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Abstract 
 
 This thesis presents experimental data on the fragmentation of gas phase sulfur 
hexafluoride (SF6) and deutheromethane (CD4) molecules after their interaction with 
synchrotron radiation in the energy range of 70-200 eV. The data was obtained using 
coincidence spectroscopy between energy resolved electrons and ions (EREICO). 
 Degradation of the molecular bond upon selective ionization of different 
molecular orbitals has been studied by measuring ionic fragments in coincidence with 
energy selected electrons. Besides the direct ionisation of the orbitals also the indirect 
process, in which the hole is created by the decay of a highly energetic core-excited 
state, was studied. The differences detected in the fragmentation after the direct and 
indirect ionisation of a selected orbital can be related, in some cases, with the relaxation 
of the nuclei in the potential energy surface of the core excited state during its lifetime, 
thus providing information on the neutral core excited state. 
 An experimental set-up capable of photon induced fluorescence spectroscopy 
(PIFs) studies of core excited molecules in the visible range has been constructed. This 
technique can yield complementary information to the EREICO data about the energy 
distribution in the fragmentation since the internal energy of excited emitted fragments 
that decay in the visible can be measured. It also allows the detection of possible neutral 
fragments. 
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Introduction 
 
 This thesis is a selected summary of the research work I have performed since 
February 2002 in the Section of Atomic and Molecular Physics at the Royal Institute of 
Technology in Stockholm, Sweden. 
  
 Our main research field is spectroscopic studies of gas phase molecules using 
synchrotron radiation. In general words this means to study matter through the results of 
its interaction with photons. The outcome of this interaction and its properties are 
closely related to the inner characteristics of the system. A clear and simple example to 
illustrate this is the discrete fluorescence spectra emitted by hydrogen after interacting 
with ultraviolet (UV) photons. The particular characteristics of the emitted light: 
wavelength, intensity, polarization, shape of the peaks and much more are as particular 
of the interacting system as fingerprints in humans are particular of each individual. 
Moreover, not only “light” can shed light on the studied system but the rest of the 
possible products of the interaction, electrons and ions, can be used as well. A huge 
wealth of knowledge can be gained on the system from observations of kinetic energy, 
spin, angular distribution, etc, of the fragments.  
  
 Different techniques have been developed and implemented to study these 
fragments and their properties. During the last decade our group has used quadrupole 
mass spectroscopy to study ions (QMS) [1,2], photoelectron spectroscopy (PES) to 
study electrons [3,4], photon induced fluorescence spectroscopy (PIFS) to study emitted 
light in the visible range [5,6] and energy resolved electron-ion coincidence (EREICO) 
to study fragmentation of valence and core excited molecules from specifically selected 
states [7] 
 
 It is within these two last techniques that I have developed my research activity 
and this thesis is focused in the work done on the EREICO technique. 
 
 I will now introduce the different sections of this thesis with the aim of giving a 
global overview of the document to the reader. 
 
 The first section contains basic theoretical concepts needed to better understand 
the results presented. In it the theory of resonant X-ray scattering (RXS) is very briefly 
outlined with special attention to the non-radiative scattering channel (Resonant Auger 
effect). The next section describes the equipment that has been used to perform the 
experiments. The concepts of the EREICO technique are exposed here together with a 
brief historical introduction and a description of the experimental set-up used to perform 
the EREICO measurements. The last section summarizes the main results presented in 
the papers of this thesis. 
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Section 1: Theoretical background 
 

In this section I will try to give a little insight into the absorption of photons by 
molecular systems focusing on the processes leading to the ejection of one or more 
electrons. In the first subsection I will qualitatively discuss the low energy range 
(valence and inner valence interaction) with a description of the ionisation mechanisms 
and the possible evolution of the system after the ionisation. In the following 
subsections I will do the same for high energy range (core interactions) and will outline 
the theory of Raman X-ray scattering which is very appropriate to describe the process 
involving resonant excitations of core electrons. 
 
1.1 Valence absorption: Photoionisation 
 

The energy of a photon absorbed by a molecule is used by the system to perform 
transitions between electronic states1. The absorption of a certain photon will depend 
then on the particular system and on the energy of the photon (Ev). For most molecular 
systems photons in the visible and near UV range (below 10 eV) are absorbed by the 
electron in the orbital j only if another empty orbital k exists and is such that the energy 
of the orbital k (Ek) is . If this state is not present then the probability of 
absorption is negligible since the wavefunction of such excited electron does not “fit” in 
the molecular potential and the absorption does not take place. 

k jE E E= + v

i

 
This requirement of the existence of a bound state to absorb a photon is not 

present if Ev is large enough to remove the electron from the molecule, i.e., to ionise it. 
In this case the electron wavefunction is that of a free particle and therefore is not 
restricted by boundary conditions of any potential. This means that there is always a 
state of the continuum with the energy Ep so that p vE E I= −  being Ii the energy needed 
to remove the electron (the ionisation potential IP). Ep is the classical kinetic energy 

2 2pE p m ε= =

                                                

of a particle. 
 

