whereE0 andEf denote the energy of the ground electronic (in the case of
molecules ”vibronic”) and final electronic (in the case of molecules ”vibronic”)
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Ground state (0)

Final state (f)

Core-excited state (c)
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a) non-Raman: F > G
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Figure 4.9: A schematic illustration of the resonant Auger Raman effect. If a
large photon bandwidth is used, as indicated by case a), then the
natural lifetime widthΓ will dominate in the final Auger spectrum.
If a very narrow photon bandwidthΦ is chosen, as indicated by
case b), then the lifetime broadening can be eliminated, leading to
”subnatural” linewidths in the final Auger spectrum.

states, respectively, andEBf
is the binding energy of the singly-ionized final

state. The probability of absorbing a photonω and ejecting an Auger electron
with energyEA is determined by the Lorentzian distributionLc(ω − ωc, Γ).
It is naturally highest at the nominal resonance energyωc, at which an Auger
electron with the nominal kinetic energyEA0 is ejected. In practise, the excit-
ing radition is not perfectly monochromatic, but the photons form a band with
energy distributionΦ(ω −ωm, γm), the spectral function, centered atωm with
a widthγm. Therefore, the Auger electron energy distribution is given by

P (EA) ∝ Φ(ω − ωm, γm)Lc(ω − ωc, Γ). (4.30)

Here we assumed that the final state under consideration is stable against
further decay during the core-hole lifetime. If the via Auger decay reached fi-
nal state further decays during the core-hole lifetime, an additional convolution
with the lifetime of the unstable final state is required.

Some apparent consequences from eq. 4.30 can be directly discussed. Eq.
4.30 is a simple product of two distribution functions, and if their widths are
very different, then the distributionP (EA) is governed by the narrower one. In
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particular, if a large photon bandwidth is used, as indicated by case a) in Fig.
4.9, then the natural lifetime widthΓ will dominate the linewidth in the final
Auger spectrum (naturalP (EA)). On the other hand, if a very narrow photon
bandwidthΦ is chosen, then the lifetime broadening can be eliminated, leading
to ”subnatural” linewidths in the final Auger spectrum as schematically depic-
ted by case b) in Fig. 4.9 (see Refs. [68, 69, 70]). This is referred to as the
resonant Auger Raman effect, which was first observed in the hard X-ray spec-
tral region [68, 69] and recently as well in the soft X-ray/UV spectral region
[70]. The corresponding experimental conditions are accordingly referred to
as ”Raman conditions”.

As any monochromator will cut the infinitely long tails of the Lorentzian
distribution at some points, the resonant Auger Raman effect is always present
in experimental resonant Auger spectra. In contrast, true Lorentzian shaped
resonant Auger lines (naturalP (EA) in Fig. 4.9) are, strictly speaking, only
observable when using white light excitation.

The distributionP (EA) is centered around the nominal resonant Auger
electron kinetic energyEA0 only if ωm equalsωc, i.e. if the excitation en-
ergy is exactly tuned on resonance. If the excitation energy is detuned from
the resonance, then the maximum of the electron energy distribution is shifted
away fromEA0 (see Refs. [68, 69, 70]). This shift is a function of the photon
energy detuning

Ω = ωm − ωc. (4.31)

Again, the extreme cases can be stated. Under broad band excitationP (EA)
shows no dispersive behaviour as a function of the detuningΩ, whereas narrow
band excitation results in a linear dispersion ofEA againstΩ,

EA = EA0 + Ω, (4.32)

which is a direct consequence of eq. 4.29. Eq. 4.32 (or written in the form
of eq. 4.29) is called the ”Raman dispersion law”.

If the photon band is tuned in between two (or more) close-lying resonant
states, which can either be two close lying electronic states or vibrational sub-
levels of the same electronic state, so that both are simultaneously excited and
if these two (or more) resonant states decay into the same final state, then pos-
sible interference effects (”lifetime electronic/vibrational interference”) need
to be taken into account. The Lorentzian function of eq. 4.30 can therefore not
simply be replaced by the sum of two (or more) Lorentzian functions, but, in-
stead, the square of the sum of a complex scattering amplitude, reminiscent of
eq. 4.23, has to be used. In such cases the Auger electron energy distribution
reads as
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P (EA) ∝ Φ(ω − ωm, γm)

∣∣∣∣∣
∑

c

Mc0Mfc

ω − ωc + ıΓ

∣∣∣∣∣
2

, (4.33)

whereMc0 andMfc are the transition matrix elements for the photoexcit-
ation and Auger decay, respectively, and where we used the identityωc =
Ec − E0 for the nominal resonant core-excitation.

In order to achieve the experimentally observable resonant Auger line shapes,
one further needs to take into account a convolution with the spectrometer
functionG(Ekin − EA, γs), whereγs denotes the width of the spectrometer
function, and one needs to integrate over all Auger electron kinetic energies
EA (see Ref. [71]):

Pobs(Ekin) =
∞∫
0

G(Ekin − EA, γs)P (EA)dEA. (4.34)

If P (EA) takes on a Lorentzian form due to broad band excitation and if the
spectrometer function is Gaussian, then the measured lineshapes can be well
approximated with Voigt functions. In the narrow photon band limit (Raman
conditions), however, the experimentally observable lineshapes can be much
more complicated. For instance lineshape asymmetries can occur, depending
on if the photon energy was detuned or not and depending on the true nature
of the spectral functionΦ(ω − ωm, γm) [71]. In particular, if the spectral
function is in reality not Gaussian, but shows some non-negligible tails due
to stray-light passing through the (imperfect) monochromator, the tails of the
spectral function may give rise to additional spectral features when recording
a resonant Auger spectrum for a photon energyω detuned from the nominal
resonance energyωc as schematically shown in Fig. 4.10.

The appearance of additional spectral features due to stray-light excitation is
called ”Stokes-doubling” (see Ref. [72, 73]). The Stokes spectral features are
qualitatively different from the resonant Auger lines recorded under Raman
conditions, as the latter ones disperse on the kinetic energy scale according
to the Raman law (eq. 4.32), whereas the Stokes features stay constant on
the kinetic energy scale as they are excited by a broad stray-light distribution
which contains the nominal photon energyωc. The dispersing resonant Auger
lines are therefore often referred to as ”Raman lines” (denoted as ”R” in Fig.
4.10) and the Stokes features are accordingly referred to as ”non-Raman lines”
(denoted as ”NR” in Fig. 4.10).

The observation of the Stokes-doubling effect in resonant Auger spectra
may be considered as an experimental artefact and in some cases even be en-
countered as disturbing. However, due to the fact that no monochromator is
perfect with respect to stray-light, Stokes-doubling might occur in resonant
Auger spectra and, if so, one has to deal with it. In Paper VII of this Thesis we
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Figure 4.10: A schematic figure illustrating the ”Stokes doubling effect” in
resonant Auger Raman spectra recorded for photon energies de-
tuned from the maximum of the photoabsorption resonance. ”R”
denotes a (resonant Auger) Raman line and ”NR” denotes a non-
Raman (or Stokes) line.

present a thorough investigation of the Stokes-doubling effect occurring in N2

upon photon energy detuning relative to the N1s → π∗ resonance, demonstrat-
ing a method to strongly decrease the relative intensity of the Stokes features
if desired (see discussion below in Sec. 4.2.5).

4.1.8 Scattering Duration and Nuclear Motion
A photon bandwidth comparable with or even smaller than the natural lifetime
width of the core-excited state under consideration makes it possible to invest-
igate the formation of resonant Auger spectra as a function of frequency detun-
ing. In particular, cases of large photon frequency detuningΩ or large lifetime
broadeningΓ in comparison to the vibrational spacing of the core-excited state
≈ ωe (whereωe denotes the harmonicity constant of the core-excited state po-
tential curve; see Sec. 4.1.2 above) are of interest. Therefore we consider the
Kramers-Heisenberg equation (eq. 4.23) in the limit

√
Ω2 + Γ2 
 ωe in what

follows.
For Ω 
 ωe (i.e. far outside the resonance maximum), all vibrational

levels are excited with a relative probability which is proportional to the relat-
ive strength (maximum) of the specific vibrational level. When using narrow
band excitation, the spectral functionΦ can be approximated by aδ-function
and thus eq. 4.23 reads as
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σ(ω, E) ∝
∑
f

∣∣∣∣∣βf

∑
c

〈f |c〉〈c|0〉
ω − ωc + ıΓ

∣∣∣∣∣
2

δ(ω − ωm). (4.35)

This means in particular that the Kramers-Heisenberg equation needs to be
calculated only for one photon frequency. If all vibrational levels are popu-
lated at the same photon frequency and with relative intensities equal to the
relative strength of the specific resonance maximum, the summation over the
intermediate state vibrational levels|c〉 is complete, i.e.

∑
c

|c〉〈c| = 1, (4.36)

which results in

σ(ω, E) ∝
∑
f

|〈f |0〉|2 δ(ω − ωm). (4.37)

This equation has a very interesting interpretation. We achieved it in the
case of the period of vibrationsτvib = 2π/ωe being larger than(Ω2 +Γ2)−1/2.
The resonant X-ray scattering process is comparatively fast in such a case and
corresponds to a sudden transition to the final state|f〉, since the nuclear wave
packet does not have time to evolve on the core-excited state potential curve
before the electronic decay takes place. This allows us to interpret

T =
1√

Ω2 + Γ2
(4.38)

as the duration time for the resonant X-ray scattering process.
The concept of a duration time is quite attractive from an experimental point

of view, as it provides a way to control the scattering time. While the core-
hole lifetimeΓ is a molecular property and cannot be changed, the frequency
of the incoming photons can freely be chosen. In particular, one can time the
scattering process via frequency detuning of the incoming radiation, which
principally acts as a camera shutter analogous to time dependent pump-probe
experiments (see Ref. [74] and Fig. 4.11). In this sense the duration time is
the spectral formation time. In general one can say from eq. 4.38, that for zero
detuning (Ω = 0) the duration time is longest, whereas for large detuningsΩ
the duration timeT is drastically shortened.

Apart from the (Auger) scattering duration time, another time scale which
is physically important is the one which characterises the nuclear motion of
the wavepacket. As we have already mentioned above, for a bound state, the
period of vibrations can be used and therefore we can estimate

τnucl � 1
∆vib

, (4.39)
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Figure 4.11: Photon frequency detuning as means of controlling the duration
time T of the scattering process, the spectral formation time (cf.
Ref. [74]). F denotes the scattering amplitude which is calcu-
lated from the Kramers-Heisenberg equation (see Sec. 4.1.5).

where∆vib is the vibrational spacing of the core-excited state (≈ ωe). For
diatomic molecules the vibrational spacing is typically in the order of 0.1 - 0.3
eV (see Fig. 4.12) and thus the period of the vibrational motion is about 15 - 40
fs. As we have seen from our considerations above, the character of the decay
spectra is different if the (Auger) scattering timeT is shorter than the vibra-
tional time (T << τnucl). In such a case the core-excited state decays before
the molecule manages to perform one entire vibration. Thus the vibrational
structure of the core-excited state is not reflected anymore, as the nuclear wave
packet does not have time to develop on the core-excited state potential curve,
but it copies the narrow ground state nuclear wave function as schematically
shown in the left panel of Fig. 4.13. In the opposite case of the duration time
being longer than the vibrational time (T >> τnucl), the spectrum will consist
of vibrational progressions which are different from the direct photoionisation
spectrum due to the development of the nuclear wavepacket along the core-
excited state potential curve.

If the core-excitation is made to a dissociative intermediate state, the char-
actistic time scale for the nuclear motion is set by the dissociation timeτdiss

of the fragmenting molecule. If the molecule dissociates faster than it decays
(T >> τnucl), the resonant Auger spectra will be reminiscent of the spectra
of the core-excited atom, consisting of sharp ”atomic” lines as schematically
shown on the right panel of Fig. 4.13. This is referred to as ultrafast dis-
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Figure 4.12: The N1s→ π∗ photoabsorption spectrum of N2 showing a typ-
ical vibrational spacing of∼ 220 meV for a core-excited bound
electronic state.

sociation in the literature and was first observed for the HBr molecule (see
Ref. [62]). In the opposite case of slow dissociation or a short duration time
(T << τnucl), the spectrum will be similar to the one of direct photoionisa-
tion, as the molecule does not have time to fragment before the Auger decay
happens which gives rise to broad molecular spectral features (cf. Sec. 4.1.3
above).

The situation depicted on the left panel of Fig. 4.13 (bound-bound decay
transitions) for short duration time (T << τnucl) has been shown to lead, in
cases where the potential curves of the ground (0) and final (f) electronic states
coincide in equilibrium bond distance, to the total ”collapse” of the vibrational
fine structure already for a relatively small detuning valueΩ, for which the
resonant cross-section is still much larger than the cross-section of the direct
channel (see as well left panel of Fig. 4.14 below). As showcase for this effect,
theX2Σ+ final state in CO+ was chosen (see Refs. [75, 76]). In contrast, if the
potential curve of the final state (f) coincides in equilibrium bond distance with
the core-excited state (c), as schematically shown in Fig. 4.14, the reversed
behaviour, the ”build-up” of a vibrational progression upon small frequency
detuning can be observed, which was shown for theB2Σ+ final state in CO+
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Figure 4.13: A schematic illustration of the interplay between the variable
”Auger” scattering duration timeT and the characteristic time
scale of the nuclear motion for (a) decay transitions between a
bound intermediate and a bound final state, and (b) decay trans-
itions between a dissociative intermediate and a dissociative final
state.

as well by Refs. [75, 76]. Both effects are non-trivial in the sense that it is
not the relative increase of the direct channel in comparison to the resonant
channel which makes up for these effects, but it is the resonant cross-section
which takes a form similar to one of the direct cross-section upon frequency
detuning as we have seen above in eq. 4.37 (see as well discussion in the
context of eq. 4.27).

