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Abstract

This thesis presents experimental results on molecular spectroscopy of gas phase mole-
cules using synchrotron radiation. It deals mainly with dynamical processes following res-
onant excitation of electrons from core and inner-valence shells of the following systems
H2O, H2, SF6 and CD4. In order to reach these deep electrons and excite them photons
in the energy range from 25 to 550 eV were used, depending on the particular system.

Two experimental techniques are used. Photon induced fluorescence spectroscopy is
used to study the fluorescence emission of fragments after the decay of resonant core-
excited states for the water molecule, and after doubly excited states and resonant ex-
citations of inner-shell electrons for H2 and SF6 respectively. Only the emission in the
visible and near infrared range (300-900nm) and the Lyman-α transitions are measured.
Energy resolved electron-ion coincidence is used for the study of the fragmentation of CD4

and SF6 after selective ionisation of one of the outer-valence orbitals. In the case of CD4

the fragmentation is compared for the cases in which the ionisation is done directly, or
through participator Auger decay of different resonantly core-excited states.
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Introduction

The present thesis is a summary with selected results of my research activities
since February 2002 in the group of Atomic and Molecular Physics of the Physics
Department at The Royal Institute of Technology (KTH), in Stockholm Sweden.

The subject of the thesis is the investigation of dynamical processes occurring in
molecules after resonant excitation of core- and inner-valence-electrons using syn-
chrotron radiation. Electronic configurations with holes so deep are very unstable
and decay by a number of processes which include ejection of electrons, emission
of photons, and breaking of molecular bonds so that neutral and ionic atomic and
molecular fragments are produced after the relaxation of the initially excited sys-
tem.

The experiments have been performed using two different techniques namely
Photon Induced Fluorescence Spectroscopy (PIFS) in Papers I-IV and Energy Re-
solved Electron-Ion Coincidence (EREICO) in Papers V-VI.

I will now outline the scheme of the thesis. It is divided into three main Parts.
In the first Part I briefly describe the concept of a molecule and its possible ways

of interacting with light in terms of molecular orbitals and electronic transitions,
with a special emphasis on core electrons. I also discuss the different possible
processes that the afore-mentioned excitations can trigger.

Part II deals with the experimental details. It is divided into two chapters.
In the first one I introduce the source of our exciting photons, the synchrotron
radiation, with a small overview of how the actual synchrotron facilities produce
the light. It follows with a slightly more detailed description of the different beam
lines where the experiments of the papers presented in the thesis were performed.
In the second chapter I describe a bit more thoroughly than in the papers the
different spectroscopic techniques, photon induced fluorescence spectroscopy (PIFS)
and energy resolved electron-ion coincidence (EREICO), that I have used in my
research to make it easier for everyone to understand the experiments described in
the papers.

Part III is also divided into three chapters. The first one is a summary of
the results of the Papers and the second one contain a discussion of the results
always under my personal points of view and considerations, as well as speculations
and suggestions for improvements and future follow-up lines based on the gained
experience. Finally there are the Conclusions of the thesis.
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Part I

The Physics
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Chapter 1

Physical processes

1.1 The concept of a molecule and its interaction with light

A molecule can be defined as a bound system of two or more nuclei and electrons
which defines a unit with chemical activity. Quantum mechanics, the theory of the
very small, can only exactly describe the simplest of atomic systems, the hydro-
gen atom. For the helium atom it already fails to offer an exact solution to the
Schrödinger equation. In the case of molecules it is impossible to have an exact
solution for the simplest of the molecular systems the H2 molecule and all calcu-
lations and predictions are based on approximations and numerical methods. This
situation should not give a pessimistic picture of the capabilities of actual theoret-
ical methods for describing and predicting quantities in molecular systems. I just
want to draw the attention to the fact that molecules are extremely complicated
systems, even in the simplest case of the diatomics. The extra degree of freedom
the nuclear motion represents, and the breaking of spherical symmetry due to pref-
erential directions in space along the bond of the molecule, are added complications
to the already hard problem of many electrons interacting with a nucleus and each
other. Moreover, the diverse degrees of freedom, electronic and nuclear rotating
and vibrational motion, are coupled in larger or smaller amount. This situation
have consequences, for example that otherwise dipole forbidden transition become
allowed through vibronically coupling among different levels of the molecule. This
is the case of the C 1s → 3s transition investigated in Paper V.

The objective of this chapter is to provide the reader with some of the concepts,
models and terminology used in the Papers describing the experiments and the
results. Therefore, the following discussion is kept at a very simple level. Quite more
extensive and complete description of molecules and also of different theoretical
approaches can be found in references like [1, 2].

When two nuclei (for simplicity) approach each other and form a bond the re-
sulting quantum system is made of the two nuclei and the total number of electrons.
The molecular bond is created by the sharing of electrons in the outermost shell of

5



6 CHAPTER 1. PHYSICAL PROCESSES

Figure 1.1: Scheme of the orbitals of a molecule.

the constituent atoms and as a consequence the wavefunction of those electrons gets
spread all over the molecule interacting therefore with both nuclei. The solution of
the wavefunction of these electrons is called molecular orbital. A molecular orbital
in a molecule can be considered to be formed out of the paired atomic orbitals that
participated in the chemical bond. With this approach they can be described by
a suitable linear combination of atomic orbitals. The innermost electrons of the
atoms, those that do not participate in the bond, retain most of their pre-bonding
atomic character and are usually referred to as inner-shell or core electrons.

Now, the way in which molecular orbitals are constructed from atomic orbitals is
through symmetric and antisymmetric combinations of the latter. This gives rise to
two different types of molecular orbitals for each bond, a bonding and an antibond-
ing molecular orbital, that differ in energy the bonding orbital being pushed down
in energy while the antibonding is pushed up lying closer to the vacuum energy level
(sometimes they can be found lying in the continuum). As a consequence, a typical
valence shell is made out of occupied bonding and non-bonding orbitals together
with empty antibonding molecular orbitals, plus different sets of Rydberg orbitals
which usually have an atomic character (see Fig. 1.1). For molecules of certain
geometry it can happen that the shape of the potential is such that solutions of an
electron wavefunction exists at energies above the vacuum level. These solutions or
orbitals are known as shape resonances and the ones present in the SF6 molecule,
which is studied in papers IV and VI, are classic examples.
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While even simple molecules like the ones that are the object of study in the
Papers of this thesis are very complicated, there exist a number of approximations
that are usually used in order to simplify the study of these systems. One approxi-
mation is called the Born-Oppenheimer approximation and states that, due to the
large difference in the mass of electrons and nuclei, their movement is decoupled
from each other and the nuclei move in the average potential created at every in-
stant by the electrons. As a consequence, for the cases in which the approximation
is valid, one can consider that the excitations of electrons occur for fixed positions
of the nuclei, that is, the electron cloud shifts and readjust itself in a time scale so
small compared with the the time of the nuclear movement that the nuclei are still
in the relative positions they had in the initial state, and so the symmetry of the
molecule is conserved. This approximation ceases to be valid in those cases in which
the electronic part of the wavefunction is very sensitive to the nuclear coordinates.
This is often the case in the region of avoided crossings, for example.

The second approximation one uses is the independent electron approximation.
In this approximation one neglects the electron-electron interaction treating it as
a perturbation, and therefore each electron can be considered to be moving in the
average potential created by the rest of the electrons. This approximation is usually
valid for excitation/ionisation of electrons in the outer valence shell. Papers III and
IV describe experiments where this approximation breaks down completely.

Interaction with photons

A molecular system has many ways to interact with an external source of energy.
Restricting the discussion to the case of excitation by visible or shorter wavelength
photons, molecules can absorb quanta of energy by making resonant and non reso-
nant electronic transitions. Resonant absorption occurs between two bound orbitals
with defined energy, while non-resonant transitions occurs by coupling an electron
in a certain bound orbital with the continuum above the vacuum level. Sometimes
a transition of an electron to an orbital above the vacuum level can happen and
in this case we consider it also resonant. The detachment of an electron after non
resonant absorption of a photon is known as photoionisation. The resulting free
electron (known as photoelectron) is emitted from the molecule with a kinetic en-
ergy which is given by the relation Ek = hν − Eb where Eb is the binding energy
of the emitted electron. In this way the occupied orbitals in a molecular system
can be probed and studied by analysing the kinetic energy spectrum of the emitted
photoeletrons and this constitutes the basis of photoelectron spectroscopy (PES).
Unoccupied orbitals can be probed through resonant excitation of electrons.

Removal of electrons from occupied orbitals have a direct impact on the mole-
cular system. For example, populating an antibonding orbital could weaken the
bond enough to dissociate the molecule along the axis of that bond. It is possi-
ble to study and learn about molecular systems and the interaction among their
constituents by analysing the processes occuring after excitation/ionisation of the
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different orbitals. These processes depend on the orbital from which we remove the
electron (or electrons), and on the orbital to which we excite the removed electron.

If we resonantly excite an electron from the outmost valence orbitals, for example
from the highest occupied molecular orbital (HOMO), to an empty orbital below
the vacuum level then there are two ways for the system to relax: through emission
of radiation and/or dissociation of the molecule if the excited state is dissociative.
Resonant absorption of radiation can also occur in a process in which the orbital
being excited is one that lies in the continuum (shape resonance or a sufficiently
antibonding molecular orbital). In this case the decay (i.e. relaxation) of the excited
molecular system can occur through a process called autoionisation. This process
consists in the transition of the molecule from an excited neutral state to an ionic
state AB + hν → AB ∗ ∗ → AB+ + e− with the electron having the kinetic energy
corresponding to the difference in energy of the exciting photon energy and the
final state. The final state is the same as if a photoionisation of the molecule would
have occurred directly.