For Ev smaller than the IP two mechanisms are the most common ways of 
releasing the energy absorbed. One is neutral dissociation, which occurs because of the 
excited electron occupying an antibonding orbital or by the interaction of the excited 
state with a dissociative state. The other is via radiative decay (fluorescence) directly to 
the initial orbital j or through a cascade to other intermediate levels l (Ej<El<Ek) until 
the molecule is back to its ground state. 

On the contrary, for energies higher than the IP photoionisation takes place. The 
high probability for photon absorption of this non-resonant process compared to the 
previous depicted, which have the necessity of a resonant state to occur, makes the 
ionisation yield very high as soon as the IP is overcome. However, still for energies 
higher than the IP resonant excitations to superexcited2 states can occur. In these cases 
we have competition between decay channels, mainly neutral dissociation and 
ionisation. In superexcited states the ionisation occurs due to the interaction with the 
continuum of states above the IP and is called autoionisation.  
 

 
1 I will not consider photons in the infrared 
2 States of the neutral molecule lying above the first IP 
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Ionisation limit

Superexcited 
state

Core levels

 
Fig 1.1: Simplified scheme of the energy levels of a diatomic molecule 

 
Now, when we increase the photon energy we are able to ionise, be it directly or 

through the autoionisation of a convenient superexcited state, an increasing number of 
molecular orbitals. If we constrain ourselves to the valence and inner valence shells 
(energies typically below 100 eV) we see that the molecular orbitals have different 
binding energies and they play a different role in the molecular bond. Thus the 
photoelectrons emitted, each of them with its own characteristic kinetic energy 
depending on Ev and Ii, will trigger different dynamical relaxations. This can be easily 
viewed as follows: since ionisation of a certain molecular orbital takes place so quickly 
that the molecule can be considered frozen during the ejection of the electron then, 
suddenly, the nuclei find themselves in the potential of all the electrons minus the one 
emitted and they relax to find a new equilibrium situation in the new potential. 
Depending on the importance of the ionised orbital in the molecular bond this new 
equilibrium may not be possible and the molecule breaks apart. This is more likely to 
occur with deeper ionised orbital although this depend of course on the system and 
ionisation of the outer valence orbital can be sufficient to fragment the molecule. The 
type of fragments will depend on the characteristics of the ionised orbital. This tells us 
that we can learn a lot about the system by selectively studying the fragmentation after 
ionisation of the different molecular orbitals. 
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1.1.1 Shake-up and shake off 
 

The considerations I have discussed above neglect any interaction between the 
excited/ionised electron and the rest of the electrons of the molecule. As a result the 
photon energy can not be shared by other electrons in the system. This is however a 
simplification and in reality electron correlation effects occurs opening new 
mechanisms for the absorption of a photon (see Fig 1.2). 
 

 
Fig 1.2: Three different possibilities for photoionisation. a) direct ionisation, b) shake up and c) shake off. 

These two last options are due to electron correlation effects. 
 

The interactions of the ejected electron with the rest of electrons can make that 
part of the available energy is used to excite another electron to an unoccupied orbital 
(shake up) or to completely remove it (shake off).  
 
1.2 Core absorption: Normal Auger 
 
 Using higher and higher photon energy absorption by core electrons becomes 
possible (see Fig 1.1). The interaction between the electron and the photon is not much 
different compared with the case of valence absorption. For energies below the IP of a 
core orbital the electron needs a photon with an energy resonant with one unoccupied 
orbital. If the energy is larger than the IP then photoionisation takes place exactly in the 
same fashion as in the valence case. It is after the ejection of the electron that strong 
differences are found. 
 
 In the valence and inner valence case it happens that, with the exception of 
ionisation of the HOMO3, the ejection of the electron leaves the system in an excited 
state of the molecular ion that has to decay until the system reaches the lowest energy 
configuration. The decay of this excited ionic state is performed mainly by radiative 
decay or by fragmentation of the molecule due to weakening of the molecular bond. If 
we consider time scales of the processes we see that [8] fluorescence occurs in around 
10-9s while fragmentation of the molecule, engineered by Coulomb repulsion, is much 
faster taking around 10-13 to 10-15s. It is clear that except for the cases in which the final 
state is not dissociative the release of the energy after ionisation will be done by 
fragmenting the molecule into smaller units. 
                                                 
3 Highest Occupied Molecular Orbital. 
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 Contrary to the valence case, ionisation of a core orbital leaves the system in a 
state so highly excited that new ways of releasing the energy, able to compete with 
fragmentation of the molecule, can take place. Due to the big energy stored in the 
system, the excited state found after ionisation is perturbed by a large number of 
different electronic continua so it has a large probability of autoionise. This process, 
namely the ejection of a second electron after ionisation of core orbitals in an atomic or 
molecular system is called normal Auger decay and the second electron emitted is 
called the Auger electron. It is very often that molecular system with two holes, that is 
dications, are unstable and they will fragment by Coulomb repulsion after certain time. 
Anyhow the final state after normal Auger emission is usually dissociative and the 
fragments produced are characteristic or closely related to the particular Auger electron 
emitted4. We see again that knowledge on the system can be gained by studying the 
fragments produced after the interaction with suitable photons. 
 