In Paper VI of this Thesis we discuss corresponding situations for the singly-
ionizedX2Σ+

g , A2Πu andB2Σ+
u final states of the N2 molecule by frequency

detuning relative to the the N1s → π∗ resonance (see discussion in Sec. 4.2.4
below). Furthermore, in Papers IV and V of this Thesis, we discuss an effect
which is strongly related to the collapse effect, namely the interference quench-
ing of a certain final state vibrational line upon frequency detuning as we have
observed for theX2Σ+

g final state in N+2 in the vincinity of the N1s → π∗ res-
onance. As we show, the interference quenching can be utilized to determine
the equilibrium bond distance of the core-excited state in an alternative way
(for further discussion see Sec. 4.2.3 below).

Returning to the right panel of Fig. 4.13 (dissociative-dissociative decay
transitions), usually both ”atomic” and ”molecular” spectral features are ob-
served in resonant Auger decay spectra of ultrafast dissociating molecules. A
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Figure 4.14: A schematic illustration of the collapse effect and the reversed
situation, the build-up effect, upon photon frequency detuning as
it was first observed for theX2Σ+ and theB2Σ+ final states in
CO+, respectively (see Ref. [75]).T �= 0 means long duration
time (zero detuning) andT = 0 means short duration upon fre-
quency detuning.

comparable amount of ”atomic” and ”molecular” decays have recently been
found in a large number of molecules (O2, O3, HBr, HCl, HF, H2S, H2O and
NH3; see Ref. [77] and refs. therein), whereby historically HBr and HCl have
been the first cases (see Refs. [62, 78]). Concerning the variability of the scat-
tering duration time by frequency detuning, also the ratio between ”atomic”
and ”molecular” spectral features is expected to be photon energy dependent
and has, indeed, recently been experimentally verified by Refs. [79, 80]. As
showcase theCl2p−16σ∗ core-excitation in HCl was chosen for both stud-
ies. As it was shown, the molecular spectral contributions increase strongly
upon frequency detuning, whereas the atomic spectral contributions decrease,
as the duration time of the scattering process is drastically reduced and hence
the probability for the molecules to fragment before the Auger decay happens.
Moreover, by quantitatively analysing the relative amount of ”molecular de-
cays” in comparison to the amount of ”atomic decays” as a function of photon
energy, one can obtain an upper limit for the dissociation time which is typ-
ically found to be in the low femtosecond time region as was pointed out by
Ref. [79]. This is in the literature referred to as the ”core-hole clock” method,
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which is a general method as it is not only applicable to fast dissociation pro-
cesses, but as well to other relaxation processes like charge transfer occurring
in adsorbate systems (see Refs. [81, 82]).

It is important to point out that the ”atomic” spectral features stay con-
stant on the kinetic energy scale as a function of photon energy, whereas the
”molecular” spectral features move according to eq. 4.32 on the kinetic en-
ergy scale, as long as the spectral width of the exciting radiation is smaller
than the core-hole lifetime. As a short core-hole lifetime in the order of 3 -
6 femtoseconds results in a relatively large lifetime broadening (≈ 0.8 − 1.5
eV; see Fig. 4.15 below) the Raman conditions are relatively easy to fulfill
for core-excitations to a dissociative intermediate state in comparison to core-
excitations made to a bound intermediate state (for comparison see Fig. 4.12
above). In Paper IX of this Thesis, we further investigate the resonant Auger
decay ofCl2p−16σ∗ core-excited HCl as a function of photon energy. As
we show, by adequate fine tuning of the excitation energy one can move the
”molecular” background over an ”atomic” spectral line and, for certain photon
energies, one can observe that the atomic spectral line converts into a negat-
ive spectral contribution, a ”hole”. This observation implies that the decays
occuring in the ”molecular” part of the potential curve and the decays occur-
ing in the ”atomic” part of the potential curve are interacting with each other.
Therefore, the ”core-hole clock” model is not applicable in such a situation, as
determination of the fraction of molecular decays relative to atomic decays is
impossible to perform accurately (for further discussion see Sec. 4.3 below).
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Figure 4.15: The HClCl2p−16σ∗ photoabsorption spectrum showing a com-
paratively broad resonance structure due to two spin-orbit split
components2p−1

3/2 and2p−1
1/2 of the core-hole and a very short

core-hole lifetime of the core-excited electronic state.

Very recently, another striking spectral feature was observed in resonant
Auger electron spectra of ultrafast dissociating, core-excited molecules, the
Doppler-splitting of ”atomic” Auger lines. This effect utilises the selective

57



alignment of molecules as discussed above in Sec. 2.4 and hence is only ob-
servable when the spectrometer is put in the plane of the fragmenting mo-
lecules. As the discussion of this effect is not subject of this Thesis, the inter-
ested reader may be referred to Refs. [83, 84] instead.

4.2 Bound-Bound Decay Transitions
In the following the major results of the papers included in this Thesis which
are dealing with resonant Auger decay transitions involving bound intermedi-
ate and bound final electronic states will be summarized and discussed.

4.2.1 ”Hidden” vibrations in CO: Reinvestigation of resonant
Auger decay for the C1s → π∗ excitation (Paper II)

As mentioned above in Sec. 4.1.6, the C1s→ π∗ resonant Auger spectrum
for CO, excited by narrow band synchrotron radiation, was historically im-
portant for the investigation of lifetime vibrational interference in core-excited
electron spectra (see Refs. [66], [67]). The resonant Auger decay of CO at the
carbon 1s edge was investigated by different research groups several times (see
e.g. as well Refs. [85, 86] and refs. therein), however, in all of the previous
works core-excitations were made only up to theν ′ = 2 vibrational component
of the C1s→ π∗ resonance.

The purpose of Paper II of this Thesis is to demonstrate that even though
the high resolution C1s→ π∗ photoabsorption spectrum for CO shows a sub-
stantial population of only the first three vibrational levels (see e.g. Ref. [67]),
the high sensitivity of resonant Auger electron spectroscopy can reveal even
higher vibrational levels of the intermediate state being efficiently populated
upon adequate tuning of the photon energy, as schematically indicated in the
left panel of Fig. 4.16. In the right panel of Fig. 4.16 we show corresponding
resonant Auger electron spectra of the X2Σ+ final state, measured for excit-
ations to the first five vibrational components of the C1s → π∗ core-excited
state in CO. For comparison, an off-resonance spectrum, recorded 10 eV be-
low the resonance, is as well included in this figure. As we can see, both for
the excitations toν ′ = 3 and toν ′ = 4 an extended vibrational progression of
the X2Σ+ final state in comparison to the off-resonance spectrum is observed.
This is a clear indication that higher vibrational levels thanν ′ = 2 are populated
upon adequate resonant core-excitation. Moreover, as we can see from these
data, resonant Auger electron spectroscopy probes a larger, different part of the
final state potential curve in comparison to direct photoelectron spectroscopy,
as the Franck-Condon region for the decay transitions from the core-excited
state to the final state (”decay region”) is centred around the equilibrium bond
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Figure 4.16: Left panel: Ab initio potential curves for the ground state, the
C 1s → π∗ core-excited state and the X2Σ+, A2Π and the B2Σ+

singly-ionized final states of CO. Right panel: Resonant Auger
electron spectra of the X2Σ+ final state, measured for excitations
up toν ′ = 4 vibrational component of the C1s → π∗ core-excited
state in CO. An off-resonance spectrum, recorded 10 eV below
the resonance, is as well included for comparison.

distance of the core-excited state and not, as in direct photoionisation spectro-
scopy, around the equilibrium bond distance of the ground state (see discussion
above in Sec. 4.1.3).

Vibrational intensity distributions different from the intensity distributions
in the off-resonance spectrum have been measured for a manifold of other
singly-ionized final states for excitationsν ′ > 2, which confirms efficient pop-
ulation of higher vibrational levels for the C1s → π∗ resonance in CO (see
Figs. 2-5 in Paper II). In addition, the C1s → π∗ photoabsorption profile for
CO was recorded in a partial electron yield mode, the CIS-mode (see discus-
sion in Sec. 2.3 above), which reveals the vibrational componentsν ′ = 3, 4
being weakly populated and hence difficult to observe in a total yield absorp-
tion spectrum due to different singal to background ratio (see Fig. 9 in Paper
II).

Furthermore, the spectator part betweenEBin = 26.5 eV and 30 eV was
investigated in more detail, as it is the subject of an ongoing debate. The ques-
tion is whether the final states reached in this spectral region are dissociative
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Figure 4.17: Left panel: Resonant Auger electron spectra of the ”3-12”2Π
spectator states, measured for excitations both ”on top” and ”in
between” of the first five vibrational components of the C1s →
π∗ core-excited state in CO. Two off-resonance spectra, one re-
corded 10 eV below the resonance and the other one athν =
96 eV, are included for comparison. Right panel:Ab initio cal-
culations for the 1-122Π potential curves. The 5-122Π poten-
tial curves are suggested to result in an effective bound potential
Veff (5-122Π), giving rise to sharp spectral features seen between
EBin = 28.3 eV and 28.9 eV.

(see Ref. [67]) or are a multitude of close-lying, weakly bound states of2Π
symmetry as suggested in Refs. [85, 86]. In none of the previous works, how-
ever, vibrational finestructure was identified in this binding energy region. In
the left panel of Fig. 4.17 we show resonant Auger electron spectra recorded
for excitations both ”on top” and ”in between” of the first five vibrational com-
ponents of the C1s → π∗ resonance for this spectral region. For comparison,
two off-resonance spectra, one recorded 10 eV below the resonance and the
other one at a photon energy ofhν = 96 eV, are included in this figure. The
resonant and nonresonant spectra are quite different. The nonresonant spectra
show primarily a single vibrational progression which is due to inelastic scat-
tering of electrons in the gas cell [87]. Theν ′ = 0 throughν ′ = 2 resonant
Auger spectra show betweenEBin = 28.3 eV and 28.9 eV weak peaks with
an energy spacing typical for vibrations (∼ 200 meV) successively increasing
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in intensity with the intermediate state quantum number. As these lines do
not reflect inelastic scattering processes (see hν = 96 eV spectrum), we asso-
ciate them to a vibrational progression of a spectator state. In the right panel
of Fig. 4.17 we showab initio calculations for the 1-122Π potential curves.
As can be seen, many of the2Π states are close lying, thus interacting with
each other, which leads to an enormous number of avoided crossings in the
adiabatic framework (see discussion in Sec. 4.1.4 above). Only the two low-
est curves, A2Π and 22Π, show pronounced potential minima, giving rise to
vibrational progressions in the lower binding energy region (< 26.5 eV; not
included in this figure). The 32Π and the 42Π states are strongly repulsive and
could explain the broad structures located at 27.3 eV and 28 eV, respectively.
However, none of the 5-122Π states seems to be bound in the adiabatic frame-
work. Therefore, in order to give an adequate explanation for the sharp features
betweenEBin = 28.3 eV andEBin = 28.9 eV, we suggest to preferably use an
effective bound potentialVeff (5-122Π), resulting from the strong interacting
of the 5-122Π states as indicated in the right panel of Fig. 4.17. Thus, in effect,
a diabatic consideration seems to be necessary in order to accurately describe
the experimental findings of these peaks.

4.2.2 Bond-distance-dependent decay probability of the N1s →
π∗ core-excited state in N2 (Paper III)

In Paper III of this Thesis we report on the first experimental observation of
the unusually weak decay of the N1s → π∗ core-excited N2 molecule to the
singly-ionised B2Σ+

u final state (see Fig. 3.5 in Sec. 3.2.1 for an overview
spectrum of the resonant Auger decay in N2). As we can see from the left
panel in Fig. 4.18, the experimental vibrational progression of the B-final state
breaks up in two parts by tuning the photon energy to higher vibrational levels
(ν ′ > 0), one at the lower binding energy side and one at the higher binding
energy side. Furthermore, in between the two groups of lines, the spectra
show less and less structure, eventually becoming totally flat at the excitation
energy corrsponding toν ′ = 5. The gross features of the spectra, two groups of
lines, rely on the reflection principle of the evolving wavepacket at the classical
turning points of the core-excited state, where the vibrational kinetic energy
tends to zero and the system resides for a longer time.

In order to get a refined description of this peculiar spectral behaviour,
we performed lifetime vibrational interference (LVI) simulations on different
levels. On the first level of approximation, the simulations were based on the
”standard” Kramers-Heisenberg equation (cf. eq. 4.23 above). The corres-
ponding results are included as dotted lines in the right panel of Fig. 4.18. As
we can see, while the splitting into two distinct groups of lines is reproduced,
one immediately notices that the relative intensity of the lower binding energy
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Figure 4.18: Left panel: Resonant Auger electron spectra of N1s → π∗ core-
excited N2 to the singly-ionised B2Σ+

u final state, measured for
excitations on top of the first seven vibrational components of the
intermediate state. The N1s → π∗ photoabsorption profile is
shown as well in order to emphasize the one-to-one connection
between the decay spectra and the vibrational levels in the core-
excited state. Right panel: Numerical simulations using ”stand-
ard” LVI-theory (dotted curves) and R-dependentab initio values
for the Auger transition matrix elements (full curves) are shown.

group of peaks is underestimated in comparison to the experimental results and
the flattening in between the two groups of lines is not reproduced at all.