So far in the discussion I have restrained myself to situations in which the one-
electron approximation is valid. However, as mentioned before, there exist systems
in which this approximation is not valid, and the main processes are related to
excitation of more than one electron with only one photon. This is very clear
the case in Paper III in which the neutral doubly excited states of the hydrogen
molecule are studied. These doubly excited states are neutral states lying quite up
in energy so that they very quickly autoionise. Normally, doubly excited states can
be seen as Rydberg series converging to excited states of the molecular ion.

1.2 Excitation of core electrons

If we increase the photon energy to the soft X-ray regime (more or less above 200 eV)
one starts to be able to excite the core-electrons of some of the lightest elements
of the periodic table. Although the mechanisms involved in the absorption are
basically the same as described in the previous section, namely electronic transitions
so that one electron in a core orbital gets placed in some empty molecular or
Rydberg orbital or is ionised if the energy is high enough, the dynamical evolution
of the molecule is governed by different physical processes. This is the energy range
where the experiments described in Papers I, II, V and VI are performed.

Following the classical text of G. Herzberg [1] when two states of energy that
fulfill specific selection rules (Kronig selection rules) lie very close in energy to each
other a shift of the energy of these states arises. This perturbation is always in
the sense of the states repelling each other and the magnitude of the shift (i.e.
of the perturbation) is larger the smaller the difference in energies of the levels
are. As a further consequence both states get mixed so that the eigenfunction of
each of the states contains contributions of the other state. A discrete state can
also be perturbed by a continuum and, in this case, the result is a diffuseness of
the level instead of a shift. Mixing of the eigenfunctions also occur here but this
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time there is a crucial difference. When we have two discrete states, the mixing
of eigenfunctions can be seen as an oscillation of the system between both states.
As a consequence, when measuring, signal from the decay of both states is present
even if the initial excitation was only to one of them, and their relative intensities
are given by the amount of mixing. For the case of state-continuum interaction
this oscillation also occurs but, since a continuum means that the molecule has
splitted in some way and the different parts are flying away, the molecule can not
oscillate back into the discrete state. What we have then is that we will always find
the system in the continuum after a certain amount of time that depends on the
amount of mixing, this time being smaller the larger the mixing of the state with
the continuum is. This non radiative transition into a continuum from a discrete
state due to state-continuum interaction is called Auger transition.

Molecules that are core-excited due to absorption of a photon of suitable energy
are in a state that lies quite high above the ionisation energies of several of the
filled orbitals in the molecule. Therefore, this state is perturbed by many different
continua of ionic states. As a consequence a very fast Auger transition takes place,
usually in the order of femtoseconds (10−15s), and in this way the molecule relaxes
from the very unstable electronic configuration with a hole in a core shell to a
configuration in which the hole is transferred from the core shell to the valence
shell while the Auger electron takes away the difference in energy. If the initial
absorption caused the ionisation of the core orbital then the Auger process is called
normal Auger decay. The net result is the ejection of two electrons, a photoelectron
of variable kinetic energy depending on the energy of the ionising photon, and an
Auger electron that has fixed energy regardless of the exciting photon energy, so
that the final state of the normal Auger process is a doubly ionised molecular system
with the two holes usually distributed among the orbitals of the valence shell. It is
very often that a molecular system with two holes, that is dications, are unstable
and they will fragment by Coulomb repulsion after certain time and the fragments
produced are characteristic of or closely related to the particular final Auger state.

1.3 Resonant Auger decay of core-excited molecules

Molecules can also perform transitions of core electrons to empty molecular or
Rydberg orbitals by absorbing a photon resonant with the transition. This is the
kind of excitation used in the experiments of Papers I, II, V and VI. In this case
the core-excited state is a neutral one and so only the Auger electron is (in most
of the cases) emitted. One can distinguish between two types of resonant Auger
processes depending on how many holes are left in the valence shell after the decay.
In the participator Auger process only one hole is found in the valence shell and
the orbital into which the core-electron was excited is empty. If this orbital is still
occupied after the Auger process then there are two holes in the valence shell, one
corresponding to the electron in the orbital above the HOMO in the ground state
and another corresponding to the emitted Auger electron. In this case one speaks
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of spectator Auger decay.
Resonant Auger decay of the core-hole, and also normal Auger decay, have to

compete with another channel for relaxation of the excess of energy. The core
hole can also decay by emission of soft X-rays, resulting in a neutral final state.
However, for low Z elements like the elements of the second row in the periodic
table the probability of resonant Auger is above 90% and the effect of the radiative
channel is negligible. This is the case for all the molecules studied in the Papers.

A much more detailed and elegant description of the decay of resonant core-
excited states is achieved by considering the whole process as a scattering process
in which the incoming soft x-ray photon is scattered by the molecule and then
a photon of different energy, or an electron with specific kinetic energy, are the
outcome of the reaction. The difference in energy between incoming and outgoing
particle is left in the molecule. The theory of this Resonant X-ray Scattering or
Resonant Raman scattering is quite developed and I point interested readers to the
review by Faris Gel’mukhanov and Hans Ågren [3] and references therein.

The sudden approximation

In Paper I the concept of the sudden approximation is used to analyse the relaxation
of the core-excited molecule after the Auger emission. This approximation is based
on that, for a sufficiently energetic emitted electron, the ionisation of the molecule
happens so fast that the whole system is frozen during the process. Therefore,
one can relate the final state of the system in terms of the Hamiltonian of the
initial neutral state H(N), Ψf , to the final state in terms of the Hamiltonian of the
final ionic state H ′(N − 1), Ψ′

f , which is the one that is actually measured and in
which the electrons have relaxed to the potential of the N-1 electrons. Since the
emitted electron is so fast the relation between the final states expressed in both
Hamiltonians is just a expansion of the wavefunction corresponding to H(N) into
the states of the H ′(N − 1). Therefore we have that

Ψf =
∑

f

cfΨ′
f

where cf is given by

cf = 〈Ψf |Ψ′
f 〉



Part II

The Experiment

11





Chapter 2

The Excitation Source

2.1 Synchrotron radiation

It is a well-known result of classical electrodynamics that an electron suffering an
acceleration �a radiates energy with a spatial distribution expressed by [4]

dP

dΩ
=

e2

4πc3
|a|2 sin2 Θ

This expression describes the radiation emitted by a charge accelerated in the
direction of movement and having a speed much smaller than the speed of light,
i.e. not relativistic. When the same expression is derived for an electron moving
at relativistic speeds we get that, as shown in Fig. 2.1, the lobules indicating the
distribution of radiation fold themselves towards the direction of movement so that,
in the laboratory frame of reference, the radiation gets confined into the direction
of the velocity inside a very narrow cone of angle approximately θ ≈ 1/2γ. Here γ
is the Lorentz factor and is given by γ = 1√

1−(v/c)2
.

The previous results are also valid for the case of a particle accelerated in the
direction perpendicular to its movement, like that coming from a magnetic field
through which the electron is moving. In this case the charge describes a circular
trajectory and the cone of radiation is directed in the direction tangent to the tra-
jectory at every instant of time. Actually, it is another result from electrodynamics
that for equal changes in momentum the radiation emitted in response to perpen-
dicular (to the motion) acceleration is a factor of γ2 larger than that in response
to parallel acceleration [4].

It is then not surprising that this highly collimated radiation from accelerated
relativistic particles was first observed at a synchrotron accelerator, namely at the
General Electric Research Laboratory in Schenectady, New York, on April 24, 1947
[6], and it is from this type of machine that it receives its name. This circular
accelerator is special in that the frequency of the radio-frequency (RF) field used to
accelerate the particles is synchronized to the change in mass of the particles while
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Figure 2.1: Comparison of angular distributions of radiation for a non-relativistic
and a relativistic accelerated charge. From [5], with permission

accelerating to relativistic speeds. It was considered and studied at the beginning
as a nuisance because it constituted a loss of the energy of the particles in the
accelerators machine. Nowadays the revolution of the use of synchrotron radiation
as a spectroscopic tool can only maybe compare to that of laser sources. It is largely
widespread and modern large scale facilities are dedicated to its production feeding
the growing necessities of a very wide and varied scientific community.

2.2 Storage rings and magnetic structures

In modern facilities synchrotron radiation is produced in specialized dedicated ma-
chines which are designed to optimize this radiation, where its production is the
principal motivation and no longer a nuisance. The almost universal design em-
ployed is that of the storage ring, although new designs and concepts like the
4GLS, the future energy recovery LINAC (LINear ACcelerator) planned to be built
at Daresbury [8], are arising and they promise to become a strong choice since
they unite revolutionary light sources like the Free Electron Laser (FEL) and more
traditional ones like undulators and wigglers in the same facility.

A storage ring is a polygonal structure of straight and bent pipes onto which
sets of magnets are mounted at intervals. The sets of magnets are of different types.
Bending magnets are placed at the vertexes and are the most intense ones. They
provide a homogeneous magnetic field that bend the trajectory of the electrons to
keep them inside the ring. Other sets of magnets forming magnetic quadrupoles and
sextupoles are inserted to correct for the natural spread of the electron beam along
the plane perpendicular to that of the ring. A current of electrons is usually pre-
accelerated, injected inside the ring and then accelerated into a final energy by RF
fields inside microwave cavities that are inserted along the structure. The RF field
is synchronized (it is a synchrotron accelerator) to the mass change of relativistic
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Figure 2.2: Synchrotron light from the 70-MeV electron synchrotron at the General
Electric Research Laboratory [7]

electrons, and is still working after the electrons have achieved the desired speed to
counteract the losses due to synchrotron radiation. Therefore, a stable current can
be stored inside the ring with a certain energy for relatively long times (around 24
hours in modern storage rings). The inside of the ring itself has to be placed under
ultra high vacuum conditions (pressures typically on the order of 10−11mbar) in
order to prolong the lifetime of the electron beam.