1.3 Core absorption: Resonant X-ray Scattering (RXS) 
 
 The resonant interaction of soft X-ray photons (100-1000 eV) with atoms or 
molecules, i.e. resonant absorption by core electrons (K, L, or M shell) of photons tuned 
to discrete states closely below or above the ionisation threshold, generally produces the 
emission of electrons and/or more X-ray photons. The first case is generally known as 
Auger electron emission and the second is referred to as X-ray fluorescence. While 
these processes can be understood independently of each other, a more general and 
elegant description can be achieved when both processes are viewed as the two possible 
outcomes of the same resonant scattering process. The theory of this resonant X-ray 
scattering (RXS), also known as X-ray Raman scattering, is nowadays quite developed 
and several interesting reviews on the topic can be found in the literature [9], [10]. 
 
 In this section I will make use of the concepts and definitions developed in [9] 
by Faris Gel´mukhanov and H. Ågren and I refer the reader to their review for the 
details. 
 Following the authors [9] the resonant interaction of a soft X-ray photon with a 
molecule M can be viewed as a scattering process in which the photon, with initial 
momentum vector k , energy5 ω  and polarization e , interacts with the molecule M 
initially in the ground state6 o , taking it to a core excited state i  that is unstable and 

decays to a final state f  emitting an electron with momentum p energyε  and spin s  

or a photon with final k ′ ω′ and  (see Fig1.3.) e′

                                                 
4 This is a very simplified view that I think suits well the purposes of this section, offering a general 
overview of the results of the interaction between core electrons and photons. Reality is far more 
complicated with Auger cascades, ultra fast dissociations, electron correlation effects etc. 
5 Throughout subsection 1.3 I will use atomic units 1em e= = =  
6 When not stated otherwise the word state is used in a multielectron picture meaning the total state of the 
system . 
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Fig 1.3: Scheme of Radiative and Non-radiative Raman scattering [9] 
 
 For the purposes of this section we will focus our attention on the non-radiative 
channel also known as Auger Raman scattering. Here we consider the perturbation of 
the core-excited state by close–lying energy states embedded in different electronic 
continua. The wave function of the excited state has to be expressed as a 
combination of the core excited state and the continuum states. Fig 1.4 illustrates this 
for the simple case of one perturbing level 

TΨ

Eϕ  of energy E. 

1

o

Eϕ

1
1

E
T E

V
E E i

ϕ ϕΨ ≈ −
− + Γ

For first order in perturbation theory

VE is the Coulomb interaction between 
φ1 and φE

 
Fig 1.4: Scheme of the contamination of a bound state by close lying energy levels of a 

continuum 
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This “contamination” of the wave function of the state 1  results in the total 
wave function  having both the properties of the core excited and the continuum 
state. Therefore, after a time, the molecule is only found in the continuum.  

TΨ

 
The probability of emission of an electron as a function of the kinetic energy of 

the emitted electronε , and the frequency of the incoming photonω , for the simple case 
of only one perturbing state, is proportional to the following expression [9] 
 

 (
2

1

1

E
E

o

V o D
o D

i
ϕ )foϕ δ ω ω ε

ω ω
+ ⋅ − −

− + Γ
 (1) 

 
where D is the dipole operator. The first term in (1) relates to the direct 

transition from the ground state to the state Eϕ  in the continuum (direct ionisation). The 
second term is a resonant term that describes the Auger Raman emission which is 
maximum when the difference between the energy of the photonω  and the energy of 
the excited state relative to the ground state 1o oE E1ω = −  is small. The delta function is 
just an expression of the energy conservation law foω ω ε= +  beingε  the kinetic 
energy of the electron. 

Due to the resonant denominator direct transition to the state in the continuum 
dominates for frequencies of the exciting photon far from the core excitation resonant 
frequency. In a more general case this direct transition implies ionisation of an electron 
or ionisation followed by excitation of another electron. The resonant scattering channel 
starts then to compete or even to dominate for frequencies ω  very close to 1oω .  

 
Two main Auger Raman processes can take place. In the first of them the wave 

function of the excited state is projected into states consisting in the molecule having 
one hole in the outer or an inner valence shell plus an electron in the continuum. This 
channel can be viewed in a very simple way with the help of a two-step picture. In it, 
the core electron is promoted to an empty molecular orbital and then the same electron 
“falls” back to fill the core hole ejecting at the same time an electron of the outer or an 
inner shell. This process is therefore known as participator Auger process. 