In order to improve the agreement between experiment and theory with re-
spect to the relative intensities of the lower binding energy vibrational peaks,
one has to take into account the direct photoemission channel and its interfer-
ence with the resonant channel as considered recently by Ref. [88] (see eqs.
4.25 and 4.26 above). By doing this, the strength of direct photoemission turns
out to be about the same as resonant photoemission for the decay spectrum
measured on top ofν ′ = 0. However, the inclusion of the direct channel did not
account for the very visible flattening of the intensity distribution between the
two groups of lines. Thus, in the next level of modelling we went beyond the
Franck-Condon approximation (see Sec. 4.1.3 above), which means that the
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decay rates were not assumed any longer being independent of the bond dis-
tance. The motivation for this was that energetically close to the B2Σ+

u final
state of N+2 another electronic state of the same symmetry is found, the singly
ionised C2Σ+

u , giving rise to configuration interaction and an avoided cross-
ing of the corresponding potential curves as discussed above in Sec. 4.1.4.
Hence, by implementing R-dependent Auger transition rates, which were ob-
tained fromab initio calculations, in the extended Kramers-Heisenberg equa-
tion (see eq. 4.24) we achieved a remarkably good agreement between the
numerical simulations (full curves in the right panel of Fig. 4.18) and the
experimental results. This result implies in particular that, as the B2Σ+

u final
state is a single-hole state which is reached via a participator type of decay (see
Sec. 2.2 above), and the C2Σ+

u is a two-holes one-particle final state which is
reached via a spectator type of decay (see Sec. 2.2 above), the classification
into participator and spectator decay is not valid anymore in such a situation.

4.2.3 Geometrical information on the N1s → π∗ core-excited
state in N2 obtained from interference quenching (Papers
IV, V)

Above, in Sec. 4.1.8, we discussed as an illustrative example for the dura-
tion time concept of the resonant X-ray Raman scattering process the collapse
of vibrational fine structure upon frequency detuning of the incoming radi-
ation which was first observed in the resonant Auger decay of C1s → π∗

core-excited CO (see Refs. [75, 76]). The collapse was found to occur when
the final state potential curve coincides in equilibrium bond distance with the
ground state potential curve. In Papers IV and V of this Thesis, we investigate
similar situations for the resonant Auger decay of N1s → π∗ core-excited N2
to the X2Σ+

g and to the B2Σ+
u singly-ionised final states, respectively, which

are both quasi-parallel in equilibrium bond distance to the neutral ground state
(see Handbook of Huber-Herzberg [89] or Table I in Papers IV, V).

In Fig. 4.19 we present experimental and theoretical Auger spectra for de-
cay to the X2Σ+

g and B2Σ+
u final states of N+2 , respectively, for negative ex-

citation energy detuningsΩ relative to the lowest vibrational component of
the N1s → π∗ resonance at 400.88 eV. Corresponding off resonance spectra
measured athν = 95 eV are as well included in this figure. The numerical sim-
ulations were based on the ”standard” Kramers-Heisenberg equation (cf. eq.
4.23 above), where only the resonant channel, but not the direct channel and
possible interference between these two channels, is taken into account.

As we can see, in both cases the vibrational fine structure resembles the
intensity distribution of the direct photoionisation spectrum already for a rel-
atively small detuning value (Ω ≈ −150 meV). As discussed in Paper III of
this Thesis, the experimentally measured cross-sections for the decay from the
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Figure 4.19: Experimental and numerical resonant Auger electron spectra of
the singly-ionised B2Σ+

u (left panel) and X2Σ+
g (right panel) final

states of N2, measured (calculated) for negative frequency detun-
ing relative to the adiabatic 0 - 0transition of the N1s → π∗ core-
excited state (400.88 eV). Corresponding off resonance spectra
recorded at a photon energy ofhν = 95 eV are as well included
for comparison.

1s → π∗ core-excited state to the B-state in N+
2 show quite some contribu-

tion from the direct channel, modifying the vibrational intensity distribution
for the two lowest vibrational components of the B2Σ+

u final state. However,
the almost instantaneous breakdown of the very long resonant progression for
small frequency detuning (i.e. forΩ < −100 meV; see left panel of Fig. 4.19)
shows that the vibrational collapse is present in this case. The numerical detun-
ing value differs from the experimental value due to the absence of the direct
channel in the numerical simulations.

For the X-state, the ratio between the direct and resonant cross-sections is
estimated from our experimental data to be< 1% on top of theπ∗ reson-
ance. Furthermore, as we can see in the right panel of Fig. 4.19, the simulated
spectra, which take only the resonant channel into account, reproduce the ex-
perimental data to a very high degree of accuracy. Therefore, the condition for
observing the collapse effect,σRes 
 σDir, is well fulfilled for the X-state.
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Figure 4.20: Left panel: The ratio (m = 1)/(m = 0) of the integrated intensities
for the singly-ionised X2Σ+

g final state of N2 as a function of de-
tuningΩ. Both experimental and theoretical values are presented.
Right panel: Schematic figure illustrating that the observation of
an interference quenching is strongly dependent on the location
of the final state potential curve relative to the ground state one.

By looking closer now into the evolution of the X-state progression (see
right panel of Fig. 4.19), we observe that for increasingly negative detuning,
the m = 1 component decreases in intensity even more compared to the m =
0 component, until it has almost completely vanished atΩ = −500 meV and
then it grows again. This peculiar behaviour is also seen in our simulations.
No trace of such a quenching behaviour is seen in either the experimental or
the theoretical spectra for the B-final state in N+

2 (see left panel of Fig. 4.19)
or for the X-state in CO+ (cf. Ref. [75]). In order to quantify this behaviour,
we determined the ratio of (m = 1)/(m = 0) integrated intensities as a function
of detuningΩ (see left panel of Fig. 4.20) by a least-squares curve fitting data
analysis. As can be seen, the ratio (m = 1)/(m = 0) decreases drastically already
for very small detuning valuesΩ until it reaches a minimum atΩ ≈ −500
meV after which the ratio increases again. The experimental and theoretical
curves are in very good agreement. Some of the spectra showed a Stokes
component in the binding energy region of interest due to some small amount
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of straylight passing through the monochromator (see Sec. 4.1.7 above) and
are marked in this figure by the shaded region labelled ”Stokes doubling”. We
will consider the Stokes doubling effect for N2 in Sec. 4.2.5 below in greater
detail, where we will in particular show how to experimentally decrease or
increase the relative intensity of the Stokes components in comparison to the
Raman bands.

As the experimental and numerical data presented for the X-state in Fig.
4.19 show an unusual behaviour of the scattering cross-section in one final state
vibrational quantum (phonon), we analyse the ”standard” Kramers-Heisenberg
equation (cf. eq. 4.23) with only ”one phonon” in the final state (”one phonon
approximation” in analogy to solid state physics). Furthermore, we assume for
simplicity that the interference takes place mainly via two interfering channels:
0 → 0 → 1 and0 → 1 → 1. Thus the scattering amplitudeF reads as

F ≈ 〈f ; 1|c; 0〉〈c; 0|0; 0〉
Ω

+
〈f ; 1|c; 1〉〈c; 1|0; 0〉

Ω − ωc
, (4.40)

wheref , c and0 represent the final, core-excited and ground state, respect-
ively, Ω denotes the detuning, which is defined here relative to the adiabatic 0
- 0 transition between the ground state and core-excited state vibrational levels
ω00 (Ω = ω − ω00; ω denotes the photon frequency), and we neglect the life-
time broadeningΓ since in the studied region|Ω| 
 Γ. Please note thatωc

in the denominator of eq. 4.40 denotes here the vibrational frequency of the
core-excited state (harmonicity constant) and should not be confused with the
earlier used identity for the nominal resonant transitionωc = Ec − E0 in the
context of eq. 4.33 above.

As we show in Paper V of this Thesis, eq. 4.40 can be rewritten as

F ≈ ηfc

Ω
+

ηc0

Ω − ω̃0
=

ηf0

Ω(Ω − ω̃0)

(
Ω − ω̃0

ηfc

ηf0

)
, (4.41)

where we have used the identity,ηfc + ηc0 = ηf0 = (R0
f − R0

0)/a
√

2,

the definition of dimensionless displacements,ηfc = (R0
f − R0

c)/a
√

2, ηc0 =
(R0

c − R0
0)/a

√
2 and the approximate vibrational frequencies of groundω0,

core-excitedωc and finalωf states by the average valuẽω0 = (ω0 + ωc +
ωf )/3 ≈ 0.27 eV (for spectroscopical constants see Refs. [66, 89] or Table
I of Papers IV and V). This can be done as long as the shifts of equilibrium
bond distances,R0

f − R0
c andR0

c − R0
0, are small compared to the amplitude

of vibrationsa = 1/
√

µω̃0 (µ is the reduced mass), which is the essence of
the one phonon approximation. Complete destructive interference between the
two scattering channels (F = 0) occurs when the detuning is

Ωcs = ω̃0
ηfc

ηf0
= ω̃0

R0
f − R0

c

R0
f − R0

0

. (4.42)
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The scattering amplitudeF changes sign at this point, and matches the amp-
litude of the direct transition to the final state,F ≈ ηf0/Ω, for large detunings
(|Ω| 
 ω̃0). This equation shows in particular a simple relation between the
detuning valueΩcs for which the scattering amplitude equals zero and the equi-
librium bond distance of the core-excited stateR0

c . It can be rewritten in a more
generalised form as

R0
c = R0

f − Ωcs

ω̃0
(R0

f − R0
0)ζ. (4.43)

The factorζ ≡ ζ(R0
i , ωi) (i = 0, c, f) differs slightly from 1 and takes

into account the deviation of the simplified expression 4.42 from the strict
one (see discussion below). As the value ofR0

c is usually known to a lower
degree of accuracy than the equilibrium bond distances of the ground and fi-
nal states,R0

0 andR0
f , eq. 4.43 indicates a novel way to determineR0

c with
high precision ifΩcs can be measured with an accuracy ofδΩcs = ±10 meV
or better. The direct implementation of eq. 4.43 for the simplified model
(ζ = 1) results inR0

c ≈ 1.1511Å for Ωcs = −500 meV andR0
0 andR0

f from
the Handbook of Huber-Herzberg [89] (see as well Table I in Papers IV and
V). This value deviates from the earlier published NEXAFS-value given by
Ref. [66]: R0

c = 1.1641Å. Therefore, we investigated a more advanced model
(ζ ≡ ζ(R0

i , ωi) �=1) taking into account the difference between vibrational fre-
quenciesω0, ωc, ωf , and a ”two phonon” process in the core excited state (see
Paper V of this Thesis). From this model we getΩcs ≈ −486 meV orR0

c ≈
1.1593̊A, which is closer to the NEXAFS-value of Ref. [66]. Furthermore,
by solving the unapproximated standard Kramers-Heisenberg equation (cf. eq.
4.23 above) numerically, what is referred to as the strict solution in what fol-
lows, and by determining the spectroscopical constants for the N1s → π∗

core-excited state from recently obtained, high-resolution NEXAFS-data (cf.
Ref. [90]) we achieve a value forR0

c ≈ 1.1645̊A which is reminiscent of the
previously published NEXAFS-value by Ref. [66]. It is worth mentioning,
that the NEXAFS data analysis from Ref. [90] resulted in a value forR0

c ≈
1.1664̊A (± 0.002Å) [90], which gives some sort of estimate for the accuracy
of determiningR0

c from NEXAFS-data,± 0.002Å or worse.
Returning our attention to eq. 4.42 we can see that the sign changing of

the scattering amplitudeF can, in the region of negative detuning, only be ob-
served ifR0

f > R0
0 (for the usual caseR0

f < R0
c when exciting a core-electron

to theπ∗ orbital). If R0
f < R0

0, the detuning parameterΩ gets positive. This
explains in particular why such a minimum in the regionΩ < 0 cannot be
observed for the B2Σ+

u final state in N+2 and why it was not observed earlier
for the X2Σ+ final state in CO+ (cf. Ref. [75]). This is schematically sum-
marised in the right panel of Fig. 4.20. It is important pointing out that eq.
4.42 is not valid in the region of positive detuning since this is essentially the
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resonant region. Nevertheless, in Paper V of this Thesis, where we explicitely
distinguish between the real part�eF and the imaginary part�mF of the
scattering amplitudeF , the strict calculations (based on the unapproximated
standard Kramers-Heisenberg equation) show several zeros of the real part of
the scattering amplitude,�eF , for different vibrational levels of the final B-
state (cf. Fig. 5 of Paper V). By having once more a closer look on Fig. 4.18 in
Sec. 4.2.2, we can indeed see that the positively detuned experimental spectra
for the B-state in N+2 show some weak suppression of the ”one-phonon” res-
onance. However, in contrast to the large negative detuning (cf. Fig. 3 in Paper
V), the imaginary part of the scattering amplitude�mF is comparatively big
near the zeros of the real part of the scattering amplitude�eF for Ω > 0. Due
to this we cannot extract any useful information nearby these zeros from the
resonant cross section,∝ (�eF )2+(�mF )2, of the B-final state measured for
positive detuning. Furthermore, as discussed in Sec. 4.2.2 above, the Auger
transistion rates depend strongly on the internuclear distance for this particu-
lar final state and, in addition, the direct channel and hence the interference
between the resonant and direct channel is not negligible at all for the B-final
state in N2, why these data are very difficult to disentangle with respect to an
interference quenching.

4.2.4 The spectral shape of resonant photoemission profile in N2

versus the duration time of the X-ray scattering process
(Paper VI)

In Paper VI of this Thesis we investigate the formation of the spectral profiles
of the singly-ionized X2Σ+

g , A2Πu and B2Σ+
u final states of N2 as a function

of positive and negative photon frequency detuning relative to the adiabatic
0 - 0 transition of the N1s → π∗ photoabsorption resonance. Even though
high-resolution photoabsorption spectra of N2 show sufficient population of
vibrational levels up to onlyn = 7 (see Fig. 4.12 above), excitations up ton
= 13 were performed in a similar way as discussed above in Sec. 4.2.1 for
the CO molecule (see as well Paper II of this Thesis). The main question of
interest is if all final states converge to the direct photoionisation spectrum for
the same frequency detuning and if the convergence in terms ofΩ is the same
for positive and negative detuning.

