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Synchrotron radiation induced fluorescence spectroscopy of gas phase 
molecules.  
Department of Physics, Royal Institute of Technology, Stockholm 2004 
Jesús Álvarez Ruiz 

Abstract 
 

 This thesis summarizes my research on gas phase molecules in the VUV and soft X-
ray energy range by means of synchrotron radiation induced UV-Vis–nearIR 
fluorescence spectroscopy at the Section of Atomic and Molecular Physics, KTH. The 
novel contributions are outlined below: 
 A new experimental set-up for gas phase fluorescence studies using synchrotron 

radiation has been designed and constructed to perform simultaneously total and 
dispersed fluorescence measurements. 
 Neutral photodissociation of CO has been investigated after excitation with 19-26 

eV photons. Fluorescence from 3p 3P, 3p 3S and 3p 1D excited states in carbon was 
recorded and interpreted by ab initio calculations. The population and dissociation of 
states belonging to the C and D Rydberg series in CO seem to explain the production 
of the observed triplet states but not the 3p 1D state. 
 Neutral photodissociation of NO is reported in the 17-26 eV energy range. No 

known molecular states can account for the collected data. New information 
regarding the precursor states of the observed neutral dissociation is provided by ab 
initio calculations. 
 Autoionization of superexcited states in molecular nitrogen is evidenced by strong 

deviations of the Franck-Condon ratio in the fluorescence of the N2
+ B state. Ab 

initio calculations predict the existence of autoionizing-excited states that may 
account for some of the observed structures in the 20-46 eV energy range. 
 Selective molecular fluorescence from the npσ1Σu

+ and npπ 1Πu (n=3-7) Rydberg 
levels to the E,F 1Σg

+
 state  in H2 was recorded and rotationally analyzed. Vibrational 

levels of the E,F 1Σg
+  state (vEF =0,1,3,6-10) are determined. The predissociation of 

npπ 1Π+ levels is observed in agreement with the literature.  
 Fragmentation of SF6 was investigated after excitation with 25–80 eV photons. 

Dispersed fluorescence measurements reveal the emission of S, S+, F and F+ excited 
atoms. These fragments are produced after single, double and triple excitations as 
well as direct ionizations and shake-ups in SF6. 
 Photoabsorption and fluorescence yield have been measured in SF5CF3 using 10-

30eV photons. The photoabsorption spectrum can be explained in terms of its 
similarities to those of the SF6 and CF4 molecules. The dispersed and un-dispersed 
fluorescence resemble those of the CF3X family. Several features suggest the 
migration of an F atom across the S-C bond that fragments the molecule producing 
excited CF4. 
 Doubly excited states of H2 have been investigated in the range of 26-60 eV by 

monitoring Balmer α emission. The experimental data show the already known 
emission correlated with the fragmentation of the Q1 and Q2 states, and new features 
which could be attributed to dissociative photoionization and higher lying doubly 
excited states Qn (n>2) of the hydrogen molecule. 

 
Keywords: Molecular spectroscopy, photon induced fluorescence, synchrotron 
radiation, superexcited states, VUV, autoionization, photodissociation. 
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Preface 
 
 Almost four years have past since I began my Ph. D. and during that time I have been 
involved in many aspects of molecular spectroscopy and synchrotron radiation. I 
consider that a Ph. D. thesis should reflect that experience but it should also aspire to be 
self-consistent and reference work in a particular topic. Thus, I decided to concentrate 
my attention on my research on molecules using Photon Induced Fluorescence 
Spectroscopy (PIFS). The broad applicability of this technique and the fact that it has 
monopolized most of my effort makes PIFS ideal to fulfill both purposes. 
 
 This thesis presents my investigations on molecules probed by synchrotron radiation 
VUV and soft X-ray photons through their fluorescence in the UV-Vis-nearIR 
wavelength region. It consists of six chapters organized as follows: 
 
 Chapter one, Introduction, presents the framework of the molecular processes 

and the experimental technique that will be discussed throughout the thesis. The 
demand of such studies in different fields is stressed with several examples that 
motivate this work. 

 Chapter two, Underlying physics, constitutes the theoretical heart of the thesis. 
After a brief introduction to quantum mechanics, the interaction between 
molecules and VUV/soft X-rays photons is described. The different relaxation 
mechanisms for valence and core -excited molecules are discussed. The last 
section brings up multielectronic processes in molecules. 

 Chapter three describes the basis of the synchrotron radiation induced 
fluorescence spectroscopy. General comments on the production and properties 
of synchrotron radiation light are given. The characteristics and applications of 
PIFS are enumerated, underlining its strong points and the drawbacks when 
compared to other spectroscopic techniques. Several practical cases illustrate the 
possibilities of PIFS. 

 Chapter four, Experimental, shows the know-how of PIFS studies. 
Characterization of the excitation sources used in our experiments and a detailed 
description of our apparatus for PIFS measurements, i.e. the experimental 
station, the collecting system and the detecting devices, are presented. In the last 
sections I summarize the employed procedures for acquisition and data analysis. 

 The investigations carried out with this technique are discussed in chapter five, 
Results. Study of neutral dissociation of CO and NO, autoionization of 
superexcited states in N2, characteristics of excited states of H2, fragmentation of 
SF6, photoabsorption and fluorescence of SF5CF3 and relaxation mechanisms of 
core-excited states in H2O comprise the main findings. 

 The last chapter, Conclusions, remarks the suitability of PIFS for the presented 
spectroscopic studies. The need to improve the available theory for superexcited 
states is pointed out. 

 In the Appendix I have included a brief description of the theoretical 
calculations used in papers II, III and IV and the absolute intensity calibration of 
our spectrometer. For the sake of completeness I mention the basis of the energy 
resolved electron-ion coincidence technique (EREICO), to which I devoted part 
of my time too. Finally, future directions of research where PIFS is combined 
with other experimental techniques are also outlined. 

VII 



 

1. INTRODUCTION 
 
 Molecular physics in the energy region above the first ionization potential shows a 
great variety of phenomena. Apart from the rotational, vibrational and single valence 
electronic transitions typical of the visible (Vis) and infrared (IR) excitation region, 
molecules can directly ionize or reach excited states that interact with the electronic 
continuum. As we increase the energy we commence to excite electrons from inner 
shells, giving place to electronic reorganizations and Auger emission. Processes 
involving two or more electrons are also energetically possible and so multiple 
excitations/ionizations, electronic interactions like shake up/off, post collision effect, 
etc. can take place. 
 
 The use of radiation to probe the properties of molecules in the VUV and soft X-
ray energy region (from some 10 eV up to 1 keV) has been quite limited in the past 
since traditional excitation photon sources either could not continuously cover that 
range or their intensity was very low. The advent of synchrotron radiation facilities in 
the seventies meant a revolution in the field, providing both high photon fluxes and 
tuneability [1]. 
 
 To study the molecule/photon interaction and the subsequent de-excitation 
mechanisms, molecular physicists can monitor the resulting electrons, ions or 
fluorescence photons. The studies presented throughout this thesis are based on the 
collection of UV-Vis-nearIR fluorescence emitted after excitation.  As we will see, 
photon induced fluorescence spectroscopy reports new knowledge about many 
molecular processes, complementing the results obtained by more extensively used 
techniques, such as photoabsorption and charged particle detecting spectroscopies. 
 