Synchrotron radiation is produced when the electrons are forced into the optimal
orbit by the bending magnets and is emitted tangently to the trajectory of the
electrons leaving the ring through suitably located apertures. These apertures
connect the storage ring with a set of pipes at ultra high vacuum into which several
optical elements can be installed to manipulate the synchrotron radiation for specific
purposes. These specialised structures are called beam lines.

Undulators

However, before going into describing the generic elements of a beam line, and
into the description of the ones that I used for the experiments presented in the
thesis, I would like to discuss a little bit other specialised magnetic structures,
named insertion devices, that have been developed to optimise the production of
synchrotron radiation production of modern storage rings.

These devices are called insertion devices because they are inserted in the
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straight sections between bending magnets in storage rings. They consist of straight
periodic magnetic structures made up by two parallel arrays of alternated poles on
top and below the straight sections of the storage ring (see Fig 2.3), designed to
exert a periodic acceleration on the electron beam perpendicularly to its velocity
vector, so that the original trajectory of the electrons is maintained after them. The
electrons that pass through this devices undulate perpendicularly to their motion
and in the plane of the ring. From this motion synchrotron radiation is emitted
parallel to the main motion of the electrons and can be taken out of the ring at
the beginning of the next bend of the ring. In this way more beam lines can be in-
stalled in the same storage ring. Insertion devices come in two flavours, undulators
and wigglers. All the experiments described in the thesis have been performed in
undulator based beam lines.

From the theoretical point of view, the essential difference between both devices,
for one relativistic electron traversing the insertion device, is the strength of the
magnetic field. However, in reality one can not just use an undulator as a wiggler
by increasing the magnetic field or a wiggler as an undulator be decreasing it. Many
practical parameters have different requirements because the process giving raise to
synchrotron radiation is qualitatively different between both devices. In particular,
for undulators, electrons travel through a weak periodical magnetic field making
oscillations of small amplitude compared to the natural radiation cone of θ ∼ 1/2γ.
The radiation emitted by such oscillator is made up of many harmonics with the
fundamental lying, due to interference and Doppler effect, in a range of wavelengths
much shorter than the period of the magnetic poles in the undulator (λ ≈ λu/2γ2).
In this way x-ray energies can be produced by relatively small insertion devices.
For more information I refer the reader to reference [5].

Undulator radiation is described by the undulator equation that, in units of
energy, has the form [5]

E(keV ) =
0.9496E2

e (GeV )n
λu(cm)(1 + K2

2 + γ2θ2)

Ee: Energy of the electrons in the ring

n: Number of the considered harmonic

K: Undulator parameter

K in this equation is a parameter that depends on the distance, the gap, between
the two arrays (i.e. the strength of the magnetic field). From this expression we
can see that the spectra of the radiation emitted by the undulator in the different
harmonics (n), depends on the gap of the undulator. This allow us to tune the
undulator to provide different photon energies just by adjusting the gap to a suitable
value.
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(a)

(b)

Figure 2.3: Scheme of an undulator (a) and comparison of the flux distributions
in frequencies for different magnetic sources of synchrotron radiation (b). From [5]
with permission.
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Beam lines
Synchrotron radiation as it is obtained directly from one of the magnetic structures
mentioned previously is not of much use for spectroscopic studies, since all the
photons of different frequencies (Fig. 2.3(b)) generated are emitted in the same
beam of light. It is necessary to reduce the bandwidth around a chosen value of
wavelength/energy of the photons (monochromatize) and this is the role of the
beam lines.

A beam line is, in general, a set of vacuum pieces and optical elements assembled
together. It is designed to take synchrotron radiation from the magnetic device,
select a small spectral range, and deliver it to the sample maximizing some para-
meters according to certain criteria. These parameters are for example high photon
flux, high resolution, tuneability range or collimation. Rarely all these requirements
can be fulfilled together so compromises have to be made when designing the beam
line. The most important element in a beam line is the monochromator. It is
composed basically of a grating and some optical mirrors and at least an exit slit.
The grating is a reflecting device that has a number of grooves on its surface and
is covered with a coating that maximizes reflection for some wavelengths range.
The grating makes use of interference to disperse light in different directions de-
pending on the wavelength. The actual dispersion achieved depends on the angular
dispersion of the grating dθ/dλ. The monochromatization of the incoming light is
achieved by focusing the dispersed light onto a slit of width a placed at a distance
d1 so that only a small spectral range Δλ = ad1dθ/dλ pass through.

Beam line monochromators are quite different from optical monochromator and
this is due to the strong constrains that have to be met during their design. As an
example, in beam lines not only the entrance direction and angle are fixed, but also
the exit direction is determined by the location of the end station, which depends
on the space and infrastructure as well as commodity (it is more comfortable to
work in an end station that is not 7 meters above ground).

After the monochromator other optical elements, like refocusing mirrors, are
used to focus the slit image into the interaction region of the experimental station.

2.3 Elettra and The Gas Phase Photoemission Beam Line

The experiments described in Papers I, II, III and IV are all performed at the
Italian synchrotron radiation facility, Elettra, located in the city of Trieste. It is a
third generation storage ring that operates typically between 2.0 and 2.4 GeV, and
it is optimised in the UV and soft X-ray region. It has over 20 beam lines based in
bending magnets, undulators and wigglers. Typical storage times of 24 hours are
achieved routinely.

The beam line used for the experiments was the Gas Phase Beam Line. It is
based on an undulator and a variable angle spherical grating into which 5 different
gratings are mounted. The beam line provides photons in the range of 14-1200 eV
with a spot size of few hundred microns at the focus of the beam line [9].
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Figure 2.4: Scheme of the optics of the Gas Phase beam line [9]

In the following table I collect some information that can be found in the Elettra
web site. A scheme of the optical design can be viewed in Fig. 2.4.

Grating number Lines/mm Energy range (calculated)
1 1st order 400 20-50
1 2nd order 40-90

2 1200 80-180
3 1200 160-430
4 1200 360-1000
5 140 13.6-27

Energy(eV) Resolving power Flux (photons/sec/100mA)
65 >28000 2.2x1011

245 12200 1.5x1010

401 >12000 1.1x1010

Table 2.1: Gratings and some representative flux and resolution values of the beam
line (slit of 10μm) from [10]
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2.4 MAX-Laboratory and The I411 Beam Line

The experiments described in Papers V and VI were performed at the Swedish Na-
tional Electron Accelerator Laboratory for Synchrotron Radiation Research, Nu-
clear Physics and Accelerator Physics, the MAX Laboratory, situated in the beau-
tiful city of Lund in the south of Sweden. MAX-lab currently hosts two fully
operational storage rings, MAX I and MAX II, and a third MAX III under con-
struction. MAX I is a second generation 500 MeV storage ring with 6 beam lines,
two undulator based and four connected to bending magnets. Our experiments
were done at MAX II. This ring is a third-generation storage ring of 1.5 GeV. It
hosts several insertion devices and have currently operational 2 beam lines out of
bending magnets, 3 using undulators, 2 with wigglers and two using brand new
superconducting multipole wigglers. Nominally it has a lifetime of the ring current
larger than 10 hours and a typical injection current of 200 mA. It can be operated
in single bunch or multi bunch mode. More information on the MAX-lab can be
found inside its web site http://www.maxlab.lu.se/.

Figure 2.5: Scheme of the MAX-Laboratory [11]. The thick points mark beam lines
I411 and 52 where we usually make experiments.

The experiments were performed at the beam line I4II. This beam line is based
on an upgraded version of the monochromator and end-station previously used at
beam line 51 at MAX I [12]. The beam line has an undulator source and the usable
photon energy range is from 50 to 1500 eV. A modified commercial Zeiss SX-700
plane grating monochromator is used to select photons of different energy. This
beam line is equipped with an experimental end station in which photoelectron
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spectroscopy of gaseous, liquid and solid samples can be performed using a SES-
200 spectrometer. Right before it there is a removable one-meter straight section to
host other types of experimental stations for atomic and molecular spectroscopy. It
is here that we connect our experimental chamber. The beam line is able to deliver
a maximum flux of 1x1013 photons/s/100mA for 10μm slits at 150 eV.

Figure 2.6 shows a scheme of the beam line, and a plot of the distribution of the
flux of the different harmonics into different photon energies. For more technical
details I refer the reader to the paper by Bässler et al. [12].

(a) M1 is the horizontally focusing pre-mirror. The plan mirror M1, the focusing
mirror M3 and the plane grating G1 are inside the SX-700 monochromator. M4 is
the refocusing toroidal mirror. OM indicates the free 1m section of the beam line.
The end station ES consists of the Scienta 200 analyser.

(b) Flux versus photon energy for the different undulator harmonics
normalized to 100mA ring current.

Figure 2.6: Scheme of beam line I411 (a) and a plot of the flux of the different
harmonics and some values of the resolution (b) [12].





Chapter 3

Experimental Techniques

All the processes outlined in Chapter 1 can be studied with a great variety of
experimental techniques. These techniques could be roughly classified into those
that measure light and those that measure particles (electrons, ions, atoms...).

In this chapter I will briefly describe the two techniques, one measuring photons
and another measuring particles, that have been used in the experiments described
in the thesis. A description of the experimental set-ups and, briefly, of the instru-
mentation employed is included.

3.1 Photon induced fluorescence spectroscopy

The main part of the experimental work in this thesis (Papers I-IV) is based on
fluorescence spectroscopic studies, i.e., on the analysis of light in the UV-visible
range emitted by our sample after interacting with an excitation source, in our case
synchrotron radiation.