In Fig. 4.21 we show experimental and theoretically simulated resonant
Auger electron spectra of the singly-ionised A2Πu final state of N2 for posit-
ive (left panel) and negative (right panel) frequency detuning. The spectrum
of direct photoionisation measured at a photon energy ofh̄ω = 95 eV is as
well included. The numerical simulations are based on the standard Kramers-
Heisenberg equation (cf. eq. 4.23 above) where only the resonant channel is
taken into account. As we can see both from the experimental and numerical
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Figure 4.21: Left panel: Experimental and numerical resonant Auger electron
spectra of the singly-ionised A2Πu final state of N2 for positive
detuning. The topmost spectrum is the direct photoelectron spec-
trum. Right panel: Experimental and numerical resonant Auger
electron spectra of the singly-ionised A2Πu final state of N2 for
negative detuning. The direct photoelectron spectrum is at the
bottom.

results, for positive detuning the intensity distribution of direct photoionisation
is reached for excitationsn > 9 (Ω > 2 eV), whereas for negative detuning
the intensity distribution of the direct photoionisation is reached forΩ < - 1.5
eV. Moreover, as we show in Paper VI of this Thesis, the B2Σ+

u and X2Σ+
g

final states reach for positive detuning the direct photoionsation limit for ex-
citationsn > 7 (Ω > 1.5 eV) andn > 8 (Ω > 1.75 eV), respectively. In
addition to that, as we have seen in Sec. 4.2.3 above, for negative detuning,
the X2Σ+

g state reaches the intensity distribution of direct photoionisation for
a detuningΩ ≈ - 150 meV before the interference quenching occurs, and for
a detuningΩ < - 2500 meV after the relaxation of the quenching. For the
B2Σ+

u state it is difficult to extract experimentally the exactΩ-value for reach-
ing the direct photoionisation limit upon negative frequency detuning due to
the presence of the direct channel already on top of theπ∗ resonance (see dis-
cussion in Secs. 4.2.2 and 4.2.3 above). As we can see, the spectral profile of
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different final electronic states converges to the intensity distribution of direct
photoionsation differently, and theΩ-values for positive and negative detun-
ing differ within the same electronic state. A similar picture can be found for
the resonant Auger decay of C1s → π∗ core-excited CO to the X2Σ+ final
state, where the intensity distribution of direct photoionisation is reached upon
negative frequency detuning forΩ ≈ −0.45 eV (see Ref. [75]), whereas for
positive frequency detuning at least a detuningΩ ≈ +1.4 eV is required (see
Paper II of this Thesis).

Returning our attention to the left panel of Fig. 4.21, we can see that for
excitations up ton = 6, the strongest final state vibrational linem corresponds
to the excited intermediate state vibrational leveln, i.e. 〈m|n〉 ≈ δn,m. In
particular, for excitation ton = 0 the final state vibrational linem = 0 is dom-
inant, for excitationn = 1 the final state vibrational linem = 1 is dominant etc.,
which is indicated by dashed lines in the left panel of Fig. 4.21. Furthermore,
for excitationsn > 6 the vibrational envelope shows two subgroups of lines,
one at the lower and the other one at the higher binding energy side.

The dominant transition〈m|n〉 ≈ δn,m occurs due to the almost parallel
potential shapes of the N1s → π∗ core-excited state and the A2Πu final ionic
state of N2 (see Refs. [66, 89] or Table I in Paper VI of this Thesis). As we
will see below in Sec. 4.2.5, if stray-light is passing through the monochro-
mator, this particular transition gives rise to a comparatively strong additional
spectral line (Stokes line) in resonant Auger electron spectra of N2 recorded
for excitations above or below the photoabsorption resonance.

The group of lines on the lower binding energy side shows an intensity
distribution which is very reminiscent of the intensity distribution of the direct
photoionisation, whereas the higher binding energy side is different and can
be considered being of pure resonant character, in analogy to the situation
encountered for the B2Σ+

u final state of N2 (see discussion in Sec. 4.2.2 above).
This behaviour shows, that different parts of the same final electronic state
reach the direct photoionisation limit for different detuning valuesΩ.

As we discuss in Paper VI of this Thesis, all of these observations contradict
the simplified expression for the scattering duration time (cf. eq. 4.38 above),
as according to this equation the formation of the spectral profile should not
depend on the final electronic and the final vibrational states. In general, as
we have seen above in the context of eq. 4.38 (see Sec. 4.1.8), the duration
time is comparatively long for on resonance excitation (Ω = 0 eV), whereas
it is drastically reduced upon frequency detuning (short duration time). The
latter situation is often referred to as ”fast” scattering, and the situation for
zero detuning is referred to as ”slow” scattering.

In order to explain the peculiar development of the A2Πu final ionic state in
N2 for positive detuning, we consider the scattering process on the grounds of
two qualitatively different scattering channels, the ”vertical” (fast) scattering
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Figure 4.22: Formation of vertical and resonant spectral profiles. Labels ”R”
and ”V” correspond to ”resonant” and ”vertical” scattering chan-
nels.

channel and the ”resonant” (slow) scattering channel as schematically indic-
ated in Fig. 4.22. The vertical (fast) scattering channel follows the Raman law
(cf. eq. 4.32 above) and manifest ifself as a growing broad band of the A2Πu fi-
nal state located on the low binding energy side, whereas the ”resonant” (slow)
scattering channel does not follow the Raman law, but stays constant in kinetic
energy or disperses in binding energy as a function of photon frequency detun-
ing and manifest itself as the dominant transition〈m|n〉 ≈ δn,m in the A-final
state of N+2 . Furthermore, the amplitude of the resonant scattering channel is
found to decrease faster than the amplitude of the vertical scattering channel.
The competition between ”vertical” and ”resonant” scattering channels differs
for different final electronic states, hence different detuning valuesΩ.

The distinction between ”vertical” and ”resonant” scattering channels is as
well essential to understand theΩ-asymmetry encountered for positive and
negative frequency detuning within the same electronic state. Principally, if
the vertical transition (0 -nv) is close to the adiabatic transition (0 - 0), as it
is the case for N1s → π∗ core-excited N2 and C1s → π∗ core-excited CO,
a strongΩ-asymmetry is expected, due to the fact that the resonant region for
negative detuning (0 ≤ n ≤ nv) is comparatively small to the resonant region
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of positive detuning (nv ≤ n ≤ nc; nc denotes the vibrational quantum num-
ber of the core-excited state for which the ”vertical” and ”resonant” scattering
amplitudes are of the same order of magnitude). In contrast, theΩ-asymmetry
becomes small, when the vertical transition corresponds to high vibrational
excitations (nv 
 1), save for excitations near the dissociation limit.

In order to refine the simplified duration time description (see Sec. 4.1.8
above), we introduce the partial duration timeτm which explicitly depends on
the final state under consideration. The partial duration time is mainly related
to the resonant scattering channel, and indeed, our simulations demonstrate
the shift of the region of slow (resonant) scattering towards positive detuning
with increasing final state vibrational quantum numberm (see Paper VI of this
Thesis). Moreover, in the case of negative frequency detuning, the formation
of the in Sec. 4.2.3 above discussed interference quenching of them = 1 final
state vibrational line of the X2Σ+

g state is found to take long time.
The partial duration time, however, does not take into account that different

final vibrational statesm are represented in the spectral profile with different
probabilitiesPm. Hence, in order to characterise the whole spectral profile,
one needs to consider the mean duration time which is defined as

τ =
∑
m

τmPm, Pm =
σm(ω)
σ(ω)

, (4.44)

whereσm(ω) andσ(ω) are the integral partial and total scattering cross
sections, respectively. As it is shown by numerical simulations in Paper VI of
this Thesis, the mean duration time is closer related to the gross features of the
spectral profiles than the partial duration time.

Returning our attention to the right panel of Fig. 4.21, we can see that the
above mentioned parallel potentials of the N1s → π∗ core-excited state and
the A2Πu final state manifest itself in another physically interesting behaviour,
the ”build-up” of a vibrational progression upon negative photon frequency
detuning (see Sec. 4.1.8 above). The build-up effect was earlier observed for
the B2Σ+ final state in CO by Refs. [75, 76] and is the reversed situation to the
collapse effect and the interference quenching. The opposite character of these
effects can be explained in terms of constructive and destructive interference
by comparing the direct termσDir(Res) and the interference termσInt of the
Kramers-Heisenberg equation (cf. eq. 4.23 above) with the resulting total
cross sectionσRes = σDir(Res) + σInt (cf. eq. 4.28 above) as it is done
in Fig. 4.23 for a frequency detuningΩ = - 500 meV. As we can see, the
collapse effect and the interference quenching observed for the B- and X-final
states of N+2 , respectively, (see discussion in Sec. 4.2.3 above) are due to
destructive interference, whereas the build-up effect of the A-final state is due
to constructive interference.

72



21 20 19 18 17.5 16.0
Binding Energy (eV)

In
te
ns
ity
(a
rb
it.
un
its
)

17.5 15.0

X-state
destructive

A-state
constructive

B-state
destructive

W = -500 meV
m = 0

m = 1

m = 2

m = 0

m = 0

m = 1

m = 2

m = 1

m = 2

Figure 4.23: Numerical resonant Auger electron spectra for the X2Σ+
g , A2Πu

and B2Σ+
u singly-ionised final states of N2, calculated forΩ =

−500 meV. The dashed and dashed-dotted lines represent the dir-
ectσDir(Res) and the interferenceσInt terms of the total scatter-
ing cross sectionσRes = σDir(Res) + σInt (solid line), respect-
ively (see eq. 4.28 above).

4.2.5 Stokes doubling effect in resonant photoelectron spectra of
N2 (Paper VII)

In Sec. 4.1.7 above, where we discussed the interplay between the spectral
functionΦ and the core-hole lifetimeΓ with respect to the formation of the res-
ulting electron spectrum, we have seen that due to an imperfect spectral func-
tion (non-negligible tails of straylight passing through the monochromator)
additional spectral features besides the ”Raman” bands may occur in resonant
Auger electron spectra recorded for photon energies detuned from the nominal
photon energy, the so-called ”Stokes” spectral features.

In Paper VII of this Thesis we investigate the Stokes-doubling effect for the
N2 molecule in the vincinity of the N1s → π∗ photoabsorption resonance. As
we show in this paper, the undulator light itself, partially diffusely scattered
by the optical system of the beamline, plays an important role in the forma-
tion of high-resolution resonant photoelectron spectra. Therefore we will use
in the following discussion two qualitatively different detunings with respect
to the adiabatic 0 - 0 transition of the N1s → π∗ photoabsorption resonance
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Figure 4.24: Left panel: Schematic illustration of two qualitatively differ-
ent detunings relative to the adiabatic 0 - 0 transition of the
N 1s → π∗ photoabsorption resonance in N2, namely the de-
tuning of the monochromatized excitation frequencyΩm and the
detuning of the undulator harmonicΩu. Right panel: A series of
measurements performed atΩm = −2500 meV where the intens-
ity maximum of the undulator harmonic is tuned in energy from
Ωu = + 15.52 eV toΩu = − 7.48 eV with respect to the nominal
photon energy. The A-state non-Raman line changes drastically
in relative intensity.

in N2 (nominal photon energy), namely the detuning of the monochromat-
ized excitation energyΩm and the detuning of the undulator harmonicΩu as
schematically shown in the left panel of Fig. 4.24.

In the right panel of Fig. 4.24 we show a set of resonant Auger electron
spectra, recorded for a photon energy detuning ofΩm = - 2500 meV, whereby
the maximum intensity of the undulator harmonic was shifted in energy with
respect to the nominal photon energy. As we can see, in most of the spectra
an additonal line besides the well known three outermost valence states of N+

2 ,
the X2Σ+

g , the A2Πu and the B2Σ+
u final states, is present at the low binding

energy of EBin = 14.201 eV. This line moves on the binding energy scale or it
stays fixed on the kinetic energy scale (EKin = 384.179 eV) as a function of
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photon energy detuning as we show in Paper VII of this Thesis. Moreover, this
line coincides with the singly-ionised A2Πu final state in the resonant Auger
electron spectrum recorded for the nominal photon energy (Ωm = 0), and its
width is independent of the monochromator bandwidth, why it is attributed to
a Stokes doubling of the A2Πu final state (see Paper VII of this Thesis).

As we can see from the spectra presented in the right panel of Fig. 4.24,
the relative intensity of the Stokes line is highly sensitive to the energy po-
sition of the intensity maximum of the undulator harmonic. In particular, if
the undulator harmonic is detuned relative to the nominal photon energy and
to the chosen photon energy∆Ωu = Ωu − Ωm, respectively, the intensity of
the A-state Stokes-line can be (almost) completely decreased. This is from an
experimental point of view very interesting, as it gives us the possibility to de-
crease or increase the intensity of the Stokes line relative to the Raman bands.
Furthermore, as we show in Paper VII of this Thesis, if the monochromator is
negatively detuned with respect to the nominal photon energy, the undulator
has to be detuned even more negatively in order to drastically decrease the
Stokes line, and if the monochromator is positively detuned the undulator has
to be detuned even more positively. This behaviour is qualitatively reprodu-
cable by lifetime vibrational interference simulations (cf. eq. 4.23), where we
assumed the spectral functionΦ to be the sum of a narrow monochromator line
and a broad straylight distribution, which is modulated by the experimentally
measured intensity distribution of the undulator harmonic (see left panel of
Fig. 4.24) as we show in Paper VII of this Thesis. However, with the current
theory it is hard to predict for which undulator detuningΩu the Stokes line will
be completely decreased for a given monochromator detuningΩm.