 Although nowadays most of the studies in molecular physics are considered as 
basic research, it is comforting to see that there exist practical applications. 
Knowledge about the electronic and geometrical structure and the dynamics of 
molecular excited states is essential in disciplines like chemical physics [2]. The study 
of reactions triggered by the photon/molecule interaction, i.e. photochemistry, 
constitutes a relevant and active field of research. 
 Fluorescence spectroscopy is also very important in other areas of physics [3] like 
in fusion to determine the temperature and composition of the plasma. In astrophysics, 
most of the results about composition, abundance, temperature and distances of the 
different celestial objects rely upon the measurements of absorption and emission 
spectra. Models of the atmosphere of the Earth and their environmental implications 
are furthermore based on spectroscopic data of molecules [4]. 
 In biology, there is an increasing demand of investigations on the interaction 
between organic molecules and radiation especially for ionizing energies [5,6,7]. 
Photosynthesis in plants [8] and photo-manipulation of enzymes [9] are other 
examples in which molecular spectroscopy plays a role. 
 Direct applications in industry and new technologies can be found in the 
characterization of processes of combustion, photoetching [10] and photolithography 
processes [11], in the production of semiconductors through photo induced chemical 
vapor deposition [12,13], in nanotechnology [14] and in telecommunications [15]. 
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 All these applications should suffice to motivate my work and to catch the reader’s 
interest through the following pages. 
                                                 
[1] Handbook of Synchrotron Radiation, edited by G. V. Marr (Elsevier Science 
publisher, Amsterdam, 1987) Vol. 2 
[2] Chemical Applications of Synchrotron radiation, edited by T. Sham (World 
Scientific, Singapore, 2002) Advanced series in physical chemistry – Vol. 12A, 12B 
[3] G. Herzberg. Molecular Spectra and Molecular Structure (Krieger, Florida, 
reprint edition 1989) Spectra of Diatomic Molecules - Vol. I 
[4] M. Kawasaki. Photochemistry relating to atmospheric reactions in the 
stratosphere. J. Photochem. Photobiol. A: Chem. 106,105 (1997) 
[5] N. Y. Dodonova. Vacuum UV - photophysics and photochemistry of biomolecules. 
J. Photochem. Photobiol. B: Biology. 18, 111 (1993)  
[6] H. Görner. New trends in photobiology: Photochemistry of DNA and related 
biomolecules: Quantum yields and consequences of photoionization. J. Photochem. 
Photobiol. B: Biology. 26, 117 (1994) 
[7] K. Hieda and T. Ito, Handbook on Synchrotron Radiation, edited by S. Ebashi, M. 
Koch and E. Rubenstein (Elsevier Science publisher, Amsterdam,1991) Vol 4, p. 431-
465 
[8] D. H. Hug and J. K. Hunter. New trends in photobiology: Photomodulation of 
enzymes. J. Photochem. Photobiol. B: Biology. 10, 3(1991)  
[9] K.Yoshihara and S. Kumazaki. Primary processes in plant photosynthesis: 
photosystem I reaction center. J. Photochem. Photobiol.  C: Photochemistry Reviews. 
1, 22 (2000) 
[10] H. Ohashi et al. Synchrotron radiation excited etching of diamond. Appl. Phys. 
Lett. 68, 3713 (1996) 
[11] H. Kyuragi and T.Urisu. Synchrotron radiation-induced etching of a carbon film 
in an oxygen gas. Appl. Phys. Lett. 50, 1254 (1987) 
[12] H. Ohashi et al. Synchrotron radiation assisted deposition of carbon films. Appl. 
Phys. Lett. 55, 1644 (1989) 
[13] X.-Y. Zhu et al. Ultraviolet photochemical nitridation of GaAs. Appl. Phys. Lett. 
61, 3175 (1992)  
[14] Y. Yamamoto et al. Fabrication of nanometric zinc pattern with 
photodissociated gas-phase diethylzinc by optical near field.  Appl. Phys. Lett. 76, 
2173 (2000) 
[15] X. Zou and H. Toratani. Radiation resistance of fluorophosphate glasses for high 
performance optical fiber in the ultraviolet region. J. Appl. Phys. 81, 3354 (1997)  
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2. UNDERLYING PHYSICS 
 
2.1 Quantum mechanical description of a molecule 
 
 There are many books that offer a good introduction to quantum mechanics 
[1,2,3,4,5], so here I will briefly outline the basics for the theoretical treatment of 
molecular systems. 
 
 In quantum mechanics the dynamics and interaction of the electrons and the nuclei 
that constitute a molecule are described by the Schrödinger equation: 
 

( , ) ( , ) ( , )
( , ) N e NN ee eN

H x X x X E x X
H x X T T V V V

Ψ = Ψ
= + + + +

 

where 

position vector of electrons
position vector of nuclei

, uclear and electron kinetic energy operators
, , Coulomb interaction between nuclei, electrons and nuclei-electrons, respectively

N e

NN ee eN

x
X

T T n
V V V

=

=

=
=

 
 The solution of this equation provides the wave function, i.e., the spatial distributions 
of electrons and the motion of the nuclei, and the energy of the system so that the state 
of the molecule is fully determined. The Born-Oppenheimer approximation, based on 
the fact that the electrons move much faster than the nuclei, is often used and allows the 
de-coupling of the Hamiltonian into an electronic and a nuclear part. In the electronic 
Hamiltonian, a potential depending on the internuclear distance replaces the effect of 
the nuclei, whereas in the nuclear Hamiltonian an average field substitutes for the 
influence of the electrons. Thus, with this approximation, the wave function and the 
energy of a molecule can be written as separate terms: 
 

( , ) e vrx X ψ ψΨ =  

e vE E E r= +  
 
where “e” refers to the electronic part and “vr” accounts for the vibrational and 
rotational motion of the nuclei. 
 
2.2 Molecular absorption of a photon 
 
 The absorption of VUV or soft X-ray photons can cause the direct ionization or 
excitation of the molecule [6,7]. In the case of direct ionization, the photon energy is 
transferred to an electron, which acquires velocity high enough to overcome the 
molecular attraction and to fly away. In the simplest picture, where the influence of the 
surrounding electrons is neglected, the kinetic energy of the ejected electron (Ek) is 
equal to the incident photon energy (hν) minus the binding energy or ionization 
potential (Eb) for that electron in the molecule [8]: 
 

Ek = hν – Eb
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 In the case of excited states, the absorption is a resonant process since only a discrete 
number of excited states are available. Thus, a photon is absorbed if its energy equals 
the difference in energy between the final (Ef) and the initial state (Ei):  
 

hν = Ef - Ei
 
 Mathematically, the interaction between electromagnetic waves and molecules can 
be treated as a perturbation term in the molecular Hamiltonian [4] as long as the 
radiation field is not too intense as to deform the molecular potential. This treatment 
provides quantitative values for the absorption probability. Thus, in the case of 
excitations and using the dipole approximation (valid when the wavelength of the 
radiation is larger than the dimensions of the molecule) the probability of a photon to be 
absorbed by the initial state of the molecule, iΨ , to reach a final state, , is given by: fΨ
 

2

i fP M∝ Ψ Ψ  

 
where M is the dipole moment operator j j

j
M q x= ∑  

and qj and xj are the charge and position vector of the j electron, respectively. 
 