In general, spectroscopic techniques measuring photons yield a variety of infor-
mation that can be registered by measuring diverse parameters of the radiation.
Basically, one can measure

• The distribution of wavelengths/energy of the emitted light. It is related to
the specific initial and final states of the transition that took place. With this
information one can determine internal energy of species and, with the aid of
reference tables and databases, identify the emitting species.

• The intensity of the light. With careful absolute calibration of the experimen-
tal set-up this information can be related to the number of molecules/fragments
that are emitting the light. Also useful relative information on the popula-
tions of the upper state of the transition can be obtained even without means
of absolute measurements.

23
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• Polarization and angular distribution. These two effects tell about the anisotropy
of the upper state of the transition and are related to orientation and align-
ment of the emitting species respectively.

• The spectral profile of the transition. The width of the transition can be
related to the lifetime of the upper state or yield information about different
broading processes like, pressure broadening, Doppler effect, etc.

Fluorescence from the excited sample can be analysed in two qualitative differ-
ent ways: dispersed and undispersed. For the first method an optical spectrometer
coupled to a position sensitive detector, usually a charged coupled device (CCD)
array, is used while, for the second, integrating devices like photomultipliers tubes
(PMTs) are used. With the dispersed fluorescence configuration the different wave-
lengths can be analysed because the CCD allows recording of the intensity for whole
ranges of wavelength at the same time. The spectra produced by the CCD carry
all the mentioned information available from the technique except that of the po-
larization. An example of dispersed fluorescence spectra from paper IV can be seen
in Fig 3.1.

Figure 3.1: Excerpts of the dispersed fluorescence spectra of SF6 at different ex-
citation energies from Paper IV. In panel (a) neutral fluorine emission is recorded
and in panel b) the 4p 5P - 4s 5S0 transition in neutral sulfur is identified.

Recording of intensities from a particular transition while the excitation energy
is varied is another useful piece of information that can be gained. It allows us, for
example, to compare the intensity of different transitions when making excitations
to the same states. If the relative intensity for the same states are different from
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Figure 3.2: Comparison of the different O 1s resonances below the ionization edge in
water when the intensities of the a) ion yield, b) the Balmer-α and c) the Balmer-β
fluorescent lines are compared.

one transition to another then one has information that can help to infer essential
mechanisms that could be responsible for the measured differences. For this pur-
pose PMTs are very convenient since they directly integrate the intensity of light.
However, it is possible also to record these excitations functions of fluorescence
using the spectrometer+CCD configuration. The function is produced after manu-
ally integrating the selected transition in the set of spectra obtained at the different
photon energies. An example of excitation functions can be seen in Fig. 3.2 from
Paper I where changes in the intensity recorded at the different resonances can
be seen when the ion yield (typically very similar to an absorption measurement),
hydrogen Balmer-α and Balmer-β are compared.

Fluorescence spectroscopy, and in particular photon induced fluorescence spec-
troscopy (PIFS), has proven to be a useful technique to study photochemistry
processes in molecules, specially the role of resonant states above the first ioniza-
tion potential (superexcited states) [13]. A special feature of the technique is the
capability to study neutral fragmentation of the molecules. This process has been
seen to play an important competitive role against autoionization in the decay of
superexcited states and many groups have contributed to their study. In our group
for example, studies of neutral dissociation of super excited NO [14] and CO [15]
have been studied.

All the above-mentioned cited works deal with photochemistry processes which
occur for energy values of the exciting radiation that involve excitation/ionization
only of the outermost valence shell. A comparatively smaller attention has been
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paid to the use and application of PIFS, specially in the visible range, when using
photons of a higher energy range so that core and inner-valence excitations in
molecules can be studied. Although older experiments exists it is only recently that
experimental works are being reported with an increased frequency [16, 17, 18].

In the present thesis experimental works on core- (Papers I and II) and inner-
valence- (Papers III and IV) excitations are reported. They constitute a further
proof that PIFS is also a capable technique in this range of energies that yields
valuable complementary information to that obtained through charged particle de-
tection techniques.

Description of the experimental set-up

The experimental set-up used for Papers I-IV is described with some details in
each of papers. It briefly consists of a vacuum chamber in which fluorescence is
collected perpendicularly to the synchrotron beam by a spherical mirror mounted
inside the chamber. The collimated light is sent through a quartz window and a
lens outside the chamber focus it onto the entrance slit of a fluorescence spectrom-
eter (Acton Spectra Pro 500) equipped with 1200gr/mm and 3600gr/mm gratings
mounted on a turret and able to mechanically cover a wavelength region of 250-900
nm. Dispersed photons are recorded using a liquid nitrogen cooled CCD detector
(Princeton 10:100B). The entrance slit of the spectrograph can be adjusted to give a
total resolution from 0.1-2 nm, depending on the needs of a particular measurement.

Gaseous samples are allowed into the chamber through a needle of radius ∼ 0.5
mm which is placed so that the gas crosses the synchrotron radiation beam at the
curvature center of the mirror. A leak valve connected to a gas reservoir controls
the pressure in the chamber. Other parameteres like the integrated ion current or
the synchrotron radiation flux after the interaction region can be measured. The
first one is measured with a micro-sphere plate (a 1 inch detector from El-Mul
Technologies Ltd.) mounted at the entrance of the chamber perpendicularly to the
direction of the beam and a couple of cm away from the beam, while a diode at the
back of the chamber can record the variations in flux.

Instead of the spectrometer we could mount different PMTs to record undis-
persed fluorescence in the visible or UV range. Band pass filters can be used in
front of the PMTs to record the intensity from specific wavelength regions.

The other experimental set-up

A much more detailed description of a experimental set-up for UV-visible fluores-
cence spectroscopy of gas phase molecules is described in Paper VII. I refer the
reader to the paper for the description and to the reference [19] for results and ex-
periments done with it. It is included in the thesis because of its value as a general
description of an experimental set-up equivalent to that used in the experiments.

This set-up was initially transported to Elettra to make some measurements.
The aim was that those experiments would work as a feasibility study of the pos-
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sibilities of measuring fluorescence at the beam line. It was after that session that
the set-up described in the previous section was acquired for the beam line, which
is the one with which all the PIFS spectroscopy presented in the thesis has been
done (Papers I-IV). The set-up of the beam line offers comparable if not superior
performance and so it was always used instead of transporting our own chamber.

3.2 Energy resolved electron-ion coincidence

Study of the fragmentation of molecular systems after their interaction with photons
of certain energy is an important tool to understand the properties of the different
electronic states, and also to comprehend the dynamics of the system after the
interaction as we already hinted in Chapter 1. This field, traditionally studied with
different techniques of mass spectroscopy like quadrupole mass spectroscopy (QMS)
and time of flight spectroscopy (TOFS), has been revolutioned with the introduction
of coincidence techniques. These techniques are based on the correlated detection
of two or more fragments so that a more profound understanding of the system and
its different fragmentation processes can be gained.

There are several kinds of coincidence techniques that take different names after
the fragments that are measured. Thus, one can find coincidence studies between
two ions (photoion-photoion coincidence PIPICO), ion and photon (PIFCO), elec-
tron and photon (PEFCO) or electron and ion (PEPICO), for example.

Due to the inherent low efficiency of the detection, which will be clear a bit
later in this chapter when the working of the technique is covered, it is only re-
cently that technical advances in the generation of synchrotron radiation have made
feasible these otherwise too time consuming measurements. However, early exper-
iments of this kind were performed more than 20 years ago [20]. From the work
by I. G. Simm’s and co-workers the technique evolved into more sophisticated and
advanced approaches using different experimental set-ups. Thus, the first triple
coincidence measurements by Frasinski et al. [21] allowed visual insight of the dis-
sociative photoionisation processes studied although without electronic state reso-
lution. The fragmentation associated to a particular final valence-hole state after
Auger decay was first studied by W. Eberhardt et al. [22]. D. M. Hanson and co-
workers [23] united both aforementioned techniques implementing energy-resolved
Auger-electron multiple-ion coincidence (ERAEMICO) experiments. K. Ueda et al.
measured resonant Auger electron ion coincidences first [24] and then further devel-
oped their experimental set-up combining energy-selected electron and mass- and
energy-selected ions with angle-resolved photoion spectroscopy [25]. Since then,
other interesting and beautiful works like the study of the role of the internal en-
ergy [26], bending [27] and nuclear motion [28] in the dissociation of site-selected
core excited molecules or the triple coincidence measurements with normal Auger
electrons [29, 30] have been reported.

The technique used in the experiments presented in papers V and VI is a coin-
cidence technique and as such more than one fragment is measured. In our case we
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Figure 3.3: TOF mass spectra acquired in coincidence with 1t2 (a) and 2a1 electrons
(b) with a photon energy of 70 eV. The poins indicate Monte Carlo simulations of
the TOF peaks [Paper V].

measure mass-resolved ions correlated with energy-resolved electrons, thus we call
it energy resolved electron-ion coincidence (EREICO). This means that we select
electrons emitted by the molecule after photon absorption by their kinetic energy,
and then measure only the ions correlated with them, i.e., the ones that were emit-
ted together with the selected electrons as part of the same decay process. Figure
3.3 illustrates this where the different fragmentations of the CD4 molecule after
interaction with photons of 70 eV are plotted. One of the spectra was taken in co-
incidence with electrons emitted from the outer valence shell (1t−1

2 ) and the other
with electrons from the carbon 2s orbital (inner-valence shell) (2a−1

1 ).

The clear differences in the fragmentation are related to the characteristics of the
different orbitals ionised. It is clear from the figure that the EREICO technique
allows us to study the role in the bonding of the different orbitals. Moreover,
as already discussed in Chapter 1, the final states of the resonant participator
Auger decay are states that can also be populated in a direct manner through
photoionisation of the valence shells with sufficiently energetic photons. This allows
the possibility of studying the effect of the intermediate core excited state in the
fragmentation of the molecule by comparing the direct and resonant processes [28].
This is the kind of studies performed in Paper V and Fig. 3.4 is extracted from
it. In this figure the effect of the core excitation upon the fragmentation of the
molecule is clearly seen.
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Figure 3.4: Comparison of the fragmentation of CD4 measured in coincidence with
1t2 electrons between the direct channel and the resonant participator Auger chan-
nel. Points indicate Monte Carlo simulationof TOF peak shape [Paper V].