 
The second possible Auger Raman channel is the case in which the projection of 

the wave function is into those states consisting in the molecule having one hole in the 
outer valence shell, another hole in the same or another inner valence shell and an 
electron in an excited orbital (i.e. an orbital empty in the ground state configuration) 
plus an electron in the continuum. Again we can use our simple two-step picture and we 
have that the promoted core electron “stays” in the valence orbital while one electron of 
the valence shell fills the core hole a different third electron is ejected. We can see that 
the name of this process, spectator Auger, is then very adequate. 

 
The above considerations are illustrated in Fig 1.5 in which the perturbation of 

the neutral core excited state, with one hole in the 1s shell of C (corresponding to 1a1 
molecular orbital) and one electron in the 3p Rydberg of C, by several different  
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Fig 1.5: Scheme of possible participator and spectator final states in the CD4 molecule 
 

electronic continuum is exemplified. The decay onto the different states is classified in 
participator and spectator Auger decay. 
 
 The states after participator and spectator Auger are states that can be populated 
by direct photoionisation of the adequate orbitals (participator) or by shake-up effect 
(spectator). So we can apply to them the considerations discussed in section 1.1 in order 
to understand their evolution. However, the fact that they have been reached through 
excitation of a core electron to a resonant discrete state is of capital importance. The 
reason for this we find in the relatively long lifetime of these states so that nuclei can 
not be considered frozen in contrast to what happens in the valence case. The duration 
of the scattering process can be enough for the nuclei to perform some vibrations in the 
potential of the core excited state and this movement of the nuclei can lead to 
differences in the dynamical pathway followed by the system after the Auger decay 
compared to the valence case. 

Moreover, the typical time of the scattering τ is a function of the width of the 
specific state and also of the detuning of the photon energy with the resonant energy Ω 
so that 
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2

1τ ∝
2Γ + Ω

 (2) 

  
This means that a suitable detuning could control the duration of the scattering. 

This temporal control over the reaction could be tested for example by studying the 
decreases or increases in the differences of a particular fragmentation channel when 
detected after direct ionisation and after excitation to a core excited state. 
 
 We have seen in this section that the study of fragmentation of molecular 
systems after absorption of narrowband tuneable photons can give an enormous wealth 
of information on a wide range of processes and states of the system. Be it through 
direct ionisation of a selected orbital or by neutral excitation to selected excited states, 
the selective study of the fragmentations caused by the mentioned process can help to 
understand the properties of the states and reactions taking place. 
 This selective study of the fragmentation is only possible by the application of 
coincidence detection techniques. In the next section I will introduce and explain the 
details of our experiment so that together with the concepts developed in this section the 
results of the papers can be better understood by the reader. 
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Section 2: Experiment 
 
 In this section I will describe the experimental facilities and equipment that has 
been necessary to carry out the research exposed in this thesis. I will present the storage 
ring , the source of our light and also the beam line at which we did our experiments. A 
detailed explanation of the technique used (EREICO) and its implementation is also 
included. 
 
2.1 Synchrotron radiation 
 
 The light source used in the research presented in this thesis has been a 
synchrotron radiation source. Synchrotron radiation is the electromagnetic energy 
radiated by electrons travelling at relativistic speeds inside a storage ring. Inside this 
kind of ring there are many magnetic fields for different purposes but only three of them 
are used as sources of synchrotron radiation: Bending magnets, undulators and wigglers. 
All the experimental work of this thesis was carried out at an undulator radiation source. 
 
 Undulators are periodical magnetic structures made of two parallel arrays of 
alternated poles (see Fig 2.1) inserted in the straight sections of a storage ring. In 
undulators electrons traveling through the periodical magnetic field make small angular 
excursions from its linear trajectory called undulations. The cone emitted due to this 
harmonic motion of the electrons is narrow, actually narrower than the “natural” cone 
by a factor N  (N is the number of poles), and due to interference effects present a 
rather small spread of frequency with contributions of higher harmonics 1 Nλ λ∆ =  
[11]. 
 

 
 

Fig 2.1: Scheme of an undulator [11] 
 

Undulator radiation is described by the undulator equation that has the form [11] 
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or written in units of energy [11] 
 

 
2

2
2 2

0.9496 ( )( )
( ) 1

2

e

u
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 (4) 

 
 K in these equations is a parameter that depends on the distance, the gap, 
between the two arrays (i.e. the strength of the magnetic field) and we can see that, for 
each of the harmonics (n), and for a fixed value of the undulator parameter (K), the 
undulator emits a distribution of wavelengths that is shortest and equal to 

2

2 1
2 2

u
n

K
n

λλ
γ

⎛ ⎞
= +⎜

⎝ ⎠
⎟  on axis (θ = 0) and that varies off-axis as γ2θ2. We see here that the 

energy of the emitted light depends on K. Since K depends on the gap we can then tune 
the undulator to different photon energies just adjusting the gap to a suitable value. 