 Within the Born-Oppenheimer approximation and neglecting the rotational part of 
the wave functions, the transition dipole moment between the initial and final states can 
then be written as: 
 

, , , , , , , ,M Melec f vibr f elec elec i vibr i elec f elec elec i elec vibr f vibr i nucld dτ τ∗ ∗Ψ Ψ Ψ Ψ = Ψ Ψ Ψ Ψ∫ ∫  

 
where  and  are the respective volume elements of the space of the 
electronic and nuclear coordinates. Thus, the absorption intensity can be expressed as 
[2]: 

elecdτ nucldτ

2
2

, ,
abs

i e vibr f vibr i nuclI N R dν τ∗∝ ⋅ ⋅ ⋅ Ψ Ψ∫  

 
 Here ν is the energy difference between the initial and final states. Ni is the 
population of the initial state. Re

2 is the electronic transition moment for the particular 
electronic transition studied and the squared integral is the Franck-Condon factor that 
indicates the overlap between the initial and final vibrational wave functions. 
 
 The results obtained above represent the Franck-Condon principle [9,10] which 
states that the electronic transitions in a molecule occur so rapidly in comparison to the 
vibrational motion of the nuclei that, immediately after the electron “jump”, the nuclei 
have almost the same relative position and velocity. Thus, we can conclude that the 
electronic transitions between states take place vertically in the potential energy 
diagrams and mainly at the internuclear distance where the nuclear wave functions have 
a maximum in their overlap. 
 
 It is important to mention that not all the transitions from an initial state to a final 
state are possible in a “one photon” transition. The symmetry and quantum numbers of 
the wave functions play a role in the integrals of the transition dipole moment. Thus, 
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there are selection rules relating the properties of the initial and final states indicating if 
a dipole transition is allowed or not. The knowledge of these selection rules [2,3] helps 
and simplifies the interpretation of the photoabsorption/emission processes. 
 

In the case of direct ionization, the photoionization cross section for a specific 
electron is by [11]: 

2
24( )i i M

h c ε
π

iσ ν φ
ν

= φ

i

 

 
where iM er= is the dipolar moment of the emitted electron, 

iφ is the electronic wave function that represents the electron 
and εφ is the final state of the free electron with energy Ek = hν – Eb. 
 
 Photoabsorption experiments probe all these resonant and non-resonant processes, 
providing first-hand information on the electronic structure of a molecule. A good 
review on this aspect is the book Atomic and Molecular Photoabsorption by J. 
Berkowitz [12] that gathers the photoabsorption spectra of the most significant atoms 
and molecules. 
 
2.3 De-excitation processes 
 
 Molecules have their first ionization potential around 10 eV. This means that the 
interaction with VUV photons will either ionize the molecule or will create an excited 
state embedded in the electronic continuum. The first theoretical efforts for a 
comprehensive description of the interaction date from the early sixties, when Platzman 
[13,14] introduced the concept of “superexcited states” for those unstable states. Since 
then, many physicists [6,7,11,15,16] have studied the dynamics and relaxation 
mechanisms of such superexcited states concluding that they decay either by 
autoionization, dissociation or fluorescence emission. 

 

 
Fig. 2.1. Molecule – ionizing radiation interaction and subsequent de-excitation processes. 
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2.3.1 Autoionization / Pre-ionization 
 The fact that the superexcited states are immersed in the electronic continuum makes 
the molecule prone to release its excess of energy by emitting an electron. This process 
called autoionization occurs in the 10-12 to 10-16 s time scale [12] and it is produced at 
expense of electronic energy, vibrational energy, rotational energy or spin-orbit energy 
of the molecule. Depending on the mechanism the superexcited states can be classified 
in two groups. If the superexcited state (SE) undergoes electronic autoionization is 
called “SE of the first kind” whereas if it autoionizes via any of the other channels is 
called “SE of the second kind”. For a more detailed discussion see references [2,7,17]. 
 
2.3.2 Dissociation 
 It may occur that the superexcited state 
dissociates in a time scale comparable to 
that of autoionization (the typical period of 
a molecular vibration is in 10-15 to 10-13 s 
range). Molecular excited states can 
fragment either by direct dissociation or by 
pre-dissociation [2,3,17]. In the case of 
direct dissociation the populated excited 
state is repulsive or has a vibrational or 
rotational level above the attractive potential 
barrier, so that the molecule freely breaks 
apart. In the predissociative case, the 
excited state is crossed by a repulsive state, 
which leads the molecule to the nuclear 
continuum (electronic predissociation) or 
the excited state is a quasi-bound level of 
the centrifugal barrier produced by the 
molecular rotation that dissociates after 
undergoing tunneling (predissociation by 
rotation). Fig.2.2. Electronic predissociation of the 

molecular C state by curve crossing with 
the repulsive R state. 

 In some cases, dissociation has been 
proved to be as important as autoionization, 
receiving an increasing interest [7,15,16]. 
  
2.3.3 Fluorescence 
 Another possible decay mechanism is via fluorescence emission. Since the 
reconfiguration of the electronic cloud and the nuclear dynamics requires typically some 
10-7s [18] this process has a smaller probability if compared to the previous ones. 
 
 Following the notation used in absorption, the emission intensity of an electronic 
transition between two different states can be expressed as [2]: 
 

2
4 2

, ,
abs

i e vibr f vibr i nuclI N R dν τ∗∝ ⋅ ⋅ ⋅ Ψ Ψ∫  

 
NOTE: 
 The resulting products of any of the above mentioned relaxation mechanisms, i.e. 
autoionization, dissociation and fluorescence, might continue decaying in what is called 
a cascade process. 
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2.3.4 Soft X-ray and Auger decay 
At higher energies photons can interact with electrons of the inner and core shells. 

The creation of a core hole by core-level photoabsorption deposits a great amount of 
energy in the molecule. Fast relaxation processes (in the order of 10-15 seconds) usually 
follow creating multiply ionized molecules in well-defined electronic states. The 
relaxation starts when an outer orbital electron fills the core hole formed. The energy 
released by this transition can be transferred into the emission of an electron or a 
photon. When the electron carries this energy, the process is known as Auger decay [19] 
(see figure 2.3.). Depending on whether the intermediate state is a core-excited state or a 
core-ionized state, one distinguishes between resonant Auger (populating two-hole one-
electron (2h1e) or one-hole (1h) final states) and normal Auger decay (where two-hole 
(2h) final states are populated).  
 Normal Auger decay can be described as the ejection of the core electron to the 

continuum (using excitation energies higher than the I.P. for the core electron) 
followed by an Auger electron ejected when an outer electron fills the core hole, 
giving rise to a doubly charged molecular ion. 

 
 Resonant Auger decay refers to the case in which the core electron promoted to 

the valence region remains as spectator or participates into the relaxation 
process. If the promoted core electron participates in the subsequent decay the 
process is called participator Auger decay (1h final states) while if it stays in the 
valence region it is called spectator Auger decay (2h 1e final state) [20]. For 
states where the core electron is promoted to Rydberg orbitals, which are far 
from the core hole, the spectator decay is a dominant process. For states where 
the core electron is promoted to an unoccupied valence orbital the participator 
decay process can also occur. 

 
After Auger decay the resulting state generally undergoes further de-excitation, 

yielding 
 Fragmentation into neutrals and ions. 
 Fluorescence. 
 Second-step Auger emission, if energetically possible. 