Experimental set-up: The spectrometer
I will describe now in some detail the experimental apparatus used in Papers V and
VI. A sketch of the spectrometer is presented in Fig. 3.5 .

The main part of the set-up is a home designed stainless steel vacuum chamber
with 22 standard CF ports where pumps and the different detectors are attached.
The chamber can rotate through its revolution axis with a variation of that axis of
less than 50μm to allow angle resolved measurements. It is mounted on a stainless
steel frame used for transportation and attachment to the beam line and a 250 l/s
turbo pump is used for pumping.

The chamber is a multipurpose station for TOF, PES and EREICO measure-
ments with angular resolution. To this end it counts with several detectors attached
to it. For TOF measurements a Wiley-McLaren type of time of flight mass analyser
[32] is mounted with a 2-dimension position sensitive detector (PSD) [33]. For PES
measurements a commercial electron analyser from Omicron, model EA125, is used.
The EA125 is a 125 mm mean radius electrostatic hemispherical electron deflection
analyser, equipped with a guiding decelerating/accelerating lens stack. It has vari-
able entrance and exit slits to control the resolution. Rectangular slits that can vary
from 1x12 mm to 6x12 mm, or circular slits varying from 1 mm to 6 mm diameter.
The electron-collecting lens stack can be operated in low (x1), medium (x2) and
high (x5) magnification modes. The EA125 comes with five channeltron detectors
placed as a linear array across the exit plane of the hemispherical analyser and along
the dispersive direction. The best achievable electron kinetic energy resolution is
about 6.5 meV for pass energy of 1 eV [34].
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Figure 3.5: Our multipurpose experimental chamber [31].

In the EREICO functioning mode the EA125 is used together with a home
designed Wiley-MacLaren TOF analyzer. This device is able to determine the
mass of detected ions by measuring the time those ions (with ratio q/M) take
to travel through a known distance. The ion and electron detector are mounted
one in front of the other as in the scheme in Fig. 3.6. The TOF is mounted on
a goniometer that provides 0-90 degrees rotation capability with respect to the
electron detection direction. It has attached a cylindrical gas cell of 3 mm diameter
and around 1.5 cm long where an effusive jet of our molecular sample crosses the
synchrotron beam, defining the interaction region (IR) at the centre of its length.
In order to control the pressure, the gas cell is differentially pumped. The pressure
in the gas cell is estimated to be 10-100 times the background pressure that, in our
experiments, was kept in the 10−6 mbar range. This cell has slits for the electron
and ion detection and it counts with two grid-like cylindrical electrode systems for
ion extraction, constituting the first acceleration stage of the TOF, assuring that
conditions of electron detection are identical with respect to the ion spectrometer
rotation. The ion detection is done by means of micro channel plates placed at the
end of the TOF.

The extra degree of rotation for the TOF detector was devised in the beginning
to make possible the study of anisotropies in the emission of the fragments. This
wish conditioned the shape of the gas cell, i.e. of the electrodes of the IR, to a
cylindrical one. As a result the small static electric field placed across the IR is not
fully homogeneous and it turned out to be that the rotation of the TOF detector
altered the conditions of the field making hard to compare any two sets of data
obtained for different angles of the TOF with the EA.

When the station measures in the EREICO mode the commercial electronics of
the EA is replaced by a custom set of electronics. A scheme of this electronics can
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Figure 3.6: Scheme of the position of the detectors of the EREICO set-up and
scheme of the TOF detector. The parameters of the TOF are: IR radius 1.5mm,
First accelerating stage (d) 3-3.5mm, Drift tube (DT) 119mm and Second acceler-
ating stage (e) 2mm [31].

be seen in Fig. 3.7 . The signal out of each of the channeltrons, the three central
channeltrons are used now, is sent to an amplification stage. From there it is sent
to a constant fraction discriminator (CFD) with a suitable threshold to eliminate
the noise of the electron signal. The normalized NIM output pulses are then sent to
a logical unit with a coincidence level one, which means that for any incoming pulse
from the channeltrons an output pulse is produced. The output of the logical unit
is coupled, through a gate and delay generator that delays the signal, to the START
pin of a time to digital converter card (TDC) model 7886 from FAST Comtec. The
card is a 2 GHz real time multiscaler with time resolution of 500 ps per channel
and a maximum number of 2 million channels per spectrum. It is mounted in a
PC with adequate software for acquisition, storage and display. The output signal
from the micro channel plates is amplified, discriminated and sent to the STOP
pin of the TDC card. This arrangement was found to have severe problems with
the electromagnetic noise unavoidable when working in a facility like a synchrotron
laboratory. The problem is that noise picked up by the electronics connected to
the electron and ion detectors can lead to false coincidences due to simultaneous or
very close in time inputs from the detectors. To remove this effect the outputs from
all the detectors are sent to a logic unit with a coincidence level two. This means
that for any two simultaneous inputs an output pulse is generated. The output is
fed to the ABORT pin of the TDC via a gate generator and a delay, causing the
card to stop measuring for a fixed time.

Working principles of the technique

But how does the technique work?. In short, electrons are selected by their energy
so that only those of certain kinetic energy are detected. This feature allows us to,
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Figure 3.7: Scheme of the custom electronics and noise filter used to measure
coincidences [33].

from the information out of a preliminary photoelectron spectrum, select only one
of all the ionisations processes taking place. The energy-selected electrons provide
the start signal for a time counter. Opposite to the electron detector (see Fig.
3.8 for the scheme) we find the TOF spectrometer. Each ion detected right after
the start acts as a partial stop signal for the time counter and the time between
the start and the partial stop is stored. The time counter measures partial stops
until a time t = T after the start, which is chosen so that all the ions possibly
produced in the fragmentation have had time to reach the detector at the end of
the TOF. Let me now detail the process by describing step by step the detection of
a coincident event. Assume that we have a source that is producing a continuous
beam of monochromatic photons of a certain fixed energy, sufficient to ionise more
than one orbital of the molecular system. Also, let us suppose that the molecular
system breaks down into different sets of ionic fragments upon ionisation of each
different orbital.

We have that electrons and ions are continuously being produced in the IR.
From all the electrons with different kinetic energies only those suitable to pass the
EA filter collected by the extracting field are detected. The electrons travel to the
detector much faster than the ions and one can consider the ions stationary during
the electron time of flight.

Let us have now one electron that is detected in the EA. A START signal is then
sent to the counter and between t = 0 and t = T ions produced in the same process
as the electron detected are collected by the field, travel the length of the TOF
and trigger different stop signals depending on their q/M and of course their initial
kinetic energy. However, since the ionisation of the jet is a continuous process,
together with these ions also fast ions produced after our single event (up to t =
T), and slow ions produced before our single event (down to t = 0) will reach the
detector. All those ions will produce partial stops signals so that for one single
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Figure 3.8: Scheme of the EREICO technique.

event (start signal) we have a random distribution of partial TOF measurements.
However, after sufficient repetitions of our event, only those ions correlated with the
start signal will give the same partial TOF for every repetition thus contributing
to the coincidence signal, while the rest of the partial stops, which come from
uncorrelated events, will give at the end only the background of the coincidence
spectra.

We see that after sufficient events it is possible to recover information on the
specific fragmentation after the ionisation of a selected chosen electronic orbital.
Also, as I indicated previously, the EREICO technique can be used choosing par-
ticipator Auger electrons for the start. In this way we have the opportunity to
see the differences in the fragmentation between the direct contribution and the
resonant channel.
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Chapter 4

Summary of the results

4.1 Paper I: Fluorescence study of H2O

In this publication we report measurements of the Balmer emission from neutral
atomic hydrogen (H) after core excitation of water vapor.

Figure 4.1 displays the measured ion current and the integrated intensities of
the Balmer-α (n′ = 3 → n = 2) and Balmer-β (n′ = 4 → n = 2) transitions as a
function of photon energy in the core excitation region of the O 1s electrons. The
ion current clearly shows the existing molecular and Rydberg resonances and is
almost identical to the absorption spectrum by Schirmer et al. [35]. Variations of
the relative intensities among the features of fluorescence and ion signals are clearly
seen.

Higher resolution (∼ 70meV ) in the photon energy measurements of the Ryd-
berg resonances were done to try to resolve the states contributing to the measured
intensity (Fig. 4.2). Although even at this resolution the different Rydbergs reso-
nances can not be totally resolved the fits of the recorded Balmer-α and -β curves
allow us to identify the excitations corresponding to particular Balmer-α or -β emis-
sion enhancement. The Balmer-α emission is found to be strongest for the n = 3
and n = 4 members of the npb1/a1 series and for the n = 4 member of the npb2

series. The Balmer-β emission is strongest for the n = 4 and n = 5 members of the
npb1/a1 series and the n = 5 member of the npb2 series. The intensities of Balmer-γ
and -δ displayed in Fig. 4.2 have their maxima still closer to the O 1s threshold
than Balmer-α and -β, corresponding to the higher members of the Rydberg series.
Thus, there is a clear correlation between the core excitation of H2O and the state
of the hydrogen atom after the dissociation of the water molecule.