In Fig. 4.25 we show the N2 resonant Auger electron spectrum measured
at a photon energy detuning ofΩm = −700 meV whereby the undulator was
detuned byΩu = +2.12 eV with respect to the nominal photon energy (see
also right panel of Fig. 4.24). As we can see, not only the Stokes doubling
of the singly-ionised A2Πu final state is present in this spectrum, but as well
an extensive vibrational progression below the outermost singly-ionised X2Σ+

g

final state. As the vibrational spacing of this new progression is reminiscent
of the vibrational spacing of the X-state, we assign this band as the ”X-state
Stokes band”. It is interesting to notice that whereas the Stokes doubling of
the A2Πu state is basically only a single line, the Stokes doubling of the X2Σ+

g

is a vibrational progression. As we discuss in Paper VII of this Thesis, this
peculiar spectral appearance can be explained in terms of the ”collapse effect”
and its reversed behaviour, the ”build-up effect”, in analogy to the correspond-
ing situations encountered earlier in the Raman bands (see discussions in Secs.
4.1.8, 4.2.3 and 4.2.4 above). However, as schematically indicated by Fig.
4.26, the collapse and the build-up cases are exactly opposite for the Stokes
spectral features in comparison to the Raman spectral features. In particular,
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Figure 4.25: A detail of the resonant Auger electron spectrum measured at
Ωm = −700 meV and atΩu = +2.12 eV . The non-Raman part
of the A2Πu state is a relatively strong, single line in comparison
to the non-Raman part of the X2Σ+

g state which shows a relatively
weak, extended vibrational progression.

as we have discussed above in Secs. 4.2.3 and 4.2.4, for the N2 molecule we
observe the collapse effect (interference quenching) upon frequency detuning
of the X-state Raman band, whereas the build-up effect is observed for the A-
state Raman band (see as well Papers IV, V and VI of this Thesis). For further
discussion please refer to Paper VII of this Thesis.

Often, Stokes doubling is regarded as an undesired spectral feature. How-
ever, it is worth pointing out, that the Stokes doubling effect in N2 might actu-
ally have some spectroscopical applications. One could, for example, determ-
ine the N1s core-hole lifetime in an alternative way. As we have discussed in
Sec. 4.1.7 above, the lineshape of a Stokes line is independent of the mono-
chromator bandwidth, but is determined by the Lorentzian contribution of the
core-hole lifetime and the electron spectrometer contribution. By choosing
broad band excitation (in order to have high photon flux at the sample compart-
ment) and by applying high electron spectrometer resolution (< 20 meV), one
could measure the Stokes doubling of the A-state and X-state with high stat-
istics. As the Stokes doubling of the A-state is basically a single line, the data
analysis should directly reveal the N1s core-hole lifetime as its lineshape is ex-
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Figure 4.26: Formation of the Raman (R) and non-Raman (NR) spectral pro-
files for the A2Πu and X2Σ+

g final states of N+2 . The Raman
profiles are depicted qualitatively for large|Ωm|. Solid vertical
lines show the formation of the NR bands. Dashed vertical lines
show the formation of the Raman profiles for large|Ωm| (direct
transition to the final state).

pected to be pure Lorentzian. For the Stokes-doubling of the X-state, which is
a vibrational progression, one would have to take into account possible lifetime
vibrational interference in the data analysis (see Sec. 4.1.6 above).

4.2.6 Probing doubly-excited ionic states of N+
2 via a triply-excited

intermediate state (Paper VIII)
So far we have mainly considered excitations of the 1s core-electron to the
first unoccupied valence level1π∗

g in N2 (cf. Fig. 4.1). However, this is by
far not the only possible neutral excited intermediate electronic state in N2.
Indeed, during the last decades, a large number of spectroscopic studies, both
experimental and theoretical, have focussed on resonant states near the N1s
ionization threshold in molecular nitrogen. High-resolution absorption meas-
urements performed in the late 1980’s identified Rydberg states and broad
resonances in N2 (see Ref. [91]), and shortly afterwards symmetry resolved
measurements made a more precise identification of the features in this spec-
trum (see Ref. [92]). More recently, studies of electronic decay of resonant
states at excitation energies around 410 eV above the N1s ionization threshold
were made and a strongly resonating feature observed at 384 eV kinetic en-
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ergy could be assigned to core-hole double excitations (see Refs. [93, 94]).
In Ref. [93] it is suggested that the observed electronic decay corresponds to
the atomic Auger decay following ultrafast dissociation, whereas a later high-
resolution electron spectroscopy study of the same region proposed that these
resonant states rather decay to molecular levels [95]. Very recently, multiply-
excited resonant states of N2 were again investigated by using a symmetry-
resolved absorption technique combined with ab initio calculations (see Ref.
[96]). In this work resonances close to the N1s ionization threshold at∼ 410
eV and∼ 415 eV were assigned to doubly-excited states, but the one at∼ 419
eV, which appeared only in the1Πu-symmetry spectrum, was assigned to
a triply-excited state with a1s → 1πg core-hole ground configuration and
two valence electrons promoted into the1πg lowest unoccupied molecular or-
bital as schematically shown in the left panel of Fig. 4.27. The resonance at
∼ 419 eV is embedded in the so-called N1s → 3σu ”shape resonance” located
between∼ 416 eV and∼ 422 eV and thus has not been observed earlier in any
ordinary absorption measurement until very recently (see Ref. [96] and left
panel of Fig. 4.28). Molecular shape resonances are conventionally described
as one-electron phenomena associated either with temporary trapping of the
outgoing photoelectron by the molecular potential (see e.g. Ref. [97] and refs.
therein) or with the promotion of a core-electron to an unoccupied molecular
orbital [98]. Such resonant structures are quite broad in energy (typically 5 -
10 eV) due to a short lifetime in the order of∼ 10−16 sec. Furthermore, it has
been shown previously that multielectron excitations play an important role in
the shape resonance region, thus putting the general validity of an one-electron
description into question (see e.g. Refs. [99, 100, 101] and refs. therein).

In Paper VIII of this Thesis, we carried out angle-resolved resonant Auger
electron spectroscopy (see Sec. 2.4 above) on the N2 molecule at selected
photon energies around 419 eV at angles0◦ and90◦ with respect to the polar-
isation vector of the linearly polarised synchrotron light. In this work we fo-
cused mainly on the 2σ−1

g inner valence band of N2 which is located between
34 - 42 eV binding energy. The results of the electron measurements are shown
in the right panel of Fig. 4.28. As we can see, only at the photon energy of
h̄ω = 419 eV a significant enhancement of a specific subband of the 2σ−1

g

inner valence state is observed at a binding energy of 37.6 eV with a value of
the anisotropy parameterβ (see Sec. 2.4 above) much smaller than 2. How
can such a peculiar behaviour be understood?

As we discuss in detail in Paper VIII of this Thesis, the deviating response
of the 37.6 eV peak at 419 eV photon energy with respect to both relative in-
tensity and angular distribution cannot be understood on the grounds of the
broad3σu shape resonance, but it is indicative of the presence of a much nar-
rower intermediate electronic state than the3σu shape resonance, namely the
resonant1Πu state associated with a triply-excited configuration as assigned
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Figure 4.27: The triple excitation schemes as proposed in Ref. [96] (left panel)
and one of the possible deexcitation channels leading to a 3-holes
2-particles final state of the cation (right panel).

by Ref. [96]. The key question is why only the narrow binding energy part at
37.6 eV binding energy is markedly influenced ath̄ω = 419 eV photon energy,
and not the entire 2σ−1

g photoelectron band?
As was theoretically discussed in the literature more than 20 years ago (see

e.g. Ref. [102] and refs. therein) the 2σ−1
g inner valence band consists of vari-

ous subbands due to strong electron correlation effects. In particular, doubly-
excited ionic states in three-holes two-particles configurations were predicted
by Ref. [103], but had never been experimentally identified until the present
investigation, as such doubly-excited configurations are difficult to disentangle
from conventional, non-resonant photoelectron spectra.

As schematically shown in the left panel of Fig. 4.27 two triply-excited
configurations of1Πu symmetry were proposed by Ref. [96],1σ−1

u 3σ−2
g 1π3

g

and1σ−1
u 1π−2

u 1π3
g . The triple excitation itself is forbidden within an inde-

pendent particle approximation [96]. Thus the excitation process becomes
possible only via initial state correlations, where3σ−2

g 1π2
g and/or1π−2

u 1π2
g

configurations are mixed into the ground state configuration, and/or final state
correlations, where the singly-excited configuration1σ−1

u 1π1
g is mixed into the

final state configurations [96]. The decay from such a triply-excited state is ex-
pected to be governed by the main configuration. It is important to remember
that the Auger decay is a two electron transition (see Sec. 2.2 above). Thus,
the most favourable decay channels should be such that one electron from the
outermost orbitals fills the created core-hole whilst another electron from one
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Figure 4.28: Left panel: N2 K-shell photoabsorption spectrum recorded with
an ion yield detector positioned perpendicular to the electric field
vector of the incident light. Right panel: Angle-resolved electron
spectra recorded across the N1s → 3σu shape resonance for five
different photon energies indicated by arrows in the left panel
of this figure. A vibrational progression in the 38 eV range is
marked by bars.

of the outermost orbitals is released into the continuum leaving the system in a
3-holes 2-particles final state configuration. Such a decay process would be re-
ferred to as ”double spectator” within the independent particle model (see right
panel of Fig. 4.27). With the help of Ref. [103] we could indeed assign the
resonantly enhanced subband of the 2σ−1

g inner valence state to the transition
to a doubly-excited cationic state of N2, in which two of the excited valence
electrons remain in the1πg orbital. This observation shows in particular the
strength of resonant Auger spectroscopy to preferentially probe certain final
state configurations like multiply-excited configurations of cations by using a
multiple resonant excitation.
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4.3 Dissociative-Dissociative Decay Transitions: Ob-
servation of a continuum-continuum interference hole
(Paper IX)

In the last section we were focusing on resonant Auger decay transitions in-
volving bound intermediate and bound final electronic states. Many of the
observed spectral features were explained on the grounds of the Kramers-
Heisenberg equation (see Sec. 4.1.5 above). In this section we will focus
on the appearance of a very peculiar spectral feature which involves both a
dissociative intermediate and a dissociative final state.

As we have discussed above in Sec. 4.1.8, dissociation occuring upon res-
onant core-excitation to an unbound intermediate electronic state, might be
faster than the actual electronic Auger decay, giving rise to sharp spectral fea-
tures, the atomic lines, as the decay events happen in the already fragmen-
ted species. Statistically, however, it is as well possible that the Auger de-
cay happens before the molecule dissociates, leading to both ”atomic” and
”molecular” spectral features in resonant Auger electron spectra of ultrafast
dissociating molecules [104]. Furthermore, as we have discussed above, the
”atomic” spectral features stay constant on the kinetic energy scale as a func-
tion of photon energy, whereas the ”molecular” spectral features move accord-
ing to the Raman law (cf. eq. 4.32), as long as the photon bandwidth is chosen
to be smaller than the natural lifetime width of the core-excited state.

In Paper IX of this Thesis, we investigate the resonant Auger decay of
Cl2p−16σ∗ core-excited HCl and DCl as a function of photon energy. In this
work we focus mainly on the kinetic energy region betweenEKin = 175 eV
andEKin = 181 eV of the emitted Auger electrons. In the left panel of Fig.
4.29 we show resonant Auger electron spectra of HCl and DCl measured after
differently detuned excitations to theCl2p−16σ∗ resonance (see Fig. 4.15
above for the corresponding photoabsorption profile).

As we can see, the spectrum measured on top of the resonance (Ω = 0) con-
sists both of a broad molecular backgroud, denoted as ”4σ−1” in accordance
to the direct photoelectron spectrum, and a sharp atomic line denoted ”A”.
The narrow atomic line is assigned to following final state: A = Cl+(1S). This
atomic state is correlated to following final molecular state (see Ref. [105]):
1S: HCl+(2Σ+). By tuning the photon energy towards higher excitation en-
ergies (Ω > 0) we can see that the centre of gravity of the broad molecular
background shifts with photon energy while the position of the ”A” atomic
line, being independent of the excitation energy, remains constant on the kin-
etic energy scale. Moreover, the molecular background increases relative to the
atomic line as we discussed above in Sec. 4.1.8. By looking closer into the se-
quence of HCl spectra we can see that when the smooth molecular background
moves across the narrow atomic-like resonance, the atomic peak (fixed in kin-
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Figure 4.29: Left panel: Magnified ”4σ−1” molecular part and the ”A” atomic
peak of resonant Auger decay spectra measured after differently
detuned excitations for the HCl and the DCl molecules. The spec-
tral hole, which is clearly visible for HCl atΩ = 1.9 eV, has com-
pletely disappeared for DCl for the same detuning value. Right
panel: The computed RXS cross sections. On resonance the dir-
ect contribution is given the same weight as the resonant term.

etic energy) develops into a negative spectral contribution, an ”atomic hole”.
If we compare the HCl measurements with corresponding spectra of DCl (see
left panel of Fig. 4.29), we can see that the ”hole” has completely disappeared
in the DCl case. How can such striking spectral behaviour be explained?

As we discuss in Paper IX of this Thesis, the incident X-ray photon ex-
cites a ground state nuclear wavepacket to the repulsive intermediate state as
schematically shown in Fig. 4.30. During the propagation of the wavepacket
into the dissociation region, the core-excited system decays at different inter-
nuclear distances. These decay events cannot strictly be distinguished into
”atomic” and ”molecular” since they all lead to the same final state, an Auger
electron and the H and Cl+ fragments. For the sake of simplicity, we will
keep the nomenclature ”molecular” and ”atomic” for a while. The molecular
and atomic-like scattering channels might interfere, in direct analogy to the in-
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terference of different decay paths from a bound intermediate electronic state
which we know as ”lifetime vibrational interference” (see Sec. 4.1.6 above),
and this interference might be destructive for certain excitation energies lead-
ing to a spectral hole. As no discrete energy levels are involved in the process
under consideration, this interference is denoted as ”continuum-continuum in-
terference” in what follows.