 
 

Participator Spectator 

hνResonant 
Auger 

Normal 
Auger 

 
Fig. 2.3. Normal and resonant Auger processes in a two-step picture. 
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2.4 Multielectronic picture 
 
 The discussion has been restricted to the absorption and relaxation processes in the 
one electron picture but it may also happen that several electrons participate in the 
photon-molecule interaction and/or in the subsequent decay. To mention a few, we can 
observe double, triple… ionizations/excitations, combinations of both, shake-ups, 
shake-offs, post collision interactions and a wide variety of exotic phenomena. 
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[3] G. Herzberg. Molecular Spectra and Molecular Structure. (Krieger, Florida, reprint 
edition 1989) Spectra of Poliatomic Molecules - Vol. III 
[4] J. Z. H. Zhang. Theory and Application of Quantum Molecular Dynamics. (World 
Scientific, Singapore, 1999) 
[5] F. Jensen. Introduction to computational chemistry. (John Wiley & Sons, 
Chichester, England, 1999) 
[6] Photophysics and Photochemistry in the Vacuum Ultraviolet, edited by S. P. 
McGlynn, G. L. Findley, and R. H. Huebner. (D. Reidel, 1982) NATO ASI Series,  
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[10] E. U. Condon. Phys. Rev. 32, 858 (1928) 
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3. SYNCHROTRON RADIATION 
INDUCED FLUORESCENCE 

TECHNIQUE 
 
 There is a good number of experimental techniques available for molecular 
spectroscopy studies. Designed to reveal different properties, these techniques can be 
classified according to the kind of particle they employ as projectile and/or to the kind 
of particle they detect. Thus, spectroscopists count on all the possible combinations 
between electrons, ions, photons… for their investigations. The development of 
synchrotron radiation sources has particularly meant an enormous progress in photon 
probed experiments and, nowadays, techniques such as photoabsorption, photoelectron 
and photoion mass spectroscopy have acquired a significant position in the 
characterization of molecular systems.  The use of synchrotron radiation has also 
allowed the study of molecules through their fluorescence in a much broader energy 
range [1,2]. Hence, photon induced fluorescence studies provide new information on 
molecular systems in the VUV and X-ray region, complementing the more frequently-
used charged particle detecting techniques. 
 
3.1 Basis of synchrotron radiation induced 

fluorescence spectroscopy 
 
 The “modus operandi” of any experimental technique can be reduced to the general 
scheme in which the system to be investigated interacts with a known perturbation. 
Then, its response is monitored and related to the excitation, allowing the inference of 
certain properties on the nature of the system. In this way, synchrotron radiation 
induced fluorescence spectroscopy is described as a technique that uses synchrotron 
radiation to probe the system (in this case, gas phase molecules) and collects the 
resulting fluorescence after the excitation. 
 
 The synchrotron radiation light is produced when electrons traveling at relativistic 
speeds are forced to bend their trajectory. In synchrotron facilities, radiation is created 
when the fast electrons trapped in a storage ring are bent by magnetic fields. The 
resulting light has the following characteristics that make this excitation superior to any 
other source: 
 Its spectral distribution is continuous in a wide range of energies, from a few eV 

up to several keV, so that a specific wavelength can be later selected using 
monochromators. 

 It has reasonable intensities for most of the covered energy spectrum. 
 It is emitted in a narrow cone. 
 It has well-defined polarization properties. 
 It has a time structure related to the size and frequency of the bunch of electrons 

trapped in the ring. 
 
 The interested reader can find a detailed description on the creation and manipulation 
of this radiation in the book Synchrotron radiation by P.J. Duke [3]. 
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 In principle, photon induced fluorescence spectroscopy allows us to extract any 
information on the system carried by the frequency, intensity, polarization, and 
direction of the emitted fluorescence. 
 
 The frequency analysis of the fluorescence gives the energy difference between 

the upper and lower transition states of the emitting species. The species and the 
intervening states can be identified with the aid of reference tables and 
databases. 

 The line width of the fluorescence transition can give the lifetime of the 
involved states. The full width at half maximum (FWHM) of the line is the 
inverse of the lifetime providing that Doppler, Stark, Zeeman, collision and 
instrumental broadenings can be neglected. 

 Doppler broadening/shift of the frequency of the transition provides information 
on the kinetics of the emitting species. 

 The intensity of the collected signal gives an estimate of the population of the 
upper states. 

 The study of the fluorescence angular distribution can report the alignment of 
the emitting state. 

 From polarization measurements of the fluorescence, the symmetry and 
alignment of the excited state can be inferred. 

 
 The fact that synchrotron radiation is a tunable excitation source with a typical 
resolution of ∆E/E > 1000, offers the possibility to perform selective and survey PIFS 
studies in molecules as a function of the excitation energy. Thus, the relaxation 
dynamics of specific excited states or the evolution of electronic transitions can be 
investigated in a broad energy range. 
 
 Compared to electron/ion detection techniques the advantages of PIFS are basically 
three: 
 Its capability of determining the initial and final states of the emitting species if 

reference tables are available. 
 Its ability of tracing neutrals. 
 The resolution in the fluorescence channel is not limited by the excitation 

bandwidth.  
 On the other hand: 

 Its application is restricted to those cases where fluorescence takes place. 
 Its collection efficiency is lower than that of electron or ion experiments. 
 The optical selection rules limit the number of states to be investigated, having 

an incomplete map of all the excited states. However, this restriction may 
sometimes turn out desirable since it reduces the amount of states involved, 
simplifying the analysis of the results. 

 
3.2 Applications 
 
 This section illustrates different cases in which synchrotron radiation PIFS in the 
UV-Vis-nearIR spectral region has been applied to investigate properties and processes 
of molecules. The first four examples describe experiments carried out by our group in 
which the information is extracted from the frequency and intensity of the collected 
fluorescence. The last case refers to investigations of other experimental groups where 
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the results are based on the angular distribution and polarization of the fluorescence. 
There, just references to their publications are provided. 
 
 
3.2.1 Molecular properties of excited states 
 The first step to study the properties of excited states is to create them by tuning the 
synchrotron light to the appropriate energy from the initial molecular state. Then, if the 
excitation results in the emission of fluorescence, the relaxation mechanism of the 
excited state can be infer by identifying the emitting species: 
 
 Dissociation if the fluorescence comes from fragments. 
 Autoionization if it comes from the molecular ion 
 Relaxation by fluorescence emission if the fluorescence comes from the excited 

state of the molecule. 
 
 If in the last case, the initial state, the excitation energy and the frequency of the 
fluorescence transition are known, the energy of the upper and lower states can be 
unambiguously determined. Consequently, the fluorescence spectra of an excited state 
allow the inference of rovibrational constants, potential energy surfaces and Franck 
Condon factors of the involved states. Under certain conditions, lifetimes could also be 
obtained. For example, see the study on molecular hydrogen in Paper V. 
 
 Sometimes, fluorescence experiments help to discover new states or states that have 
been proposed theoretically. In those cases, their presence appears as variations in the 
fluorescence yield as a function of excitation energy. Papers II, III, IV and VIII are 
examples of such experiments in which the appearance of changes in the fluorescence 
intensity of any of the monitored species has been attributed to new excited states. 
 

 
Fig.3.1. Scheme of a molecular transition from an upper B, v’, J’ state to a 
lower A, v’’, J’’ state. ∆Te is the electronic energy difference between states. 
VB(R) and VA(R) are the potential energy surfaces of the B and A states 
respectively. 
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3.2.2 Dissociation 
 The PIFS technique is especially suitable to study the dissociation of excited states in 
which neutral fragments are produced. In the first place, the recorded fluorescence of 
the resulting fragments provides their identification and their internal energy. Secondly, 
the intensity of this fluorescence as a function of the excitation energy reveals the 
resonant (excited state) or non-resonant (direct ionizations) nature of the molecular 
process behind it. Hence, it is possible to characterize the dissociation of the studied 
molecule and relate it to the responsible excited state. 
  