 
The radiation of an undulator is composed of several harmonicshas and is not 

very useful like that for spectroscopic studies. 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 
parameters 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, some optical mirrors and a 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  

 
Fig 2.2: Scheme of the distribution of optical elements in an average beam line (I411 at MAX 

Laboratory). CM Cylindrical mirror, PM Plane mirror, PG Plane grating, PEM Plane elliptical mirror, ES 
Exit slit.[12] 

 18



directions depending on the wavelength. The actual dispersion achieved depends on the 
angular dispersion of the grating d

d
θ

λ . 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 1

dad d
θλ λ∆ =  pass through. 

After the monochromator other optical elements, refocusing spherical or toroidal 
mirrors are used to focus the slit image into the experimental station  

 
2.1.1 Max Laboratory 
 
 The experiments were performed at the Swedish National Electron Accelerator 
Laboratory for Synchrotron Radiation Research, Nuclear Physics and Accelerator 
Physics, the MAX Laboratory, situated in the beautiful 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 construction. 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. It has a lifetime of the ring current of around 
24 hours and a maximum operational current at injection of 250 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/. 

 
Fig 2.3: Scheme of the Swedish National Synchrotron radiation facility, MAX Laboratory [12] 
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2.1.2 Beam line I 411 
 
 Beam line I 411, the beam line used in our experiments, 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 Zeiss SX-700 plane grating monochromator is used to select 
photons of different energy photons.  
 
 

 
 

Fig 2.4: Distribution of the elements of beam line I 411[12] 
 

This beam line is equipped with an experimental end station in which 
photoelectron 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 detectors for atomic and molecular spectroscopy. It is right here 
that we connect our experimental chamber.  

In Fig 2.4 a sketch of the beam line is shown and the photon flux at the end 
station is plotted in Fig 2.5. The maximum of flux (≈5x1012 ph/s) is around 178 eV with 
a resolution of some tenths of eV. This high flux and high resolution make I411 very 
competitive for spectroscopy of gas phase samples. 
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2.2 EREICO  
 
2.2.1 The technique 
 
 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 [7] as we already hinted in section 1. This field, traditionally studied with 
different techniques of mass spectroscopy like 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), photon and ion (PIFCO), photon and 
electron (PEFCO) or electron and ion (PEPICO) for example. 
 
 Due to the inherent low efficiency of the detection, it is only recently that 
technical advances in the generation of synchrotron radiation have made feasible this 
otherwise time consuming measurements. However, early experiments of this kind were 
performed more than 20 years ago [13]. 

From the work by I. G. Simm’s and co-workers [13] the technique evolved into 
more sophisticated and advanced approaches using different experimental set ups. Thus, 
the first triple coincidence measurements by Frasinski et al. [14] allowed visual insight 
of the dissociative photoionisation processes studied although without electronic state 
resolution. The fragmentation associated to a particular final valence-hole state after 
Auger decay was first studied by W. Eberhardt et al. [15]. D. M. Hanson and co-
workers [16] 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 [17] and then further developed 
their experimental set up combining energy-selected electron and mass- and energy-
selected ions with angle-resolved photoion spectroscopy [18]. Since then, other 
interesting and beautiful works like the study of the role of the internal energy [19], 
bending [20] and nuclear motion [21] in dissociation of site-selected core excited 
molecules, the triple coincidence measurements with normal Auger electrons [22,23] 
and the study of the electronic structure of shape resonances [24] have been reported. 

 
The technique used in the papers presented in this thesis is a coincidence 

technique and as such more than one fragment is measured. In our case we measure 
mass-resolved ions correlated with energy-resolved electrons. This means that we select 
electrons emitted after the interaction by their kinetic energy and then measure only the 
ions correlated with them, i.e., the ones that were emitted together with the selected 
electrons as a part of the same decay process. Fig 2.6 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 coincidence with electrons from the outer valence shell 
(1t2

-1) and the other with electrons from the inner shell (a1
-1).  
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 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. Even more, as already 
discussed in Section 1.3, the final states of the Raman Auger scattering are states that 
can also be populated in a direct manner for sufficiently energetic photons tuned out of 
any core resonance (first term in eq (l)). 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 [25]. This is the kind of studies performed 
in Paper I and Fig 2.7 is extracted from it. In this figure the effect of the core excitation 
upon the fragmentation of the molecule is clearly shown. 
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Fig 2.6: TOF mass spectra acquired in coincidence with 1t2 (a) and 2a1 electrons (b) 
with a photon energy of 70 eV [Paper I] 
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Fig 2.7: Comparison of the fragmentation of CD4 measured in coincidence with 1t2 electrons for the 

direct channel and the participator Raman Auger channel [Paper I] 
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2.2.2 The spectrometer: experimental set-up 
 
 I will describe now in some detail the experimental apparatus used in the papers 
reported in this thesis. A sketch is presented in Fig 2.8.  
 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 
50 µm 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. 
 