The following model of the dynamics of the core-to-Rydberg molecule is pro-
posed to interpret the data. The emission of the Auger electron increases the posi-
tive charge of the potential to which the spectator electron is bound. This causes
a collapse of the orbitals to adjust to the new situation and makes it possible for
the spectator electron to be shaken up or down to another orbital of the same sym-
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Figure 4.1: Measured ion current (a) and integrated intensities of Balmer-α (b) and
Balmer-β (c) transitions as a function of incident photon energy at the O 1s edge
of water.

metry during the Auger decay. The probability for this shake process is given, in
the sudden approximation, by the overlap between the wavefunction of the excited
Rydberg orbital before the Auger decay and the Rydberg orbitals after the decay
as |〈niλi|nfλf 〉|2, where |niλi〉 and |nfλf 〉 stand for the wavefunctions of initial
and final states of the Auger decay, respectively. Due to the weak interaction of
the spectator electron with the rest of the molecule, we consider the molecule to be
left essentially in a doubly ionized state after the spectator decay. Theoretical and
experimental studies of water dications in the gas phase indicate that all configu-
rations are dissociative, and dissociation into OH+ + H+ is the strongest channel
[36, 37]. Thus, we expect the water molecule to dissociate along one OH-H bond
due to Coulomb repulsion. However, the molecule is not really doubly ionized, with
the spectator electron still bound to the dissociating system. The electron can be
bound to either the OH+ fragment or to the bare proton being ejected. The latter
case produces an excited H atom that will radiate. Note that the production of
excited hydrogen atoms through the explained process is independent of the Auger
final state, in contrast to the molecular resonances in which the molecule can not
be considered doubly ionized due to the stronger interaction of the spectator elec-
tron with the rest of the system. This independence causes a qualitative difference
between the different types of resonances and explains the increased yield of excited
H observed at the Rydberg resonances.

The data and the model presented in the Paper lead to conclusions which are
relevant at a more general level. The emission of an excited H fragment seems to be
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Figure 4.2: High (a) and lower (b) resolution measurements of the yield of different
Balmer transitions in H. Balmer-α and -β in (a), Balmer-γ and-δ in (b)

triggered by two-hole-one-particle (Rydberg) excited configurations. We postulate
that this process is independent of the specific Auger decay that took place and of
the nature of the excitation. Basically, any mechanism that can deposit enough en-
ergy in the molecule could create such a two-hole-one-particle excited configuration,
without having to resort to the very high core energies that are rarely encountered
in normal applications.

In summary, Balmer emissions (from α to δ) due to excited H atoms have been
measured at the resonances below the oxygen 1s edge in water vapor. For the
molecular resonances, 4a1 and 2b2, the emission is proposed to be proportional to
the population of singly ionised final Auger states with internal energies above the
dissociation limits for the reactions H2O+ → H(n ≥ 3)+ OH+. For the core-to-
Rydberg resonances the emission was found to be highly sensitive to the particular
orbital to which the core electron was excited. Excited H atoms are postulated
to be a major decay channel related to the dynamical evolution of two-holes-one-
particle (Rydberg) configurations created after the spectator Auger decay of the
core-hole. Our data suggest that the production of excited H atoms is a general
process independent of how the excited configuration of the ion was achieved. This
result in the gas phase should stimulate the search for similar processes yielding
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excited neutral H in condensed phases of water, that could be relevant for more
complex models applied to condensed phases.

4.2 Paper II: Fluorescence study of H2O

Complementary to the work described in Paper I we have used PIFS to study the
evolution of the water molecule after core-excitation processes at the O 1s edge. The
Lyman-α emission of H and the emission line λ = 844.6 nm in neutral O have been
found to resonate at all the core excitations but with different relative intensities
than the total yield. These emissions are therefore correlated with the decay of the
core-excited states reached after O 1s excitation. Through energetic considerations
it is proven that only resonant Auger decay can populate such final states whose
dissociation is followed by the observed emission in H and O. In the case of the
Lyman-α emission, the double Auger variety of radiationless decay may also play a
role. The relative intensity of the decay populates ionic states whose internal energy
are above the dissociation limit of the process H2O → OH+(X3Σ−) + H(n =
2) + e−.

(a) (b)

Figure 4.3: Spectra from Paper II showing (a) the measured Lyman-α excitation
curve (lower panel) compared to the ion yield, and (b) the neutral oxygen line
selected and its excitation curve.

The A2Σ+ → X2Π transitions of neutral OH were detected at the molecular
excitations (4a1 and 2b2) and also at excitations to the Rydberg orbitals. However,
at the Rydberg resonances, lines from O+ appear overlapped with the emission
from OH and this makes the assignment of the measured intensity complicated in
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this range. No fluorescence from OH was found above the O 1s threshold. The
emission is energetically allowed after both resonant Auger decay and soft x-ray
emission decay of core-excited states.

Fluorescence from the fragment OH+(A3Π → X3Σ−) was also identified al-
though appearance of the emission was restricted to the molecular resonances.

The results indicate that all possible neutral fragments, O, H and OH are pro-
duced in the dissociation of the H2O

+ ions created after the decay of the core-
excited states. The fragments observed in this work were produced in excited states,
some of them highly excited like H and O. Neutral fragments in lower energy states
are probably very common dissociation products after the decay of core-excited
water and also other polyatomic molecules.

4.3 Paper III: Fluorescence study of H2

In the study of the characteristics and dynamics of superexcited states the doubly
excited states of molecular hydrogen (H2) have had an enormous importance [13,
38]. These states are neutral states above the first IP that converge to a certain
electronic state of the molecular ion. They are named after the state to which they
converge, so Q1 is the family of neutral doubly excited states that converge to the
first excited state of the H+

2 , Q2 to the second, etc.
Since all H+

2 states are dissociative, the Qn states are also dissociative and we
have competition between neutral dissociation and autoionization to the n-1 state
of H+

2 .
To study these states the variations of the intensity of the Balmer-α emission

line have been studied using synchrotron radiation in the range of 26-55 eV with
a minimum step size of 0.125 eV (see Fig. 4.4). Our experiment re-measures the
previous existing data of [39] and extends the measured range up to 55 eV, greatly
improving the quality of the old data.

Balmer-α is emitted after the dissociation of the molecule following the exci-
tation. Theoretical analysis of the experimental data shows that the Q1, Q2 and
Q3 states are responsible for the emission registered below 41 eV while dissociative
photoionization contributes to the signal at higher energies. The new experimental
data permit an improved assignment of the states and provide the first clear exper-
imental evidence of the Q3 states contributing to the Hα emission. The radiative
lifetimes of the excited species produced have to be taken into account in the inter-
pretation of the experimental data with the kinetic energy of the hydrogen atoms
being an important parameter (approximately 78% of H(3s) atoms, having speeds

 40 km s−1 can remain undetected). The analysis took this into account and so
an absolute scale has been provided for the experimental data.
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Figure 4.4: Spectra from Paper III showing the measured data and the theoretical
contributions of different states as calculated.

4.4 Paper IV: Fluorescence study of SF6

Sulfur hexafluoride (SF6) is a very interesting system because of its many applica-
tions in industry, where it is widely used as an insulator gas in power plants, as well
as its particular fundamental characteristics. These characteristics emerge mainly
from its three-dimensional structure with a sulfur atom encaged by the 6 fluorine
atoms in an octahedral symmetric structure.

Interestingly enough it has been scarcely investigated with fluorescence spec-
troscopy. Paper IV presents the first systematic investigations of the fluorescence
of SF6 after synchrotron radiation excitation of the inner-valence shell.

We have studied the fluorescence emission of SF6 after its interaction with syn-
chrotron radiation photons from 25 to 80 eV. The recorded total fluorescence yield
spectrum (see Fig. 4.5(a)) revealed a threshold for the fluorescence at around 32
eV and several resonant features. These features are correlated to other studies
such as photoabsorption cross-section measurements, photoelectron and threshold
photoelectron studies, and partial ion yields with the aim of finding out the initial
excited state in SF6 responsible for the fluorescence. According to the expected
most probable processes at these excitation energies, the total fluorescence yield
was proposed as being the result of inner- valence excitations/ionizations and dou-
ble excitations of SF6. Dispersed fluorescence measurements identified the collected
fluorescence from atomic F, S, S+ and F+ fragments. No molecular emission was
observed in the investigated 400-1000 nm spectral range.

Some transitions of the mentioned fragments were selected to monitor the evolu-
tion of their intensities as a function of the excitation energy. This study allowed us
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(a) (b)

Figure 4.5: a) Total visible-infrared fluorescence yield of SF6. Numbers are used in
the discussion in the paper to label the different features discernible in the spectra.
b) Excitation function of a selected transition of neutral sulfur with λ = 922 nm.

to determine the appearance thresholds of the excited fragments and to suggest dif-
ferent excitations in SF6 to explain their origin. Thus, the production of excited F
has been tentatively ascribed to the fragmentation of SF6 after excitation/ionization
of one inner-valence electron. Emission from neutral sulfur is surprisingly detected
at these energies (Fig. 4.5(b)). The measured curve has a resonant nature and
it must be emphasized that, since 37.7 eV are needed to dissociate SF6 into S +
5F + F+ and the upper state of the measured transition lies around 7.8 eV above
the ground state, the measured curve indicate that complete neutral dissociation
is taking place. It is a remarkable and unexpected result having in mind the cage
structure of the molecule. The emission can be related to transitions of an inner
valence electron to the unoccupied inner-well orbitals or to double excitations of
electrons from outer valence orbitals to the unoccupied anti-bonding orbitals.

The production of excited S+and F+, which occur above 52 and 68 eV, re-
spectively, is believed to have a more complex origin. The observed S+ seems to
be connected to two electron processes in the molecule. The proposed origin for
the production of excited F+ is connected to triple excitations/ionizations of outer
valence electrons.