 Apart from the examples given in this thesis (Papers II, III, VI and VII) there are 
several other groups using this technique for dissociation studies (Y. Hatano [4], A. 
Ehresmann [5,6], K. Mitsuke [7,8], M. Meyer [9,10]…) 
 
 
3.2.3 Ionization processes 
 Ionization processes can also be studied by means of PIFS if the resulting excited 
molecular ion emits fluorescence. More precisely, we can investigate the direct 
ionization of a molecule or the autoionization of an excited state (Fig. 3.2).  
 To distinguish the process that led to the fluorescing ionic state, recall that direct 
ionization is a non-resonant process that appears as a monotonous background in the 
evolution of the fluorescence with excitation energy whereas autoionization is restricted 
to a reduced energy range, reflected in the fluorescence yield as a resonant structure. 
 
 Another distinction between both processes can be found by comparing the 
fluorescence of two different ionic states at different energies. In the case of direct 
ionization, the branching ratio of the fluorescence for those states should remain 
constant and proportional to the ratio of their Franck-Condon factor from the initial state 
of the neutral molecule. In the case of autoionization that ratio will show variations 
since the transition probability of the excited state to one ionic state or the other will be 
different. An example of such a kind of study for N2 is reproduced in Fig 3.3 that has 
been extracted from Paper IV. 
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Fig.3.2. Competition between direct 
ionization and autoionization [11]. 
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 Poliakoff et al. have extensively used PIFS in the study of direct ionization of 
molecules for many years. His investigations show that the kinetic energy of the 
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outgoing photoelectron over a wide excitation energy range deviates from the equation 
Ek = hν – Eb, giving a direct measure of the correlation of electronic and nuclear motion. 
This correlation provides strategies for disentangling uniquely molecular aspects of the 
photoionization scattering dynamics [12]. The interaction between the photoelectron 
and the nuclear motion is also reflected in an irregular behavior of the fluorescence 
branching ratio mentioned above. 
 
3.2.4 Relaxation of core-excited states 
 Although the above mentioned applications of PIFS in the UV-Vis-IR spectral region 
are not restricted to a particular energy range, its use for core-excited states is fairly new 
and full of difficulties. Core-excited states normally fluoresce in the X-ray region, 
whereas emission in the UV-Vis-IR spectral range takes place during the last steps of 
the relaxation process. Since core-excited molecules can decay via many different 
channels, UV-Vis-IR fluorescence results in a sea of lines that are usually difficult to 
correlate with one particular decay process. Nevertheless, information on the emitting 
species and their evolution across the ionization edge can still be extracted. That 
evolution may show the influence of the structures lying close to the ionization 
threshold (valence, Rydberg and shape resonances) revealing some characteristics of 
those core-excited states and their relaxation dynamics [13,14]. 
 
 Our group has used synchrotron radiation PIFS in the study of core excitations of 
H2O at the O 1s edge with surprising results (see chapter 5). Other molecules, like SF6 
and OCS have also been studied at the S 2p and 2s edge but further analysis needs to be 
done. 
 
3.2.5 Other applications 
 Fluorescence angular resolved studies. The reader is referred to "Angular 

distribution of the fluorescence of helium doubly photo-excited states 
converging on the He+ (N = 2) ionization threshold” by J.G. Lambourne et al. 
[15]. 

 Studies on the polarization of the fluorescence. The reader is referred to 
“Polarization analysis of fluorescence probing the alignment of Xe+ ions in the 
resonant Auger decay of the Xe* 4d5/2

-1 6p photo excited state” by M. Meyer et 
al. [16]. 
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4. EXPERIMENTAL 
 
 This chapter describes the experimental set-up and the procedure of our PIFS 
measurements. 
 First, the characteristics of the synchrotron radiation facilities and beamlines 

where the experiments were carried out are presented. 
 Secondly, the experimental chamber, the collecting system and the detectors are 

described. 
 Finally and as reference for future experiments, the sequence of steps from the 

assembly of the station until the data recording is enumerated. A brief 
introduction to data analysis has also been included. 

 
4.1 Synchrotron radiation facilities 
 The research has been carried out at two different synchrotron facilities: MAX-Lab 
in Lund (Sweden) and Elettra in Trieste (Italy). 
 
4.1.1 MAX-lab 
 Figure 4.1 presents a scheme of MAX-lab facility that currently has two storage rings 
in use: MAX I (second generation) and MAX II (third generation). 
 

Fig 4.1. Scheme of the Swedish National Synchrotron radiation facility, MAX 
Laboratory in which the three storage rings and the different lines can be seen [1]. 
 
 A third ring, MAX III, is currently being mounted and will soon substitute MAX I, 
providing photons in the VUV range. 
 The main characteristics that define the performance of MAX I and II are listed in 
Table I. 
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 MAX I MAX II 
Electron energy 550 MeV 1.5 GeV 
Circumference 32.4 m 90 m 
Current 250 mA 250 mA 
Hor. Emittance 40 nm rad 8.8 nm rad 
RF 500 MHz 500 MHz 
Bunch length 80 ps 20 ps 
Beam lifetime 4 h > 10 h 
Number of straight sections 4 10 

Table I. MAX I and MAX II technical data [1]. 
 
 These storage rings feed several beamlines with synchrotron radiation light. The 
beamlines are mainly based on the same components (focusing optics and 
monochromator) but they are designed for specific purposes, covering different energy 
ranges with different fluxes, polarizations and resolutions. The presented gas phase 
measurements were carried out at beamline 52 in MAX I for studies in the energy 
region up to 35 eV and at beamline I4.11 in MAX II for investigations in the 50 – 1500 
eV energy range. 
 
Beamline 52 

This beamline [2] is based on one of the bending magnets that confine the trajectory 
of the electrons inside the ring. The angular distribution of the photon flux provided by 
such a device is [3]: 
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In practical units [photons s-1 mr-2 (0.1% bandwidth)-1] it can be rewritten as 
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The generated synchrotron radiation light is guided through the beamline by 

different optical elements until it reaches the end station. First, the radiation hits a gold-
coated spherical mirror that focuses it onto the entrance slit of a 1 m normal incidence 
monochromator (NIM). This monochromator selects the required excitation energy with 
a grating groove density of 1200 l/mm, providing photons in the 5-35 eV range. Then, 
the monochromatic radiation is focused to the exit slit, after which it enters a chamber 
with a toroidal refocusing mirror. There the light is refocused into the experimental 
chamber with a light spot area at the focal point of around 1 to 2 mm2. 
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Before the end station there is a differential pumping stage that permits the running 
of measurements on gas phase samples, keeping the pressure low enough to maintain 
the high vacuum requirements of the beamline (10-10 mbar). 
 

Beamline 52  
Source: Bending magnet 
Pre-focusing optics: Spherical mirror 
Monochromator: 1 m NIM with 1200 l/mm grating 
Energy range: 5 - 35 eV 
Energy resolution E/dE: ~ 103

Re-focusing optics: Toroidal mirror 
Photon flux on sample: ~ 1010 ph/s 

Table II. Summary of the technical data of beamline 52 [1]. 
 