 

Time of 
flight 
analyzer 

Fig 2.8: Our multipurpose experimental chamber. [4] 
 
 The chamber is a multipurpose station for TOF, PES and EREICO 
measurements 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 
[26] is mounted with a 2-dimension position sensitive detector (PSD) [27]. 
 
 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 variable 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 [28]. 
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 In the EREICO functioning mode the EA125 is used together with a home 
designed Wiley-MacLaren TOF analyzer [26]. This device is able to determine the mass 
of detected ions by measuring the time those ions (with ration 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 Figure 2.9. 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 range. This 
cell has slits for the electron and ion detection and it counts with two grid-like 
cylindrical electrode system 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. 

EA 

TOF s d DT e 

IR

 
Fig 2.9: Scheme of the disposition of the detectors of the EREICO set up and of the 

TOF mass analyser [4] 
 

Table II: Summary of parameters of the TOF analyzer used for EREICO measurements [4] 

IR radius (s) [mm] First accelerating stage 
(d) [mm] 

Drift Tube 
[mm] 

Second accelerating 
stage 

(e) [mm] 
1.5 3-3.5 119 2 

 
 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 be 
seen in Fig 2.10. The signal out of each of the channeltrons, the three central 
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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 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. 
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Fig 2.10: Scheme of the custom electronics and noise filter used to measure coincidences [4] 
 
But how does the technique work? In short, electrons are selected by the EA so 

that only those of certain chosen kinetic energy are detected. This feature allows us to, 
from the information out of a preliminary photoelectron spectrum, select only one of all 
the ionisations taking place. The energy-selected electrons provide the start signal for a 
time counter. Opposite to the electron detector (see Fig 2.11 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 time to reach the detector at the 
end of the TOF. 
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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. 

Electron detection
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Time 
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Fig 2.11: Scheme of the EREICO experiment. 
 

We have that electrons and ions are continuously being produced in the IR and 
emitted in 4π stereoradians7. 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 energy8. 
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 event (start signal) we have a random 
distribution of partial TOF measurements. However, after sufficient repetitions of our 
                                                 
7 With different intensity depending on the particular angular anisotropy of the fragmentation process. 
This argument is irrelevant for us since all our measurements were done at the so called magic angle at 
which the angular dependence of the emission process disappears. 
8 This true due to the small static extracting field employed that preserves the kinetic energy distribution 
of the fragments. 
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event, only those ions correlated with the start signal will give the same partial TOF for 
every repetition thus contributing to the “signal of the coincidence”, while the rest of the 
partial stops, which come from uncorrelated events, will give at the end only “the 
background of the coincidence”. 
 
 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 Raman 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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Section 3: Results. 
 
 In this section I will present a summary of the main results and conclusions of 
Papers I-III. Also I will present the experimental station for PIFS reported in paper IV 
 
3.1 CD4
 
 The fragmentation of the CD4 molecule has been studied with the EREICO 
technique after single ionisation of the outer and inner valence shell9, 1t2

-1 and 2a1
-1 

respectively. In the case of the 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 almost equal to 1s orbital of carbon [7]. In 
the experiments described in Paper I we resonantly excited one of the C1s electrons to 
3s, 3p and vibrational levels of 3p, empty Rydberg orbitals. Thus the possible effects in 
the fragmentation due to the intermediate core excited state could be observed. 
 
 The results of the fragmentation after direct ionisation can be seen in Fig 3.1 
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Fig 3.1: Fragmentation of CD4 molecule after direct ionization of the outer and 
inner valence shell 

 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 the 1t2

-1 electrons 
consists of only stable CD4

+ and CD3
+ ions. The latter come from dissociation of the 2A1 

state of the CD4
+ ion. This state is one of the final equilibrium geometries of the CD4

+ 
since this ion is created in a geometry that is distorted by Jahn-Teller effect [29]. The 
difference in energy between the initial degenerated geometry and the final 2A1 state is 
sufficient to dissociate the parent ion into CD3

+ + D. The rest of the final states give 
only CD4

+ fragments. For the case of coincidences with 2a1
-1 electrons the TOF spectra 

 
9 The electronic configuration of CD4 in the ground state is 1a1

2 2a1
2 1t2

6. 
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shows that none of the previous described fragments are produced. Both CD4
+ and CD3

+ 
are unstable and give raise to D+, to CD+ and CD2

+ [Paper I and references therein] 
 
 The fragmentation obtained in coincidence with 1t2-1 electrons after resonant 
excitation of one of the C1s to the 3s Rydberg orbitals can be seen together with the one 
obtained with direct ionisation in Fig 3.2 
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Fig 3.2: Comparison of the fragmentation of CD4 after ionisation of 1t2 shell between the direct channel 

and the resonant channel (excitation of C1s to 3s Rydberg orbital) 
 
 A clear difference can be observed between both spectra. The mass spectra in 
coincidence with the participator electron yield more CD3

+ 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 that of the 2A1 that then dissociates into CD3

++ D, thus giving an extra yield of CD3
+. 