4.5 Paper V: EREICO study of CD4

The fragmentation of the CD4 molecule (ground state electronic configuration
1a2

12a2
11t62) has been studied with the EREICO technique after single ionisation

of the outer and inner valence shell, 1t2 and 2a1 respectively. In the case of the
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Figure 4.6: TOF mass spectra acquired in coincidence with 1t2 (a) and 2a1 electrons
(b) with a photon energy of 70 eV.

1t2 the ionisation was both done by direct ionisation with photons of 70 eV and
through non-radiative X-ray resonant scattering by tuning the photon energy to
three different core resonances all of them below the ionisation limit. In CD4 the
1a1 shell is the core shell and it is formed by the 1s orbital of carbon. In the ex-
periments described in this paper we resonantly excited one of the C1s electrons to
the 3s, 3p and vibrational levels of 3p Rydberg orbitals. Thus the possible effects
in the fragmentation due to the intermediate core excited state could be observed.

Direct ionisation

The results of the fragmentation after the direct ionisation can be seen in Fig. 4.6
Clearly, the ionization of the inner shell weakens the molecular bond in a higher
degree than that of the outer shell. The fragmentation correlated with 1t−1

2 elec-
trons consists only of stable CD+

4 and CD+
3 ions. The latter is discussed to come

from dissociation of the 2A1 state of the CD+
4 ion. This state is one of the final

equilibrium geometries of CD+
4 since this ion is created in a geometry that is dis-

torted by the Jahn-Teller effect [40]. The difference in energy between the initial
degenerated geometry and the final 2A1 state is sufficient to dissociate the parent
ion into CD+

3 + D. The rest of the final states result only in CD+
4 fragments. For

the case of coincidences with 2a−1
1 electrons the TOF spectra shows that none of

the previous described fragments are produced. Both CD+
4 and CD+

3 seem to be
thus unstable and dissociate into D+, CD+ and CD+

2 .
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Figure 4.7: Comparison of the fragmentation of CD4 measured in coincidence with
1t2 electrons between the direct channel and the resonant participator Auger chan-
nel.

Resonant core-excitation
The fragmentation obtained in coincidence with 1t−1

2 electrons after resonant exci-
tation of one of the C1s to the 3s Rydberg orbitals can be seen together with the
one obtained with direct ionisation in Fig. 4.7.

A clear difference can be observed between both spectra. The mass spectra in
coincidence with the participator electron yield more CD+

3 than the one obtained
in coincidence with the photoelectron. This effect comes from the nature of the
3s Rydberg orbital. A transition from C1s is forbidden and only happens through
vibronic coupling with the allowed 3p orbital. However, the coupling only involves
one of the vibrational modes of the neutral CD4 molecule, which tends to lower the
symmetry of the molecule to the 2A1 state which then dissociates into CD+

3 + D,
thus giving an extra yield of CD+

3 .

4.6 Paper VI: EREICO study of SF6

The electronic decay and the fragmentation of the SF6 molecule have been studied
in the S 2p threshold region. After the 2p3/2 → 6a1g excitation the decay mostly
proceeds via spectator resonant Auger transitions. These decays produce a broad
structure around 30-45 eV binding energies, overlapping the inner valence photo-
electron peaks due to the F 2s based MOs, and a flat background that extends
to even higher binding energies. The non-resonant EREICO spectrum measured
at the (2eg, 3t1u) inner-valence photoelectron structure showed mostly SF+

2 ions
and to a lesser extent SF+ and SF+

2 ions. Tuning to the 2p3/2 → 6a1g resonance



46 CHAPTER 4. SUMMARY OF THE RESULTS

changed the relative abundances of these ions and also resulted in the appearance
of S+. These changes result from the spectator decay (see Fig 4.8).

Figure 4.8: EREICO spectra (dots connected with thin curves) measured for 40
eV electron binding energy using photon energies corresponding to (a) direct pho-
toionization (hν = 168 eV) and (b) the 2p → 6a1g excitation.

Auger decay spectra measured at the S 2p1/2 → 2t2g and S 2p1/2 → 4eg res-
onances were not identical, in contrast to what would be expected if the shape
resonance model were valid for both of them. Some additional spectral intensity
around 130 eV kinetic energy was found in the electron spectrum measured at the
4eg resonance. This can be explained by the decay of doubly excited states that
have been suggested to contribute to this resonance [41]. The EREICO spectra re-
lated to this kinetic energy region of 130 eV (Fig. 4.9) revealed completely different
fragmentation patterns at the two resonances, again supporting the inadequacy of
the shape resonance model for the 2p → 4eg excitation. On the other hand, when
the ion spectra were measured in coincidence with Auger electrons of 110 eV kinetic
energy, no differences were observed between the two resonances.

4.7 Paper VII: Experimental station for fluorescence
spectroscopy

In this Paper we present the design and description of the experimental set-up for
PIFS used in our experimental sessions at the MAX-Laboratory. It is included in
the thesis because it is a direct fruit of my work from the beginning of my graduate
studies, and because is a perfect example of an implementation of the technique
totally equivalent to the set-up actually used in the experiments presented in the
thesis.
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Figure 4.9: Comparison of the fragmentation of SF6 acquired in coincidence with
130 eV kinetic electrons, after excitations to the two resonances above the S2p
threshold.

Our set-up has, however, a number of original features. Maybe the most sig-
nificant part of the apparatus is the mounting of the optics. Two different optical
collection systems are provided to measure in perpendicular directions. The ele-
ments of the two existing collection systems are fixed at proper positions inside a
cylinder. Apertures for the synchrotron radiation are available and a small nozzle
is screwed through the cylinder so that the center of all optical collection systems
is placed at the position where the synchrotron radiation beam crosses the effusive
jet coming from the needle.

This cell is designed to feature some very useful points.

• Possibility to measure undispersed and dispersed fluorescence in parallel.

• All the optics elements are tight against the walls of the cylinder so that a
differentially pumped gas cell effect occurs. The only escape for the gas is
through the apertures for the beam.

• Ease of alignment. All the optical elements are aligned and fixed before the
experiment so only alignment of the station to the beam line is needed. With
this feature we manage to decrease the degrees of freedom that can convert
alignment of the experiment into something very tedious.

• Optimization of the collected light to the throughput of the spectrometer
used.

All in all it is a compact station that can easily be transported and aligned to
any suitable radiation source.
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(a) (b)

Figure 4.10: Sketches of the optical cell. (a) detail of the arrangement of the
collection systems; the synchrotron beam crosses the focus of the optical systems
perpendicularly to the paper. (b) cross section of the cell showing the nozzle and
the optical system for undispersed fluorescence.

(a) (b)

Figure 4.11: Sketch of the optical cell showing the apertures for the beam.
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Discussion

The common denominator of the experiments that have been presented in this
thesis is that all of them deal with the dynamical relaxation processes that take
place when inner-valence or core electrons are excited. The Paper on molecular
hydrogen might be seen as an exception but I consider doubly excitation in this
molecule the closest one can get to core/inner-valence excitations for this relatively
simple system.

Since all the the experiments have been done for molecules with a low Z num-
ber the main physical process that govern the evolution of the system is bound-
continuum interaction and autoionisation of the system as a result. Because of this,
the study of charged particles is a straight forward selection for the understanding
of the excitation, with PES, or relaxation, with Auger electron spectroscopy (AES)
and all the ion detection techniques. In this context coincidence techniques between
several charged fragments have turned out to be particularly powerful. Paper V
and VI are good examples of this. Paper V deals with the minor decay channel
of resonant core-excitations, namely the participator Auger decay, and neverthe-
less manages to unravel the specific fragmentation processes that are linked to the
creation of a hole in a particular valence shell. Moreover, we are able to observe phe-
nomena that are specifically related to the dynamics during the core-hole lifetime
thanks to the technique. Paper VI deals with the much more probable for molecu-
lar systems of small Z atoms decay channel, the spectator Auger decay. From the
different fragmentation patterns observed for the same kinetic energy electrons we
were led to question the common model used to interpret a shape resonance in the
SF6 system. Like the mentioned Papers, other types of coincidence techniques have
shed light on the complex processes and interactions that are present in a molecule.

But what new information can a technique like UV-visible fluorescence spec-
troscopy contribute with? The emission of radiation from the resulting fragments
of the decay of a molecular system after excitation of a deep electron is a very slow
process. Not only the time scale of fluorescence is around 5 orders of magnitude
larger that typical dissociation time scales, or around 7 orders of magnitude larger

49
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than core-hole lifetimes time scales, it also is a step which lies further down in the
decay pathway of the molecule. First one normally have Auger decay (or ultra-
fast dissociation), then one might have a particular dissociation going on and then,
maybe, the result of this particular dissociation is a fragment that is excited and
can decay radiatively. So, not only we have that fluorescence of photofragments is
slow, but also that it is very remotely connected to the initial excitation process
which is the one we have information on since we energetically selected it. So then,
why use this technique at all?.

Well, I firmly believe that Papers I-IV are a sufficient proof to consider the ca-
pabilities and strengths of PIFS applied to core and inner-valence excitations. But
I would be lying if I would say that we got these results as soon as we connected
the experimental equipment to a beam line. We begun our attempts of using PIFS
for the study of core-excitations around the year 2003. And the beginnings were
discouraging at best. We tried for one or one and a half year to measure and analyse
the fluorescence after core excitations of N2O, OCS, SF6 and N2. None of the exper-
iments yielded a set of data that could be of much use. The integrated fluorescence
signal in the visible range followed the profile of the absorption resonances without
deviation, and the dispersed fluorescence yielded a forest of transitions that seemed
to be present at all resonances. Not much molecular fluorescence was seen. Mainly
it was atomic lines but this was not sufficiently new information to justify the study,
and it could hardly be considered new information that molecular system are torn
apart after decay of core-holes. So we basically encountered the hurdles one would
expect in the use of this technique after the discussion of the previous paragraph.
But then we found water.