Characterization of the flux of the beamline 
 Apart from the general properties cited above, the most important parameters of the 
beamline are: 
 Its photon flux at different energies 
 Energy shift 
 Energy resolution 

 These parameters are fixed by the elements of the beamline and should be checked 
before every session to verify the proper functioning of the line components. Figure 4.2 
shows the flux profile of the beamline as a function of energy, measured with our Si 
photodiode. Beamline 52 has its maximum performance at 550 Å, giving around 1010 
photons/s (with 200 µm slits at 100 mA ring current) and acceptable photon flux 
between 400 and 900 Å. At wavelengths longer than 1000 Å there is contribution of 
second order light. Zero order measurements, in which the monochromator acts as a 
plain mirror, yield information on the resolution and energy shifts of the beamline. The 
center of the signal gives the energy shift of the monochromator that has to be taken 
into account for a correct selection of the excitation energy. The resolution of the 
beamline depends on the diffraction grating specification and the widths of entrance/exit 
monochromator slits. The energy bandwidth characterized by full width half maximum, 
FWHM, of the output signal is presented in Fig. 4.3 for different combinations of slits. 
As an example, for an arrangement of 200 µm slits, the radiation bandwidth varies 
between 60-120 meV in the 15 to 35 eV energy range. 
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Fig. 4.2. Beamline 52 photon flux. Fig. 4.3. Beamline 52 energy resolution. 
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Beamline I4.11 
 This beamline in MAX II is based on an undulator that produces radiation in the soft 
X-ray range. The undulator consists of two parallel arrays of alternated magnetic poles 
inserted in a straight section of the storage ring (Fig. 4.4). 
 

 
Fig. 4.4. Scheme of the functioning of an undulator [4]. 

 
An approximate formula for the photon flux, Fn, integrated over the central cone is [3]: 
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Using the appropriate K value by changing the undulator gap, this beamline 
provides photons in the 50-1500 eV energy range. A modified Zeiss SX-700 plane 
grating monochromator with a 1220 l/mm grating allows the selection of specific 
photon energies. Table III gives a summary of the main technical data of beamline 
I4.11. A scheme of the optics and further details can be found in references [1,5]. 

 
Beamline I411  
Source: Undulator, period = 59 mm, 43 periods 
Pre-focusing optics: Horizontally focusing spherical mirror 
Monochromator: Modified SX-700 with 1220 l/mm grating 
Energy range: 50 - ~1500 eV 
Energy resolution E/dE: E/DE = 103 – 104 
Re-focusing optics: Toroidal mirror 
Photon flux on sample: 1011 – 1013 ph/s 

Table III. Summary of the main technical data of beamline I4.11 [1]. 
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Characterization of the flux of the beam line 
 Figures 4.5 and 4.6 present the characteristic flux profile and resolution of the 
beamline. 
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Fig. 4.6. Beamline I4.11 resolution. 

 
4.1.2 ELETTRA 
 The synchrotron radiation light at ELETTRA is provided by a third generation 
electron storage ring optimized in the UV and soft-X-ray region. It operates between 2.0 
and 2.4 GeV and feeds over 20 beamlines in the range from few eV to tens of keV. Its 
main characteristics are enumerated below: 
 

 Elettra 
Electron energy 2 – 2.4 GeV 
Circumference 260 m 
Current 300 mA 
RF 500 MHz 
Beam lifetime 24 h 
Beamlines 20 

Table IV. Technical data of Elettra [6]. 
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The Gas Phase Photoemission beamline 
 The Gas Phase Photoemission beamline at ELETTRA is devoted to the study of free 
atoms and molecules. This beamline is based on an undulator with period 12.5 cm and a 
variable angle spherical grating monochromator. The instrument has a plane mirror and 
spherical gratings between entrance and exit slits providing photons in the 14-1200 eV 
energy range with a spot size of a few hundred microns at the end of the beamline [7]. 
This broad energy range is achieved thanks to the four gratings available in the 
monochromator (Table V). A scheme of the optics in the beamline is shown in Fig. 4.7 
and further information can be found in [8]. 
 

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 

Table V. Gratings and energy range [7]. 
 

 

 
Fig. 4.7. Scheme of the gas phase beamline [7]. 

 
Characterization of the flux of the beamline 
 The Gas Phase Photoemission beamline offers high fluxes even at high resolving 
power. Table VI shows the provided fluxes at different resolving powers, usually with 
entrance and exit slits of 10 microns. Higher resolving power can also be achieved at the 
cost of lower flux. 

 
Energy (eV) Resolving power Flux (photons/sec/100 mA) 

45 >25,000 6.3x1010

65 >28,000 2.2x1011

86 >10,000 1.5x1011

245 12,200 1.5x1010

401 >12,000 1.1x1010

540 10,000 2.0x1010

680 10,000 3.0x109

Table VI. Resolution and photon flux for the gas phase beam line [8]. 
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4.2 The experimental station for PIFS 
 
 The experimental set-up for fluorescence experiments has constantly been improved 
through the years until it has reached its current configuration [9]. Here, I describe the 
design presented in Paper I with which the most recent results have been measured 
(Papers VI and VIII). Details on the previous set-ups used in Papers II, III and IV or on 
the experimental station at the Elettra gas phase beamline used in Papers VI, VIII and 
H2O can be found in the respective papers. 
  
 The new experimental set-up is sketched in Fig. 4.8 and for its description, it can be 
divided in three main elements: the vacuum vessel or station, the optical collecting 
system and the detectors. 

 
Fig. 4.8. Horizontal cross section of experimental station for PIFS. The optical 

collecting system, the spectrometer and the photodiode are in that plane. 
 
4.2.1 Station 
 The station is a rigid body formed by different vacuum chambers to which pumps, 
pressure gauges, valves and detectors are attached. It is plugged at the end of the 
beamline by a bellow and mounted on an adjustable frame for its alignment with the 
synchrotron beam. 
 The station consists of two differentiated parts. The first one is the differential 
pumping stage that reduces the experimental pressure of some 10-4mbar to the required 
10-7mbar to preserve the high vacuum of the beamline. Constructed on two standard six 
way cross chambers, it has attached a 70 l/s turbo pump and several detectors to monitor 
the pressure. It also contains a needle valve used to vent the station. The second element 
is the experimental chamber. This piece is a homemade five-port chamber and this is 
where the radiation-sample interaction and the resulting fluorescence take place. Inside 
the chamber, there is a stainless steel cylinder that shelters the optics to collect 
fluorescence.  There are fused silica windows plugged in two of the ports for the 
dispersed and un-dispersed fluorescence measurements. The gas inlet system is 
connected to the fourth port and to the gas cell. The system ending consists of a 0.5 mm 
inner diameter nozzle that produces an effusive jet, increasing the gas density in the 
interaction region by approximately two orders of magnitude. The last port is used to 
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attach a four way cross vacuum piece that holds a second turbo pump, a full range 
pressure gauge and the exit window for the synchrotron beam. Also, plugged with the 
full range there is a retractable manipulator with photodiodes for photon flux 
measurement. The fact that all these devices can be utilized at the same time makes the 
new station really versatile. 
 

The connection between the differential pumping stage and the experimental 
chamber is done through a 29 cm long glass capillary with an internal diameter of 
approx. 2.7 mm. It provides a free path for the excitation photons and keeps the 
necessary gradient in pressure between chambers. 

 
4.2.2 Optical collecting system 

Several arrangements have been tested during the last few years to achieve the 
optimal parameters, i.e. high collection efficiency and high signal to noise ratios [9,10]. 
Eventually, we opted for an inbuilt optical cell shown in Fig.4.9. 
 