The same effect is observed in the rest of core excitations and different causes are 
ascribed to them. I refer the reader to Paper I for the details. 
 
3.2 SF6
 
 The electronic configuration of the SF6 molecule in its ground state is 

2 2 4 6 2 6 2 4 6 2 6 6 4 6 6 6
1 1 1 1 1 1 1 1 1 2 2 1 11 2 1 1 3 2 4 2 3 5 4 1 3 [1 5 ]1g g g u g u g g u g u g g u u ga a e t t a e t a t t e t t t [4]. The role of the bonding 

of the different shells has been studied by means of the EREICO technique. Ion TOF 
spectra in correlation with electrons from [ ]( ) ( )1 1 2 21 5 1 , 3 1 ,4 1g u u g gt t t e t+ + ut  and 

15 ga orbitals were measured with a photon energy of 100 eV (Paper III) whereas the 

ions detected in coincidence with ( )13 2u gt e+ were created with a photon energy of 168 
eV (Paper II). The different mass spectra show a more and more complete 
fragmentation of the molecule with more and more deepness of the orbital ionised. 
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While, for example, ionisation of the outer orbitals yield only SF5
+ ions that indicates its 

SFn-F bonding character, ionisation of 15 ga  yield SF3
+ and SF2

+ fragments which 
indicate that they are responsible for the bonding of the molecule as a whole. Ionisation 
of even deeper molecular orbitals produces a more complete fragmentation of the 
molecule and so in coincidence with ( )13 2u gt e+  we detect only SF+ and SF2

+. 
 Since all these molecular orbitals can also be ionised through non-radiative X-
ray Raman scattering the possible effects of the intermediate core excited state was 
investigated both in Paper II and III by measuring ions in coincidence with electrons 
from the same molecular orbitals but with a photon energy resonant with the transition 
of the S2p electron to the 16 ga  (see Fig 3.3). 
 

 
Fig 3.3: Total Ion Yield in the vicinity of the S2p ionisation threshold (L3 and L2) in SF6 

 
 No differences were found for the ionisation of [ ]( )1 1 21 5 1g u ut t t+  and 

orbitals, while in the case of 14 ut ( )23 1 ,5 1g ge t a+ g  and ( )13 2u gt e+  the relative 
intensities of the different ionic species did change, with the appearance of new ionic 
fragments in the case of  the ( )  orbital. 13 2u gt e+

 
 In Fig 3.3 we can see that the ion yield spectrum of the S2p electron shows 
several strong resonances both below and above the ionisation threshold. The 
resonances above the threshold are assigned as shape resonance and in Paper II we used 
the EREICO technique to investigate the character of the two shape resonances of S2p 
electron in SF6. Comparison of de-excitation electron spectra recorded for resonant 
excitations to 22 gt and 4 ge shows already differences between the resonances that 
suggest a different nature of the two resonances. The mass spectra taken in coincidence 
with normal Auger electrons of 110 and 130 eV kinetic energy show complete different 
fragmentation for the 130 eV kinetic electrons (see Fig 3.4). These differences suggest 
that the shape model resonance is not valid for both resonances. 
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Fig 3.4: Comparison of the fragmentation of SF6, acquired in coincidence with 130 eV kinetic electrons, 

for excitation to the two resonances above S2p threshold. 
 
3.3 Experimental station for PIFS 
 
 The recent design and construction of an experimental set-up for photon induced 
fluorescence spectroscopy in the visible range is presented in Paper IV. The set-up main 
feature lies in the design of an optical cell for the collection of visible fluorescence 
photons, which is built using commercial optical elements placed on purposely home 
designed holders. Inside this cell (see Fig 3.5) two optical systems composed of a 
spherical mirror and a lens collect photons in perpendicular directions to the 
propagation of the beam of exciting photons. 

To the spectrometer

To the PMT 

M1 M2 L1 L3 

L2 

Fig (3.5): Scheme of the optical cell. L1,2 and 3 refer to plane convex lens and M1 and 2 are spherical 
mirrors[Paper IV] 

 
 The optical cell features some very useful points: possibility of measuring 
dispersed fluorescence and total fluorescence thanks to the combination of two 
independent optical systems. Increased signal is also achieved by converting the optical 
cell into a gas cell and through the use of a narrow nozzle placed close to the focal point 
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of the optical systems as the gas inlet system (see Fig 3.6). The set-up is extremely easy 
to align to any suitable excitation source since the different elements of the optics are 
prealigned to the chamber and fixed to it, so the only needed alignment at the beamline 
is that of the chamber with the photon beam. This alignment is easy due to the support 
of the station that provides the sufficient degrees of freedom for the alignment. 
 

L2 

M2
Interaction 

region 
Synchrotron 

radiation 

Nozzle

Fig 3.6: detail of the gas inlet system [Paper IV] 
 

We have successfully used it to study radiative decay in the visible range of 
fragments of molecules after excitations and ionisations of core electrons. Our first 
measurements were done in the nitrogen molecule. We measured fluorescence of 
neutral and ionic atomic nitrogen and ionic molecule in the vicinity of the N1s 
ionisation threshold. 