Water had a difference with the previous attempted system and that was the
hydrogen atoms. It turned out to be critical. For the first time spectroscopy of
UV-visible fluorescence, concretely of Balmer emission but also of neutral and ionic
oxygen, showed big differences with the absorption profile. And not only that, it
was showing differences in the Rydberg resonances, and this meant that it was
besting techniques like AES that usually yielded the same information after the
decay of core-to-Rydberg states.

Of course, after nearly two years of thinking and reading literature things seem
quite, allow me the vanity, obvious now. I will not repeat the model we came out
to explain the results in water which is detailed in Paper I, but I do would like to
elaborate a bit on why of the differences with previous systems. The main point
in common is that the spectator decay of core-to-Rydberg states occurs basically
into the same final states as the normal Auger decay because of the large spatial
extent of the Rydberg orbital and consequent small interaction with the rest of
the system. It is the transfer of the excitation corresponding to the electron in
the Rydberg orbital to one of the atoms after the fragmentation what makes PIFS
useful for the decay of core-to-Rydberg states, since then the de-excitation of that
electron and the subsequent emission of radiation is independent of the particular
spectator Auger final state so long as it is dissociative. And they are most of the
time since these states have two holes in the valence shell. While one could suppose
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that the same mechanism as for water should be valid for molecules like N2O, and
that the excitation of the electron in the Rydberg could be efficiently transferred
to one of the atoms so that similar effects as in Fig. 3.2 should be found, it is the
enormous intensity of the Balmer-α line, and the simplicity of the hydrogen atom,
that makes the difference from the experimental point of view. Then intensity of
Balmer-α makes easy enough to follow its intensity while scanning the exciting
energy for different photon energies even using a CCD as a detector and also, it
reflects itself in a total fluorescence yield because of the same reason. Paper II gives
a curve obtained for a line in neutral O. We can see there that the quality of the
data is not very high. One would only want to measure this transition if it was sure
something would happen. Or because its intensity is so large that it is not costly
in terms of time during a beamtime. The second argument is the one applied to
measure Balmer-α. And because of the result obtained with it we knew something
was going on, so that excitation functions of weaker transition like the one from
neutral O were considered worth the effort.

The success with water opened the door to explorations of many interesting
hydrated candidates. Our group is developing an international collaboration with
the scientists at the Gas Phase Photoemission beam line at Elettra to deepen the
PIFS study of core-excited molecules. So far measurements have been done in
H2S, NH3, CH4, CH3OH and pyrimidine ((1,3)N2C4H6). Analysis of the data is
underway but the same relative increase of fluorescence at the Rydberg resonances
are more or less visible for all the molecules at the different edges. The results will
surely motivate more experiments maybe using other complementary techniques.
This is, for example, the case with pyrimidine which has not been investigated much
using soft X-rays. Another funny experiments that came to my mind was to join
more or less the results of Paper V and the PIFS technique. I thought that, since we
are capable of measuring the isotope effect of the n=3 → n=2 transition in hydrogen
and deuterium, the study of the ratio of the Dα and Hα transitions for partially
deutherated methane (for example) could maybe signal somehow processes in which
the CD bond is broken. Actually, in a discussion with professor Lars Pettersson
from Stockholm University, he suggested that another very interesting approach
would be to study how the Hα/Dα ratio changes due to the perturbation of the
symmetry that takes place when progressively deutherating the methane molecule
from the pure case CH4 to the fully deutherated CD4, so going from Td → C3v →
C2v → C3v → C2v → Td.

Another future line of this work that should be contemplated is to actually
incorporate other non-hydrated molecules as targets. From the discussion of the
process it seems to me that it is only an experimental factor that prevented the
observation of similar enhancement of the fluorescence on non-hydrated molecules.
A very recent experimental work by Chen et al. [18] that came out in 2005 shows the
mentioned enhancement on the atomic transitions from Si at the NEXAFS structure
of the Cl edge and Si edge in SiCL4. The only difference compared with our set-
up is the use they do of a PMT coupled with a spectrograph configuration rather
than a CCD. It might be therefore wise to consider the investment of some money
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and effort into new instrumentation with which to be able to broaden the available
objects of study for PIFS after resonant core excitation. This instrumentation
should include: a suitable controller for the spectrograph+PMT configuration so
that scans of the fluorescence wavelength could be easily done an stored; a suitable
computer interfaced data acquisition system (CAMAC or GPIB) to be able to sit
at a certain fluorescence wavelength with the spectrograph and vary the excitation
energy, thus effectively being able to measure excitation functions for any transition
that we can detect with the spectrograph; one or more suitable PMTs selected
according to the range of detection (one broad range, even if needs refrigeration,
would be best but several overlapping PMTs would also be fine), and flatness of
their wavelength dependence; since most of the intense atomic transitions seem to
be in the UV range [18] maybe optimization of the spectrograph+PMT(+CCD)
set-up and of the optical collection system is advisable, and it should include a
suitable blazed grating for the spectrograph plus appropriate composition of the
lenses mirrors and specially windows.

One more wild future prospect. So far in my research I have not worried at all
about the polarization of the fluorescence from fragments that has been measured.
Polarization and polarization anisotropy of the fluorescence has been already ob-
served in the X-ray fluorescence of molecules and atoms [42, 43, 44], and also in the
visible Balmer-α emission from core-excited HCl [16]. However, theoretical papers
like the one on polarization of fluorescence from photofragments by Brunt et al. [45]
or the one by Fano et al. [46], together with recent experimental work on polarized
Lyman-α fluorescence from fragments of the dissociation of molecular hydrogen [47]
suggest that more information can be gained if polarization anisotropies are studied
together with normal intensity measurements. In a future it might even be possible
experiments of the kind of polarised selected photon-Auger electron coincidence
that could help to unravel the dynamics of spectator final Auger states.

Inner-valence shell

I would like to finish this section by briefly mentioning the insight that, after all
the studies and my gathered experience, I have got of processes dealing with exci-
tation/ionisations of the inner-valence shell.

It was during a conversation with my colleague Dr Antti Kivimäki that he
mentioned me the feeling he had about the doubly excited states of water measured
by Kato et al. [17]. He made the connection with our studies in water thinking that
probably, the states measured by Kato were the same final states that we reached
after core-to-Rydberg excitation, and therefore this might be the reason why Kato
observed such strong emission in spite of the expected low probability for the direct
process since it involves a doubly excitation. After reading and thinking about
my own results I am now quite convinced that this is the case. I think that inner-
valence shell is a case in which electron correlation effects are indeed very strong and
therefore multiple electron excitation are more common here than single electron
excitation. I was oriented into this thinking after reading the comparison made
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by Yencha et al. in [49] between the photoelectron spectra of the inner-valence
orbitals of SF6 (Holland et al. [48]) and their own threshold photoelectron data.
There we see that conventional photoelectron spectroscopy is not very appropriate
to examine the role of the inner-valence shell. Here the concept of orbital looses
its one-electron meaning and doubly excited states seem to be the norm. The
main interest for our research is that the autoionisation of these doubly excited
states will yield the same two-hole-one-particle configuration that will yield excited
fragments. Therefore PIFS comes up as a tool on the same level of sensitivity, for
the processes at the energies where the typical inner-valence shells lie (from around
30 to around 100 eV), as threshold PES (TPES). With the extended advantage
that these two-hole-one-particle state can also be reached through resonant core
excitation for PIFS study, while this is not possible with TPES spectroscopy.

I am quite convinced in the speculation that a threshold photoelectron study of
the water molecule at the range 20-40 eV will show the same resonances measured
by Kato using fluorescence spectroscopy. A hint of the veracity of this assertion
is the observation of variation in the relative intensity of the satellites of the 2a−1 1
photoelectron line in water with photon energy [50] (this is the effect of the sudden
approximation not being completely valid depending on the kinetic energy of the
electron). Moreover, Kato has also investigated water isoelectronic companions,
CH4 and NH3 and he has found essentially the same phenomena of strong emis-
sion at resonances just below the position of the inner-valence photoelectron lines
binding energies. This makes me think in the generality of my discussion on doubly
excited states, namely that these states might be the major players of processes
involving excitations of inner-valence shell electrons.

I think that PIFS has an enormous capability to deepen the knowledge of the
complicated processes that most surely are the main reasons of why the inner-
valence shell has been comparatively little studied.





Chapter 6

Conclusions

The seven Papers presented in the thesis allow for some brief conclusions.
The fluorescence studies of core-excited water have produced a qualitative model

of the dynamic evolution of the resonant core-excited states to explain the observed
enhancement of fluorescence from atomic hydrogen fragments when the core elec-
tron is excited to a Rydberg orbital. The fluorescence study also shows that all the
possible fragments are identified by PIFS including even some weak intensity from
molecular OH and OH+.

The PIFS study of the doubly excited states of molecular hydrogen has improved
the quality of the existing data and has provided the first clear experimental evi-
dence of the contribution of Q3 family of states to the Balmer-α emission.

The PIFS study of the inner-valence excitation of SF6 is shown to be quite com-
plicated due to the many electrons and different possible pathways. No molecular
emission is observed and emission from ionic S+ and F+ and from the neutral S
and F is observed and tentatively explained in terms of possible single and doubly
excitations. Quite surprisingly total neutral dissociation of the molecule seems to
take place in the used range of exciting energies.

The coincidence studies of CD4 and SF6 probe the role of the different molecular
orbitals in the molecular bond, showing big differences depending on the specific
shell where the hole is created. Also, the indirect ionisation process through par-
ticipator and spectator decay of resonant core-excited states is studied. CD4 shows
a clear effect of the dynamics of the molecule during the lifetime of the core-hole
is observed. The observations in SF6 question the one electron model of the shape
resonances 2t2g and 4eg.
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