 The cell consists of a stainless steel cylinder set with its axis perpendicular to the 
direction of the synchrotron beam. Inside, the components of the two separate optical 
collecting systems are sheltered, one mounted parallel (for dispersed fluorescence 
collection) and the other perpendicular (for un-dispersed measurements) to the axis of 
the cylinder. Both optical systems are based on a lens and a spherical mirror placed in 
such a way that the focal distance of the lens and the center of curvature of the mirror 
coincide at the point where the interaction between the synchrotron radiation and the 
sample occurs. This arrangement yields a beam of parallel light that is sent out of the 
chamber through the windows. The collected fluorescence is then focused by external 
lenses into the entrance slit of the spectrometer (dispersed experiments) or to the 
photomultiplier (total fluorescence yield). 

 

 

To the  
Spectrometer 

To the PM tube 

M1M2 L1 

L2

L3 

Nozzle

Synchrotron 
radiation 

Interaction 
region 

L2 

M2  
Fig. 4.9. Cross-section of the optical cell inside the 
chamber in a plane perpendicular to the synchrotron 

radiation beam. 

Fig. 4.10. Cross-section of the 
cell in a plane perpendicular to 

its axis. 

 All the geometrical parameters of the design have been chosen to get an optimal 
balance between collection efficiency and the need of fitting the cell inside the 
described chamber (Table VII). The optical system for dispersed fluorescence collects 
around 13 % of the total emitted solid angle whereas the optics for un-dispersed covers 
almost 20 % of the total emitted solid angle. 
 

The needle for the gas inlet system is also mounted on the cylinder as can be seen in 
Fig.4.10, defining the interaction region in the center of the cylinder. The alignment of 
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the optics in the cell with respect to that point is performed outside the chamber using a 
laser. Once the optics is fixed at the optimal position, the optical gas cell is aligned with 
the capillary and fixed to the chamber. This constitutes a compact system so that the 
entire station only needs to be aligned to the excitation light, which is effectively done 
with the adjustable frame. 

 
One final characteristic of this configuration is that the cylinder constitutes 

effectively a gas cell. The disposition of the lenses and mirrors make the holes for the 
synchrotron beam the unique exit for the gas, providing a higher probability of photon-
sample interaction in the collecting region. 

 
Dispersed Fluorescence Un-dispersed Fluorescence 

Lens L1 Lens L2 
Diameter 
Focal distance 
Material  

= 25.4 mm 
= 50 mm 
UV Grade Fused Silica 

 Diameter 
 Focal distance 
 Material 

= 12.7 mm 
= 12.7 mm 
UV Grade Fused Silica

Mirror M1 Mirror M2 
Diameter 
Focal distance 
Coating  

= 25.4 mm 
= 25.4 mm 
 UV Enhanced Aluminum 

 Diameter 
 Focal distance 
 Coating 

= 12 mm 
= 12 mm 
Aluminum 

Window 1 Window 2 
Material UV Grade Fused Silica   Material     Silica 

Spectrometer focusing lens L3 PMT focusing Lens 4 
Diameter 
Focal distance 
Material            

= 25.4 mm 
= 125 mm 
UV Grade Fused Silica 

Diameter 
Focal distance 
Material              

= 50 mm 
= 50 mm 
Silica 

Table VII. Description of the optical elements used in the experimental set-up. 
 

4.2.3 Detectors 
 
Spectrometer and CCD detector 
 The dispersed fluorescence measurements are carried out using a Jobin Yvon HR460 
spectrometer, which is equipped with 600 and 1200 l/mm interchangeable gratings, 
covering the 200-1000 nm spectral window with a maximum resolution of 0.1 nm [11]. 
The dispersed fluorescence is recorded with a 1024x256 pixel charged coupled device 
(CCD). The CCD is a front illuminated model with high detection efficiency (Fig. 4.11). 
 

 
Fig. 4.11. Quantum efficiency of the front illuminated UV CCD [12]. 

23 



 

 The dark signal is reduced to a less than 1 electron/pixel/hour with the help of a 
liquid nitrogen cooling system. 
 The spectrometer, the CCD and the acquisition routines are externally controlled by 
the manufacturer’s software. For more details, the reader is referred to [11] or to Jobin 
Yvon web page [12]. 

 
Photomultiplier 
 The photomultiplier (PMT) is used to record un-dispersed fluorescence 
measurements. These kinds of detectors are characterized by high quantum efficiency in 
specific spectral windows. With quick excitation energy scans, they allow the 
identification of the energy regions where the molecule fluoresces so that they can be 
later studied in dispersed measurements. The signal of the PMT is also frequently used 
for normalization purposes since it is sensitive to changes in photon flux and pressure. 
In all our measurements, the used photomultiplier is a 13 mm diameter PMT, model 
R647, from Hamamatsu that covers the 300-650 nm wavelength region (Fig.4.12). More 
characteristics can be found on the Hamamatsu web page [13]. 
 

 
Fig. 4.12. Quantum efficiency of the R647 photomultiplier [13]. 

 
Photodiodes 
 As mentioned before, our station also allows the measurement of the incoming 
synchrotron radiation using silicon (Si) and gallium arsenide (GaAs) photodiodes 
mounted in a retractable manipulator. Thus, the detection of the beam flux is used for 
alignment of the station, for normalization of the results and even for “pseudo” 
photoabsorption measurements. The efficiency of the Si diode can be seen in Fig.4.13. 
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Fig. 4.13. Typical efficiency of a silicon photodiode [14]. 
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4.3 Experiment step-by-step 
 

In this section I have gathered all the steps that have to be sequentially followed 
during an experimental session for the acquisition of data. Based on the experience of 
the group they should serve as a guide in forthcoming runs. 
 
1. The alignment between the inbuilt optics and the capillary has to be checked with a 

laser before connecting the station to the beamline. 
 
2. Attaching the station to the beamline and pumping down. The station should not be 

open to the vacuum of beamline until a pressure of 10-7 mbar is reached in the 
differential pumping stage. 

 
3. Alignment of the station with respect to the synchrotron beam. This is done 

sequentially in three steps:  
 Visual alignment using white light (zero order in the monochromator) to check 

that the beam goes through the capillary. If the beamline cannot provide white 
light, the head of the capillary and the exit window have to be covered with a 
thin layer of sodium salicylate that will fluoresce under illumination with UV 
photons.  

 This rough alignment is further improved using an UV sensitive photodiode 
until the detected current is maximized. 

 Finally, the last tuning is achieved using a test gas and maximizing the collected 
signal with the spectrometer for a certain emission line (for example the B-X 
transition in N2

+). 
 
4. Minimization of stray light entering the spectrometer to reduce background. The path 

between the experimental chamber and the entrance slit of the spectrometer is 
protected by a tube and black cloths to prevent any other light but fluorescence from 
entering the spectrometer. 

 
5. Characterization of the photon flux, energy shift and resolution of the beamline (see 

previous comments on this chapter). 
 
6. Acquisition of a two-dimensional spectrum using the CCD area mode where the 

counts of every pixel are shown. It will allow us to determine tilting problems with 
the CCD and the precise area of the CCD that is being illuminated. The reduction of 
the effective area without losing intensity will improve the signal to noise ratio of the 
spectra. 