As we show in Paper IX of this Thesis, in order to correctly describe this
novel quantum interference mathematically, one can consider the Kramers-
Heisenberg equation for dissociative core-excited and dissociative final states,
which denotes as

σ(E, ω) ∝
∣∣∣∣∣S〈εf |0〉 +

∫
dεc

〈εf |εc〉〈εc|0〉
E − ωcf + ıΓ

∣∣∣∣∣
2

, (4.45)

whereS is the direct term strength parameter containing all the operat-
ors which have been factored out under the assumption that the transition
matrix elements are independent of the bond distanceR. E and ω are the
kinetic energy of the Auger electron and the frequency of the incident X-
ray photon, respectively,Γ is the lifetime of the core-excited state,εc and
εf are dissociation energies in core-excited and final states, respectively, and
ωcf = εc+Uc(∞)−εf −Uf (∞) (atomic units are used), whereUi(R) denotes
the interatomic potential energy of electronic statei (see Fig. 4.30).

By comparing the direct photoionisation spectrum of HCl measured atΩ =
−13 eV below the resonance with the on top of theCl2p−1

3/26σ∗ excited Auger
resonant spectrum (Ω = 0 eV) we noticed that the direct photoionization pro-
cesses to the ”4σ−1” molecular background cannot be neglected. Therefore
we included in eq. 4.45 as well the direct channel (〈εf |0〉). From the experi-
mental data in combination with scattering K-matrix calculations we estimated
roughly an equal strength of the resonant and direct transition amplitudes for
Ω = 0 eV.

Numerical simulations for the cross-sectionσ(E, ω) (cf. eq. 4.45) have
been carried and the results are presented in the right panel of Fig. 4.29. As
we can see, the numerical simulations reproduce the experimental spectra to a
high degree of accuracy. In particular, the qualitative difference between the
HCl and DCl cases is very well reproduced. From these simulations we know
that the addition of the direct term together with the corresponding interference
term to the resonant part of the scattering amplitude results only in a slight shift
of the energy of the spectral hole, i.e. the hole appears already for a smaller
detuning value. The interference pattern, however, does not disappear whenS
= 0, i.e. when the direct channel is neglected. This shows in particular, that
the ”atomic hole” is due to the interference in the resonant part of the scatter-
ing amplitude, as schematically indicated by the ”bold” arrows in Fig. 4.30,
and does not depend on the involvement of the direct channel. Indeed, such a
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continuum-continuum interference hole was predicted already earlier by Ref.
[106] and was shortly afterwards confirmed and elaborated upon in Ref. [107].
In Ref. [106] the interference was predicted for the4Π molecular state which,
being effectively spin-forbidden, possesses, however, too low electronic trans-
ition moment to be observable under present experimental conditions. Instead,
the atomic hole was observed in Paper IX of this Thesis for the very high lying
4σ−1(2Σ+) molecular final state, which lies outside the energy range of the
final states considered in the original theoretical paper [106].

The qualitative difference between the behaviour observed for the HCl and
DCl cases, respectively, can be explained with the almost doubled reduced
mass for DCl which leads to a slower dissociation speed or a prolongation of
the dissociation time and hence less atomic fragments within the core-hole life-
time. This influences both the relative weight and the relative phase between
atomic and molecular portions of the wave packet and thus the interference
pattern. Therefore, the spectral changes seen between HCl and DCl are clearly
in accord with an interference picture where the observed interference pattern
is extremely sensitive to the amplitudes and the relative phase of the interfer-
ing waves. From the current experimental data we can summarise following
conditions for observing a spectral hole:
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a) The photon energy must be choosen so that the molecular Auger electrons
have the same kinetic energy as the Auger electrons emitted by the atomic
fragments (i.e. the atomic peak is embedded in the molecular background);
b) The atomic contribution must be of the same order of magnitude as the mo-
lecular contribution;
c) The molecular and atomic contributions are out of phase.

4.4 Dissociative-Bound Decay Transitions
In the last section we considered the resonant Auger decay of HCl from the
dissociativeCl2p−16σ∗ core-excited state to the dissociative ”4σ−1” inner
valence spectral region. In this section, we will use the same core-excitation,
but instead we will focus on the electronic decay into the spectral region of the
bound X2Π outer valence final state.

4.4.1 Spin-orbit selectivity observed for the HCl+ (X2Π) state
using resonant photoemission (Paper X)

In Paper X of this Thesis we investigate the resonant Auger decay of the spin-
orbit split Cl2p−16σ∗ resonance (see Fig. 4.15 above for the corresponding
photoabsorption profile) to the spin-orbit split X2Π1/2 and X2Π3/2 final states
of HCl+. In the left panel of Fig. 4.31 we present the experimental data
measured for an excitation when tuned into the2p−1

1/26σ∗ component and the

2p−1
3/26σ∗ component of the resonance, respectively, and in the lower panel

of this part of the figure we present for comparison the direct photoelectron
spectrum recorded≈ -10 eV below the2p−1

3/26σ∗ component of this resonance.
As we can see from the lower part of this figure, three spin-orbit split (Λ−Σ

coupling; see Sec. 4.1.1 above) vibrational components (ν ′′ = 0 - 2) are ob-
servable upon direct photoionisation, whereby both spin-orbit components are
populated with roughly equal strength. If the excitation energy is tuned to one
of the Cl2p−16σ∗ resonance components (upper part of this figure), we ob-
serve a much more extended vibrational progression up toν ′′ = 13. At even
higher binding energies, the overlap with the A2Σ+ singly-ionised electronic
state makes it impossible to follow this progression even further, at least when
the electron spectrometer is set to the magic angle (see Sec. 2.4 above). The
extension of the vibrational progression is due to the changed Franck-Condon
region upon resonant core-excitation (see discussion in Sec. 4.1.3 above). Be-
sides the long vibrational progression, which might be an interesting subject
itself to investigate as a function of photon energy detuning (see discussion
in Sec. 4.4.2 below), we observe that when exciting into the2p−1

1/26σ∗ com-

ponent, the X2Π1/2 final state component is resonantly enhanced, and when
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exciting into the2p−1
3/26σ∗ component, the X2Π3/2 final state component is

resonantly enhanced. In particular, it seems that the resonant process trans-
fers thej quantum number of the intermediate state2p core hole into the
Ω quantum number of the2ΠΩ final state hole (for the notation of electron
quantum numbers see discussion in Sec. 4.1.1 above). It is worth mention-
ing that corresponding spectra recorded for DCl showed the same spin-orbit
selectivity, but with smaller vibrational spacing due to the heavier mass of the
deuterated compound. Therefore the underlying mechanism must lie in the
electronic properties of the autoionisation process rather than in the nuclear
dynamics.

In Paper X of this Thesis we present the results of detailedab initio calcu-
lations. Whereas the quantum numbersl, s andj can still be used for the char-
acterisation of the (atomic-like) core-hole states, the valence hole states, not
being atomic-like, need to be characterised with the projections of the quantum
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numbers onto the internuclear axis as discussed in Sec. 4.1.1 above. Therefore,
a ”good” quantum number for the present case is themj quantum number. As
the numerical calculations of the Auger transition rates show, when exciting
into the2p−1

3/26σ∗ component of the resonance, mainly the2p−1
(j=3/2,mj=3/2)6σ∗

magnetic subcomponent is preferentially populated, and the Auger process
transfers then themj = 3/2 quantum number of the2p core hole of the in-
termediate state preferentially to the final state 2π valence holemj = 3/2.
Accordingly, when exciting into the2p−1

1/26σ∗ component of the resonance,

mainly the2p−1
(j=1/2,mj=1/2)6σ∗ magnetic subcomponent is preferentially pop-

ulated, and the Auger process transfers then themj = 1/2 quantum number
of the2p core hole of the intermediate state preferentially to the final state 2π
valence holemj = 1/2.

The result of this experiment is remarkable in the sense that the propensity
rule allows us to label electrons in resonant Auger spectrocopy for such kinds
of systems. Moreover, it is worth pointing out, that this propensity rule does
not only apply to the HCl system, but has very recently been observed as well
for the HBr molecule [108]. Furthermore, plans are made to investigate as well
the HI and HF systems.

4.4.2 A possibility for a new core-hole clock?
Above in Secs. 4.1.8, 4.2.3, 4.2.4, 4.2.5 and 4.3 we discussed the collapse of
vibrational fine structure upon frequency detuning in the case of bound-bound
decay transitons, as well as the occurance of ultrafast dissociation and atomic
fragments in the case of dissociative-dissociative decay transitions. As we
have seen, the experimentally variable duration time of the scattering process
allows us to preferentially probe transitions taking place at shorther or longer
internuclear distances, depending on the chosen frequency detuning. In par-
ticular, in the context of ultrafast dissociating molecules, it is known that the
relative amount of atomic Auger decays versus the molecular Auger decays
can be utilised to obtain an upper limit for the dissociation time (see Ref. [79])
as long as the interference between the molecular parts and the atomic parts of
the evolving wavepacket can be neglected.

The current situation of dissociative-bound decay transitions (as well as
bound-dissociative decay transitions!) is with respect to nuclear dynamics
and the duration time concept completely unexplored until now. In partic-
ular, one could (naively) think of a detuning experiment, where the ”build-
up”/”collapse” of the vibrational progression of the X2Π final state in HCl is
investigated as a function of frequency detuning.
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Electron Spectroscopy of Clusters

5.1 What are Clusters?
If we take a piece of material like a bar of ”shiny” gold, and cleave it in two
halves, the two parts will still be gold metal with the same physical properties.
An interesting question is, how often one can divide the gold metal and still
have the same physical properties? This question is central for cluster physics.

Clusters are (articificially created) aggregates of a small and finite number
of building blocks, atoms or molecules. They range from the dimer, consisting
of only two atoms, up to large aggregates made up of several tens of thou-
sands of atoms. In this sense clusters bridge the gap between the isolated atom
and the infinite solid as schematically shown in Fig. 5.1. By following the
development of various physical and chemical properties from the atom over
clusters of increasing size to the infinite solid, a better understanding of certain
macroscopic properties may be gained on the fundamental, microscopic level.

Figure 5.1: Clusters are aggregates of a small and finite number of atoms or
molecules. They bridge the gap between the isolated atom and the
infinite solid.

Because of their small size, the surface, i.e. the outermost layer of atoms,
of clusters is very important for their properties. Atoms at the surface of a
cluster are located in sites with a reduced number of nearest neighbours in
comparison to the atoms located in the ”bulk” of the cluster. This results in
size-dependent changes in electrical, magnetical and optical properties as well
as in chemical reactivity and catalytic activity. Furthermore, the small number
of atoms may result in quantum-size effects. For small cluster sizes, these
variations are expected to be very large and not just a simple linear function
of the size as schematically illustrated in Fig. 5.2. For bigger clusters, the
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fluctuations with size gets gradually weaker with a smooth development of the
properties towards those of the infinite solid.
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Figure 5.2: A schematic graph illustrating the development of properties as a
function of cluster size.

The size-dependence of physical and chemical properties is the subject of
ongoing research, with the aim of tuning the properties to desired values by
selection of clusters of suitable size, which forms the basis for many of the pro-
posed practical applications of clusters [109, 110]. These include for example
the use of clusters deposited on surfaces for heterogeneous catalysis, or the
construction of novel materials, where the building blocks are rather clusters
than individual atoms. As a typical cluster size is in the nanometer (10−9 m)
scale region, this type of research is often referred to as ”nanoscience” in the
literature.

Intimately connected to the size-dependence of physical and chemical prop-
erties are the changes in the electronic and geometric structures. The geometric
structure is the spatial arrangement of the atoms, and the electronic structure is
the arrangement of electronic states in energy and space. To fully understand
this development, it is essential to investigate free clusters, in particular their
electronic structure.

Information about ”atom-to-solid” evolution obtained from free cluster in-
vestigations compared to conventional solid state and surface physics has a big
advantage in the sense that the absolute energy calibration needed for various
types of spectroscopic methods is simplified by the simultaneous presence of
uncondensed atoms in the cluster beam (see Sec. 5.2 below), giving rise to
known atomic spectral features and hence to inherent energy references (see
Sec. 5.4 below).
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5.2 Cluster Production Machine
There are several ways to produce free clusters. One way is to sputter a target
with high energetic ions and, by doing this, to knock off neutral and charged
species, clusters (see e.g. Ref. [111]). Another way is to evaporate a target
with highly intense laser pulses in order to create a plasma (”laser ablation”).
To cool it down, the plasma expands in a helium-atmosphere whereby cluster
condensation takes place (see e.g. Ref. [112]). A third, rather common and ef-
ficient way is to expand a gas under high pressure through a narrow nozzle into
vacuum (see Ref. [113] and Fig. 5.3 below). As this is thermodynamically an
adiabatic process, the gas cools down strongly according to the Joule-Thomson
effect and partial condensation occurs. This type of source was chosen for the
production of clusters studied in this Thesis and a schematic picture of it is
shown in Fig. 5.3 (for specific design parameters see Paper XII of this Thesis).

High Pressure

Nozzle

Skimmer

Expansion Chamber Ionization Chamber

Pump

Electron Energy
Analyser

Pump

Gas
Supply

Synchrotron
Radiation

Figure 5.3: Adiabatic expansion source used for the cluster production in this
Thesis.