 
The intensity of the most intense peak recorded for each fragment (868 nm peak 

of N, 500 nm peak of N+ and B-X band at 428 nm of ) were normalized to the photon 
flux recorded with a GaAs diode. They are displayed with markers in Fig. 3.7 where 
they are further scaled to the total fluorescence yield, the latter being measured 
separately with a photomultiplier looking at the optical cell. The total fluorescence yield 
looks similar to the photo absorption spectrum [

+
2N

30], at least regarding the positions of 
the resonances. Therefore, the possibility to record a total fluorescence yield provides a 
working method to set the photon energy to a given absorption feature. 
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Fig 3.7: Total fluorescence yield (solid line) and partial fluorescence yields of selected N*, N+ and N2

+ 
transitions (corresponding symbols) around the N1s threshold of the N2 molecule. Total fluorescence 

yield was measured in several parts, which have been joined together 
 
In Fig 3.5 it can be seen that atomic fluorescence follows quite well the heights 

of the first Rydberg excitations (406-409 eV), then decreases monotonously across the 
N 1s threshold (409.9 eV) but is somewhat re-enhanced at core hole double excitations 
(413-415 eV). There is some signal left at the shape resonance (419 eV). At hν = 450 
eV (not shown) the fluorescence from the neutral N atom is barely visible. Since N1s 
photoionisation still has high cross section at this photon energy [31], we can infer that 
above ionisation threshold the atomic fluorescence is not related to direct N1s photo 
ionisation but rather to more complicated excitation processes such as double 
excitations. The N+ fluorescence signal also detects different Rydberg resonances, and 
shows a small bump just before the ionization limit. Above threshold it has all the time 
fair intensity. This can be easily rationalized by the fact that core ionization is followed 
by Auger decay that leaves the molecular ion in doubly charged states. The most 
expected outcome is then the dissociation of  to ionic fragments due to Coulomb 
forces. The  (B-X) fluorescence shows a flat behaviour across the N1s threshold, 
although it seems to become slightly enhanced at core hole double excitations and at the 
shape resonance. The enhancement at double excitations may indicate double 
participator decay where both the excited electrons take part in the resonant Auger 
decay. The molecule would then be left in singly ionized valence hole states, similarly 
to the case of participator resonant Auger decay after the N1s →π* excitation [

+2
2N

+
2N

32]. The 
increase of the  fluorescence signal at the shape resonance, if there is any, is more 
difficult to explain. 

+
2N

 33



Conclusions 
 
 The study of the fragmentation of molecular systems caused by ionisation of 
selected orbitals is a powerful tool to study characteristics of the orbitals ionised. To 
perform these studies one needs first narrow band photons in a wide range of energy, 
like those coming out of a synchrotron radiation source, for the selective ionisation of 
different orbitals. Second, a coincidence detection technique to select only fragments 
correlated with the ionisation of the orbitals, in the case of the work presented here 
EREICO. Both SF6 and CD4 molecules have been studied in this way. 
 
 The combination of synchrotron radiation and EREICO makes possible to get 
information on the participation of the different orbitals in the molecular bond and 
allows also for studies of core excited states. This is possible since these highly excited 
states decay through different processes that end in states that can be populated by direct 
ionisation of valence orbitals. The differences in the data obtained from the two 
different pathways sharing the same final state can be related to the dynamical 
relaxations of the nuclei during the lifetime of the core excited state. Both SF6 and CD4 
exhibit this effect but only in CD4 is more deeply analysed. The reason is the lack of 
theoretical work available on core excited states which is needed to fully understand 
experimental data on fragmentation after core excitation or ionisation 
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Other publications  
 
 Besides the papers ones included in this thesis I have been actively involved in 
the following publications: 
 
 

• Neutral dissociation of superexcited states in nitric oxide, E. Melero García, J. 
Álvarez Ruiz, P. Erman, A. Kivimäki, E. Rachlew, J.Rius I Riu, M. Stankiewicz 
and Leif Veseth, Chemical Physics 293, 65 (2003) 

 
• Autoionization of superexcited states in N2 to the N2

+B state, J. Álvarez Ruiz, P. 
Erman, A. Kivimäki, E. Melero García, K. C. Prince, M. de Simone, E.rachlew, 
R. Richter, J Rius I Riu and L. Vesseth, Chem Phys Letters 372, 139 (2003) 

 
• The npσ1Σu

+ and npπ 1Πu to E,F 1Σg
+ emission systems in molecular hydrogen, 

J.Álvarez Ruiz, P. Erman, A. Kivimäki, E. Melero García, E. Rachlew, J. Rius I 
Riu and M. Stankiewicz, Submitted to Chem Phys Letters (02/2004) 
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