Briefly, a gas at high pressure (typically a few bars) and at certain temper-
ture expands through a nozzle (typical diameter 50 - 200µm) into vacuum.
Due to the high pressure, the atoms passing through the nozzle collide with
each other and the thermal energy of the gas converts into an expansion energy
of a highly directed particle flow. The velocity distribution of the particles be-
comes narrower and thus the relative energy of the particles is getting smaller,
leading to a lowering of the temperature of the gas. Cluster formation occurs if
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the gas has sufficiently cooled down. In this source, clusters are produced as a
molecular beam and uncondensed atoms are to a large extend removed by a dif-
ferential pumping stage consisting of a skimmer and large turbo pumps before
entering the ionization chamber. The size of the clusters is distributed around
a mean value, which may be altered by variation of the expansion pressure, the
nozzle diameter and the temperature, according to the empirical relation (see
Refs. [113, 114, 115, 116])

< N >= 38
(

Γ∗

1000

)2

(5.1)

where< N > is the cluster mean size andΓ∗ is a dimensionless parameter
defined as

Γ∗ =
K · p · d0.85

T 2.2875
. (5.2)

K is the condensation probability of the expanded gas, which can be cal-
culated from the sublimation enthalpy (see Ref. [113]),p is the pressure in
the stagnation chamber, andd andT denote the equivalent diameter and the
temperature of the nozzle, respectively.

The setup shown in Fig. 5.3 allows at present the production and studies of
rare gas clusters and molecular clusters like for example water clusters, both
pure or mixed with other gases. Using liquid nitrogen cooling or co-expansion
with a seeding gas strongly supports the cluster formation process as needed
in some cases. This source can further be extended to allow the production
of metal and semiconductor clusters, and required modifications are currently
under design [117].

By combining the cluster production machine with an electron spectrometer
(see Sec. 3.2.2 above) as schematically shown in Fig. 5.3, and by making
use of tunable synchrotron light (see Sec. 3.1 above), one can investigate the
electronic structure of free clusters both by means of conventional photoelec-
tron spectroscopy and by means of resonant Auger electron spectroscopy. As
during the last years most of the studies performed on free, neutral clusters
have mainly applied comparatively simple experimental techniques, such as
mass abundance spectroscopy and ionisation potential studies [109, 110], the
presented set-up opens up thorough and detailed investigations of the elec-
tronic structure of clusters, which is fundamental for many physical and chem-
ical properties as discussed above in Sec. 5.1. Indeed, not many electron
spectroscopy studies have been made so far (see e.g. Refs. [118, 119]), in par-
ticular for core-levels (see Refs. [120, 121]). Hence, we enter here an almost
unexplored research field. Most of the investigations of electronic structure on
free, neutral clusters which have been carried so far were done with X-ray ab-
sorption spectroscopy (see Refs. [122, 123, 124, 125] and refs. therein) where
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essentially unoccupied valence and Rydberg levels are probed. Thus, many
fundamental investigations, in particular with respect to the occupied elec-
tronic states, are still necessary to do, like for example to study the changes
of the electronic structure upon cluster formation.

Furthermore, as already mentioned above (see Sec. 5.1), clusters as relat-
ively small objects have a large fraction of atoms located on their surfaces, and
therefore many physical and chemical properties of clusters are expected to
be highly determined by the surface. Thus, it is very desirable to separately
probe the atoms located at the surface and those located in the bulk. In particu-
lar, spectroscopic methods involving core-levels are known from conventional
surface and solid state physics to be surface-bulk specific (see Refs. [10, 126]).
This has recently been shown as well to be feasible for free clusters (see Refs.
[120, 121, 123, 124] and discussion in Sec. 5.4.1 below).

Before discussing the results concerning the cluster experiments presented
in this Thesis, we would briefly like to refresh the electronic structure of the
rare gas atoms Ar, Kr and Xe, and recall general changes in the electronic
structure known from condensation to the infinite solid.

5.3 Electronic Structure of Ar, Kr and Xe and Forma-
tion of Energy Bands

As we have mentioned earlier, the electronic structure of an atom can be di-
vided into valence levels and core levels. The valence levels are the outer
electron orbitals and the core levels are the inner electron orbitals. In rare gas
atoms only closed electronic shells can be found which makes these atoms ”in-
ert” against reactions with other materials. In particular, only van der Waals
type bonding is possible for the rare gases (see discussion in Chapter 1 above).
In this Thesis we investigate the electronic structure of van der Waals bound
Ar, Kr and Xe clusters. For the uncondensed atoms the electronic structures
can be denoted as:

Ar: 1s2 2s2 2p2
1/2 2p4

3/2 3s2 3p2
1/2 3p4

3/2,

where the spin-orbit split components3p4
3/2 and3p2

1/2 are referred to as the

outer valence levels,3s2 as the inner valence level, and2p4
3/2, 2p2

1/2 and fur-
ther down as the core-levels.

Kr: 1s2 2s2 2p2
1/2 2p4

3/2 3s2 3p2
1/2 3p4

3/2 3d4
3/2 3d6

5/2 4s2 4p2
1/2 4p4

3/2,

where the spin-orbit split components4p4
3/2 and4p2

1/2 are referred to as the

outer valence levels,3s2 as the inner valence level, and3d6
5/2, 3d4

3/2 and fur-
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ther down as the core-levels.

Xe: 1s2 2s2 2p2
1/2 2p4

3/2 3s2 3p2
1/2 3p4

3/2 3d4
3/2 3d6

5/2 4s2 4p2
1/2 4p4

3/2 4d4
3/2

4d6
5/2 4f0

3/2 4f0
5/2 5s2 5p2

1/2 5p4
3/2,

where the spin-orbit split components5p4
3/2 and5p2

1/2 are referred to as

the outer valence levels,4s2 as the inner valence level, and4d6
5/2, 4d4

3/2 and
further down as the core-levels.

When many atoms are brought together to form a solid, the number of elec-
tronic states is conserved, just as in the formation of diatomic molecules (see
Sec. 4.1.1 above). Likewise, as in diatomic molecules, the one-electron states
for the infinite solid can be written, to a reasonably good approximation, as
LCAO’s (see Ref. [127] and discussion in Sec. 4.1.1 above). As the atoms
are brought together, the atomic energy levels split into energy bands, which
are analogous to the electronic states illustrated for diatomic molecules in Sec.
4.1.1 above. The difference is that rather than splitting into a single bonding
and antibonding state combination, the atomic levels split into an entire band
of states distributed between extreme bonding and antibonding limits. This is
the basic of band structure formation as can be found in the solid state literature
and the interested reader may refer to Ref. [127] for further discussion.

5.4 Results of Cluster Experiments
In the following the major results of the papers included in this Thesis which
are dealing with electron spectroscopy on free rare gas clusters will be sum-
marized.

5.4.1 Valence and core level shifts in rare gas clusters - from
localised to delocalised electronic states (Paper XI)

In Paper XI of this Thesis we present a comparative study of the outer valence,
inner valence and core orbitals of the three inert gas clusters Ar, Kr and Xe
for a selected cluster mean size of< N > = 1000 atoms which is based on a
quantitative least-squares curve-fitting data analysis.

In the left panel of Fig. 5.4 we show photoelectron spectra recorded at a
photon energyhν = 61 eV of the outermost valence orbitals of Ar, Kr and Xe
clusters. In all the spectra both lines originating from uncondensed atoms and
broad spectral features originating from clusters are present. Corresponding
spectra for smaller cluster sizes (< N > ≤ 100 atoms) were obtained and dis-
cussed earlier by Refs. [118, 119], where they were interpreted on the grounds
of a modified version of the Haberland ion-core model [128]. Briefly, small
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ion-cores like e.g.Ar+
3 , Ar+

7 andAr+
13 are considered to be involved in the

ionisation of neutral clusters, giving rise to certain spectral subfeatures in the
broad outer valence bands as encountered in their rare gas cluster spectra. Al-
ternatively, from experimental studies performed in the outer valence region of
rare gas solids it is known that condensed Ar, Kr and Xe form band structures
(see discussion in Sec. 5.3 above and e.g. Ref. [129]). This is corroborated
by a manifold of theoretical investigations for the infinite solid (see Ref. [130]
and refs. therein). We will return to this point in a short while.
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Figure 5.4: Left panel: Photoelectron spectra of the outer valence orbitals for
Ar, Kr and Xe clusters for a mean size< N > = 1000 atoms. Both
atomic lines, originating from uncondensed atoms in the cluster
beam, and broad features due to cluster formation can be seen in
these spectra. Right panel: Photoelectron spectra of the outermost
core-levels of Ar, Kr and Xe clusters for a mean size< N > =
1000 atoms. The cluster signals reveal distinct subcomponents,
”surface” and ”bulk”. The atomic Kr3d5/2 component overlaps
with the Kr3d3/2 surface and bulk components.

As we can see in the left panel of Fig. 5.4, the cluster signals are shifted
towards lower binding energies, and in all the cluster signals two gross features
can be distinguished which are reminiscent of the two atomic spin-orbit split
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components np1/2 and np3/2 (’n’ denotes the main quantum number). The
cluster features are comparatively broad, showing for Xe a typical full-width-
at-half-maximum (FWHM) of the 5p3/2 component of∼ 1.2 eV and of the
5p1/2 component of∼ 0.4 eV.

In the right panel of Fig. 5.4, we show photoelectron spectra of the out-
ermost core-levels of Ar, Kr and Xe clusters. Again, both atomic and cluster
signals are present in all the spectra. For convenience, we present only the
higher spin-orbit split component (Ar2p3/2, Kr3d5/2, Xe4d5/2) of the core-
level spectra. Moreover, the spectra are shown on a relative binding energy
scale, where they are calibrated relatively to the spectral lines of the uncon-
densed atoms. Typical results of our curve-fitting data analysis are graphically
included as well in this figure.

As we can see from this figure, the cluster signals show distinct subcom-
ponents in all three systems investigated. For Ar these subcomponents were
revealed earlier in Refs. [120, 121], where they were assigned to ”surface”
and ”bulk” components due to different coordination numbers of atoms loc-
ated in the bulk or on the surface of the clusters, and hence due to different
polarisation screening of the final ionic state. Briefly, the efficiency of the
polarisation screening decreases rapidly with distance, and the nearest neigh-
bours are therefore the most important ones for the screening. Atoms located
on the cluster surface are surrounded by fewer nearest neighbours compared to
atoms located in the cluster bulk. Hence, the polarisation screening is less for
surface atoms due to the reduced number of nearest neighbours which mani-
fests itself as shift in binding energy. As we can see in the right panel of Fig.
5.4, the linewidth of the bulk component is smaller compared to the linewidth
of the surface component. This can be explained by the fact that the number
of nearest neighbours varies for surface atoms depending on which sites they
are located, whereas the number of nearest neighbours in the bulk is constant
leading to a broadening in linewidth of the surface component compared to the
bulk component (see Refs. [120, 121]).

In the left panel of Fig. 5.5 we present photoelectron spectra of the inner
valence levels of Ar, Kr and Xe clusters, again for convenience on a relative
binding energy scale. As in the outer valence and the core-level spectra, both
atomic and cluster spectral features are present in the spectra. Typical results
of our curve-fitting data analysis are graphically included as well. As we can
see, the Ar3s and Kr4s spectra show distinct subcomponents in the cluster
signals which are reminiscent of the core-level spectra, whereas in the Xe5s
spectrum, which shows essentially a broad cluster spectral feature, it is much
harder to decompose subcomponents. Indeed, only by simultaneously curve
fitting Xe5s inner valence cluster spectra for two different sizes (< N > =
1000 atoms and< N > = 4000 atoms) recorded for the same photon energy
as well as by simultaneously curve fitting two spectra for< N > = 1000 atoms
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but measured for two different photon energies, we succeeded in decomposing
the essentially broad structure into surface and ”bulk” components as indicated
in the left panel of Fig. 5.5. As the experimental conditions were the same
for all of these spectra, this finding cannot trivially be explained in terms of
insufficient instrumental resolution.
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Figure 5.5: Left panel: Photoelectron spectra of inner valence levels of Ar, Kr
and Xe clusters for a mean size< N > = 1000 atoms. Whereas
for the Ar3s cluster orbitals well distinct surface and bulk com-
ponents are observed, the picture changes gradually for the Kr4s
and Xe5s inner valence orbitals. Right panel: A direct compar-
ison between the Kr3d5/2 cluster core-levels, the Kr4s cluster in-
ner valence spectral features and the Kr4p3/2 cluster outer valence
bands.

As careful least-squares curve-fitting data analysis reveals, the binding en-
ergy shifts of the surface and the bulk component of the Ar3s inner valence
spectral features remind strongly of the corresponding binding energy shifts
encountered for the Ar2p core levels (relative energy shift between atomic and
surface peak∆EAr3s

AS = - 636(10) meV,∆EAr2p
AS = - 663(10) meV; relative en-

ergy shift between surface and bulk peak∆EAr3s
SB = - 313(10) meV,∆EAr2p

AS =
- 291(10) meV;cf. Tables II and III in Paper XI of this Thesis). Moreover, the
Gaussian width of the surface component (GAr3s

S = 248(10) meV) turns out
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to be about the same as the Gaussian width of the bulk component (GAr3s
B =

264(10) meV). For the Kr4s inner valence spectral features the shift of the sur-
face peak relative to the atomic peak is very close to the corresponding value
of the Kr3d surface core level shift (∆EKr4s

AS = - 723(10) meV,∆EKr3d
AS = -

744(10) meV), but the value for the inner valence bulk component seems to be
larger than the corresponding value for the Kr3d bulk core level shift (∆EKr4s

SB

= - 345(10) meV,∆EKr3d
SB = - 304(10) meV). In addition, the Gaussian widths

of the Kr4s bulk component (GKr4s
B = 398(10) meV) turns out to be larger

than the Gaussian width of the surface component (GKr4s
S = 274(5) meV) and

the Gaussian width of the Kr4s bulk component is about twice as broad as
the Gaussian width of the Kr3d bulk component (GKr3d

B = 180(5) meV). We
would like to recall that for all core-level spectra presented above in the right
panel of Fig. 5.4 the Gaussian width of the bulk component was smaller than
the Gaussian width of the surface component.

In order to explain the fact that we do observe well distinct surface and
bulk components for the Ar3s inner valence region with comparable widths,
whereas for the Xe5s inner valence region we essentially observe a broad
spectral feature, and in order to explain the reversed linewidth behaviour of
the Kr4s inner valence cluster components in comparison to the results of the
core-levels, we suggest the following interpretation: the Ar3s cluster orbitals
are much less spatially extended in comparison to the Kr4s and Xe5s cluster
orbitals (cf. Table IV in Paper XI of this Thesis). Therefore, the Ar3s inner
valence levels can be considered being localised and hence ”core-like”. In
contrast, the Xe5s inner valence orbitals seem to be much more delocalised
over the entire cluster, showing a ”valence-like” behaviour. The Kr4s inner
valence cluster orbitals can be considered as an intermediate case between a
localised and a delocalised description and therefore as the onset of band struc-
ture formation. In order to illustrate the gradual transition from a localised
description valid for core-levels to a delocalised description necessary upon
the occurance of band structures, we present a direct comparison between the
Kr3d5/2 cluster core-levels, the Kr4s cluster inner valence spectral features
and the Kr4p3/2 outer valence bands in the right panel of Fig. 5.5. As we
can see, for the Kr3d5/2 core-levels the bulk component is somewhat smal-
ler than the surface component. By comparing the core-level spectrum with
the Kr4s inner valence spectrum, we can see that the bulk component in the
inner valence spectrum is by a factor of 2 broader than the bulk component
in the core-level spectrum, whereas the surface components have approxim-
ately the same widths. Moreover, by comparing the inner valence spectrum to
the Kr4p3/2 outer valence spectrum, we can see that only a broad single band
is observable in the outer valence spectral region. Therefore the Kr4s inner
valence region is found to be the intermediate case between a localised and
delocalised cluster orbital description.
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5.4.2 Total electron yield, partial electron yield and resonant Auger
electron spectroscopy - a ”spectroscopic loop” (Paper XII)

As we have seen above, an electron spectrum of free clusters contains spectral
features from both uncondensed atoms and condensed atoms. Moreover, both
surface and bulk cluster components are distinguishable, in particular when
core-levels are addressed. In the left panel of Fig. 5.6 we schematically show
the relative energy distribution of the valence and core levels of uncondensed
atoms and atoms located on the surface and in the bulk of a cluster. Different
possible transition processes are indicated as well in this figure. As we can
see, a multitude of different energy levels, both occupied and unoccupied, is
given, opening up a rather complex scenario for X-ray absorption and resonant
Auger electron spectroscopy.

In Paper XII of this Thesis, the first resonant Auger electron and partial
electron yield studies of free clusters are presented. In particular, the resonant
Auger decay of free Ar clusters has been investigated for selective excitations
to theAr2p−14s andAr2p−13d resonances. In the right panel of Fig. 5.6
we show in the upper part the total electron yield X-ray absorption profile
of Ar clusters (upper curve) at a mean size of< N > = 4000 atoms. For
comparison, the corresponding absorption curve of purely atomic Ar (lower
curve) is included. As we can see, large differences exist.

The absorption profile of uncondensed Ar atoms is known to consist of two
Rydberg series,2p−1

3/2nl and2p−1
1/2nl, whereby the lowest unoccupied valence

level 4s gives rise to the first two spin-orbit split resonances,2p−1
3/24s and

2p−1
1/24s, which are located at 244.4 eV and 246.5 eV photon energy, respect-

ively. As the transitions to the unoccupied4p levels are dipole forbidden, the
next accompanying resonance structures are the2p−1

3/2nd and2p−1
1/2nd trans-

itions (see upper part of Fig. 5.6). In the cluster total electron absorption spec-
trum contributions from both uncondensed atoms and condensed atoms are
present. For example, the large energy gap between the2p−1

3/24s and2p−1
1/24s

atomic states allows spectral features originating from the2p−1
3/24s surface and

bulk atoms to be distinguished in accordance to Ref. [120]. Above the distinct
4s absorption resonances, however, the assignment of the spectral features in
the cluster photoabsorption spectrum becomes rather difficult. As indicated in
the upper part of Fig. 5.6 only a few resonance maxima correspond to those in
the ”uncondensed” spectrum.

In the lower part of the right panel of Fig. 5.6 we show two core-level
photoelectron spectra (XPS) recorded at the same photon energy for a cluster
mean size of< N > = 700 and< N > = 4000. As we can see, the ionisation
thresholds decrease with increasing cluster size and the bulk spectral features
become more intense relative to the surface spectral features which was shown
earlier by Ref. [120]. A direct comparison between the relative energies of the
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Figure 5.6: Left panel: Schematic illustration of valence and core levels of the
uncondensed (free) atoms and atoms located on the surface and in
the bulk of a cluster. Different types of transition processes are
indicated as well. Right panel: The upper part shows total electron
yield X-ray absorption spectra of both pure uncondensed Ar atoms
and of Ar clusters with an average size of< N > = 4000. The
lower part shows Ar2p core-level photoelectron spectra recorded
for an average size of< N > = 700 and< N > = 4000.

XAS-spectra and the XPS-spectra makes the energtic situation for the cluster
mean size of< N > = 4000 clear: the lowest2p3/2 ionisation threshold of
the cluster bulk at 247.4 eV, is higher than both of the atomic core-excited
states, the2p−1

3/24s and2p−1
1/24s. However, already the cluster features of the

2p−1
1/24s resonance, which are expected to be above247 eV photon energy, are

obscured. Moreover, all unoccupied atomic and cluster levels located above
the atomic2p−1

3/23d resonance, are energetically above the lowest2p ionisation
threshold of Ar clusters. In turn, when exciting to one of these higher res-
onances, additional electronic transition channels besides the resonant Auger
channel are opened up, making a resonant Auger spectrum of clusters to a
rather complex spectrum.

In the left panel of Fig. 5.7 we show resonant Auger electron spectra recor-
ded on top of the2p−1

3/24s atomic (a), surface (b) and bulk resonances (c) for the
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same cluster mean size as discussed above (cf. Fig. 5.6). The final states ob-
served in these spectra are two-holes one-particle (spectator) states according
to Ref. [131]. As indicated by arrows in the figure, there is a one-to-one cor-
respondance between the features in the atomic spectra and the cluster spectra.
The cluster signals are shifted towards lower binding energies or higher kinetic
energies, respectively. Moreover, differences in linewiths and relative intens-
ities are clearly visible. The assignment of the states given in the left panel of
Fig. 5.7 is taken from Ref. [131].
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Figure 5.7: Left panel: Resonant Auger electron spectra recorded on top of the
2p−1

3/24s photoabsorption resonance: a) ”pure atomic” excitation,
b) ”cluster surface” excitation, c) ”cluster bulk” excitation. Right
panel: Partial electron yield photoabsorption spectra recorded for
a restricted binding energy interval as marked by the filled areas in
the left panel of this figure.

According to our discussion above, it is an appealing idea to check the com-
position of the resonant Auger cluster spectral features by recording the X-ray
absorption profile in a partial electron yield mode (see Sec. 2.3 above). In or-
der to demonstrate this idea, we have limited the kinetic energy window of the
electron spectrometer to the electronic states marked by filled areas in the left
panel of Fig. 5.7 while the photon energy was swept. It is important to realise
that one has to define the ”acceptance window” of the electron spectrometer
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on the kinetic energy scale rather than on the binding energy scale, as resonant
Auger decays occurring in uncondensed atoms are fixed in kinetic energy. In
the right panel of Fig. 5.7 we show the corresponding results: Curve 1 is the
photoabsorption profile obtained when limiting the kinetic energy window to
the atomic resonant Auger lines as marked in part a) of the left panel of Fig.
5.7, curve 2 is the photoabsorption profile obtained when limiting the kinetic
energy window to the cluster resonant Auger lines as marked in part c) of the
left panel of Fig. 5.7, and curve 3 is the the total electron yield photoabsorption
profile from Fig. 5.6 above which is included for comparison. As we can see,
by choosing the kinetic energy region of the ”atomic” Auger line, we received
an absorption profile which is reminiscent of the photoabsorption profile of
pure atomic Ar as shown in the right panel of Fig. 5.6 above. In contrast, by
choosing the kinetic energy region of the ”cluster” Auger line, we received an
absorption profile which contains only cluster resonances. These results are
maybe not so surprising, as we have choosen the acceptance window of the
secondary electrons in a certain way, but it shows a way to decompose such
a complex absorption profile as the total electron yield photoabsorption spec-
trum of free clusters. The real beauty of this method is demonstrated in Paper
XII for the more complicated photon energy region above the atomic2p−1

3/23d
resonance and the interested reader may refer to the paper. As this decompos-
ition method involves three different spectroscopy techniques - starting with
X-ray absorption spectroscopy and ending it with a detailed understanding of
the absorption profile - we suggest to call it the ”spectroscopic loop” method.

Moreover, it is worth pointing out that resonant Auger spectroscopy, which
probes the same final states as conventional valence photoelectron spectro-
scopy (see Sec. 2.2 above), provides a selective sampling of (pure) atomic,
surface and bulk electronic levels, whereas the latter technique is unselective
in this respect (see as well Sec. 5.4.1 above).

101



Outlook

Above we have seen only a very small fraction of the rich and informative
research field of resonant and non-resonant electron spectroscopy on free mo-
lecules and free clusters. Before ending this Thesis, we would like to take the
opportunity to think about what could be done in the future. Most of the ideas
listed below are pretty rough and preliminary formulated, and should therefore
be considered as speculative ”appetizers” rather than seriously thought through
project suggestions.

Concerning resonant Auger electron spectroscopy on diatomic molecules,
one direction of interest could be to investigate the decay transitions from a
dissociative intermediate to a bound final electronic state as well as the re-
versed scenario, from a bound intermediate to a dissociative final electronic
state as a function of photon energy detuning. Questions of interest to be ad-
dressed could be what type of interference effects can be expected and, in
particular, what we can learn from these systems about the dynamics and the
time-evolution of the wavepackets propagating on the core-excited state.

A somewhat bigger step in the field of resonant electron spectroscopy of
molecules would be to perform not only one-photon experiments using syn-
chrotron light, but to involve laser light for performing combined synchrotron-
laser two-photon experiments. Lasers could be applied to align molecules, to
create radicals or fragments of molecules as well as to create certain excited
electronic states in the system of investigation which cannot be reached by con-
ventional one-photon synchrotron experiments. Furthermore, as the bandwidth
of lasers is typically smaller than the monochromator bandwith of current soft
X-ray instrumentation, one could probably think of an experimental scheme to
achieve not only vibrational, but as well rotational resolution in resonant core-
level electron spectra. As this is so far an almost unexplored research field
for molecules, this combination of light sources should open up a lot of new
fundamental issues to be adressed.

With respect to the cluster field, one could think of performing comparative
studies between resonant Auger electron spectroscopy on uncondensed mo-
lecules and the corresponding molecular cluster systems. Fundamental ques-
tions of interest could be: What happens to the nuclear dynamics upon cluster
formation? Is lifetime vibrational interference still present in the case of CO
clusters, N2 clusters etc.? Can we use the method of interference quench-
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ing to investigate possible changes in the bond length of the molecules upon
cluster formation? Are clusters made of HCl molecules, O2 molecules etc. still
ultrafast dissociative? If so what happens to the continuum-continuum inter-
ference hole in HCl clusters? If the interference hole is present, might there
be a practical use of ”atomic holes” in the sense that the emission of elec-
trons with a certain kinetic energy is strongly supressed upon the occurance of
continuum-continuum interference? What happens to the Doppler splitting of
the fragmented Auger lines in the case of O2 clusters?

In addition to that, combined synchrotron-laser two-photon experiments
should be very challenging to be performed as well on cluster systems, as this
is currently a completely untouched research field.

Finally, with the advance of Free Electron Lasers and the outcome of the
first experimental results as mentioned above in Sec. 3.1 (see Ref. [42]) non-
linear processes due to the very high light intensity of the Free Electron Lasers
seem to be an important key issue in the not too distant future.
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Rüdel, and A. M. Bradshaw, Phys. Rev. Lett.81, 301 (1998).

[15] M. N. Piancastelli, A. Kivim̈aki, B. Kempgens, K. Maier, A. R̈udel, U. Hergen-
hahn, and A. M. Bradshaw, J. Phys. B: At. Mol. Opt. Phys.32, 2623 (1999).

107



[16] H. Wang, R. F. Fink, M. N. Piancastelli, I. Hjelte, K. Wiesner, M. Bässler, R.
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[45] H. Petersen and H. Baumgärtel, Nucl. Instrum. Methods172, 191 (1980).

[46] R. Nyholm, S. Svensson, J. Nordgren, and A. Flodström, Nucl. Instrum. Meth-
ods Phys. Res. A246, 267 (1986).

[47] S. Svensson, J.-O. Forsell, H. Siegbahn, A. Ausmess, G. Bray, S. Södergren, S.
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[121] O. Björneholm, F. Federmann, F. Fössing, T. M̈oller, and P. Stampfli, J. Chem.
Phys.104, 1846 (1996).

[122] E. R̈uhl, H. W. Jochims, C. Schmale, E. Biller, A. P. Hitchcock, and H.
Baumg̈artel, Chem. Phys. Lett.178, 558 (1991).

[123] E. R̈uhl, C. Heinzel, A. P. Hitchcock, and H. Baumgärtel, J. Chem. Phys.98,
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