 
7. Settings for the collecting software. Some conclusions based on the experience show 

that: 
 Acquisition time should be long enough to observe fairly well the fluorescence 

transition. 
 The number of acquisitions depends on the signal to noise ratio of the spectrum. 
 The mode of operation is optimized for cosmic removal (routine to remove 

spikes produced by cosmic rays) and not dark offset subtraction (background 
noise always present in the CCD camera because of the dark current of the 
electronics). 
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8. Data acquisition for normalization purposes. Our measurements are influenced by 
several factors that have to be taken into account: 
 For fixed excitation energy, variations of pressure and changes in the photon 

flux of the beamline due to the normal degradation of the ring current have to be 
corrected if absolute intensities or any comparison between spectra are required. 
In this case, the simultaneous recording of total fluorescence yield or 
photoabsorption measurements can be used. 

 For different excitation energies, data have to be normalized to the energy 
profile of the beamline. 

 The influence of the optical collecting system, spectrometer and CCD camera 
has to be considered. The quantum efficiency of the mentioned elements varies 
for different spectral regions so a calibration has to be done to correct these 
effects (see appendix B). 

 
4.4 Data analysis 
 
 This section illustrates the general procedure to analyze the measured data. The first 
two steps are common for any recorded data whereas the rest are specific for dispersed 
fluorescence measurements. 
 
 Normalization to factors such as pressure, ring current and quantum efficiency 

of the collecting system.  
 Adjustment and subtraction of a baseline to eliminate the background.  
 The standard deviation of the background or the square root of the number of 

recorded counts is used to give the uncertainty of our measurements. 
 Removal of spikes caused by cosmic rays hitting the CCD. 
 Identification of the recorded lines. The NIST database [15] can be used for 

atomic transitions. 
 Relative population densities of emitting states are obtained from the intensity of 

the fluorescence. Thus, either area integration of the transitions lines or 
Gaussian, Lorentzian, and Voigt fittings will give us an estimate of those 
population densities and their uncertainty. In case the transition lines are not 
resolved this fitting will help to de-convolute the different contributions. 
Transition bandwidths can also be obtained to check resolution. 

 
 Quite often the experimental data are further treated to obtain certain parameters. In 
autoionization studies (see Paper IV), the comparison of relative populations, i.e. 
relative transition intensities, is calculated. This figure is called branching ratio and it is 
given by the expression  
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where σ0 and σ1 are the partial photoionization cross sections for the production of the 
ion in the vibrational levels v’=0 and v’=1 of the B 

+Σu
2  state, Ixy, qxy and νxy denote the 

intensity (area under the vibrational envelope), Franck-Condon factor and frequency of 
the transitions respectively (ref [16] and references therein). 
 
 In the case of dissociation we want to know the evolution of an emitting state with 
excitation energy. This is known as excitation function and the conventional way of 
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presenting these studies is plotting the intensity of the transition as a function of 
excitation energy. Examples can be seen in Papers II, III, VI and VIII. 
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5. RESULTS 
 

Synchrotron photon induced fluorescence spectroscopy has been applied to study 
gas phase molecules in the VUV and soft X-ray energy range. As mentioned in chapter 
3, this technique allows the investigation of the molecular structure and the different 
decay mechanisms. Here I present the main findings obtained with VUV PIFS in H2, 
N2, NO, CO, SF6 and SF5CF3 molecules. Results on H2O after soft X-ray excitations are 
also discussed, proving the usefulness of this technique in core-excited studies. 

 
5.1 Neutral dissociation of CO and NO (Paper II & III) 
 
 When a molecule is excited above its first ionization potential it will most likely 
autoionize since the resulting superexcited state is embedded in the electronic 
continuum. However, it was previously mentioned that dissociation also plays an 
important role in the evolution of the excited state [1]. We report neutral dissociation of 
CO and NO molecules after excitation in the 17-26 eV energy range. 
 
CO (Paper II)  

Fluorescence after excitation of CO 
by hνexc = 19-26 eV synchrotron 
radiation photons has been collected and 
dispersed using our 0.46 m spectrometer 
in the 400-1000 nm range. Energy 
considerations and the observation of 
neutral carbon transitions from the upper 
states 3p (3S, 3P, 1D) reveal the neutral 
fragmentation of CO.  

The evolution of the intensity for 
those transitions was studied and plotted 
as a function of excitation energy (Fig. 
5.1). The theoretical threshold of the 
respective fluorescence from the CO 
ground state, indicated in the figure by 
arrows, coincides with the appearance of 
the emission for 3S and 3P   but not for 
1D.  

In the case of the triplet states, the 
excitation functions show a resonant 
behavior for energies where the Rydberg 
series R(C) and R(D) in CO are situated. 
This coincidence suggests that these 
Rydberg states should play an essential 
role in the neutral dissociation of 
superexcited CO levels. 

Ab initio calculations for these 
excitation energies have been performed 
in order to identify the electronic states of 
CO responsible for the observed 
dissociation. 

Fig. 5.1. Excitation functions of the CI 
levels 3p(3S, 3P, and 1D) formed in neutral 
dissociation of CO. 
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The resonant structure present in the excitation function for the 1D singlet transition 
could not be explained. The fact that it appears 2 eV above threshold suggests that it 
may come from a dissociation in which O is produced in its first excited metastable 1D 
state (2 eV). 

 
Fig. 5.2. Energy diagram of CO and Grotrian diagram of neutral C. 

 
NO (Paper III) 
 We have studied the nearIR fluorescence from excited nitric oxide in the 17.2-25.8 
eV energy region. The intensities of thirteen resolved multiplets of neutral N and neutral 
O were monitored as a function of the excitation energy in the mentioned range. Since 
the structure of these excitation functions showed a poor coincidence with known NO 
Rydberg levels in the same energy region, ab initio calculations were performed to 
identify the actual NO states responsible for the observed neutral dissociation. 
 Calculations suggested that there are a number of previously unknown NO states 
with 2Σ+, 2Σ-,2Π and 2∆ symmetries in the 17.1-21.3 eV energy range which might 
trigger the observed neutral dissociation of NO. Three unidentified molecular emission 
bands are observed in a narrow excitation range (21.1-21.4 eV) and the calculations 
indicate that they may come from NO+ primarily formed in autoionization of two NO 
2Π states derived from the configuration  4σ5σ21π42π7σ, or a 2Σ+ and a 2∆ state derived 
from a mixing of 4σ5σ21π42π6π and  4σ25σ1π42π6π. 
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Fig. 5.3. Fluorescence of neutral N and O 
as a function of excitation energy in the 
neutral dissociation of NO. 

Fig. 5.4. Excitation function of the 
fluorescence transitions O 3p 3P→3s 3S0. 
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5.2 Autoionization of N2 (Paper IV) 
 

Vibrationally resolved N2
+ (B-X) (1-1), (1-2), (0-1), and (0-0) emission bands were 

recorded after photo excitation of N2 in the 20-46 eV energy range. The branching ratio 
between these transitions (Fig. 5.5) shows strong deviations from the Franck-Condon 
ratio at different excitation energies, revealing the participation of superexcited states in 
the ionization process. Apart from direct ionization, the autoionization of these 
superexcited states to the N2

+ B state increases unevenly the population of the different 
vibrational levels, leading to some of the observed features. Ab initio calculations using 
a configuration interaction method based on Kohn-Sham orbitals propose the electronic 
configurations of these superexcited states, confirming the important role of non-
Rydberg doubly excited resonances (NRDER’s) in de-excitation processes above the 
ionization potential. 
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Fig.5.5. Branching ratios of the N2

+ (B-X) (1-1)/(0-0) and (1-2)/(0-1) transitions for 
excitation energies in the 20 to 46 eV range. Stars indicate the most significant 
features. Arrows represent the energies at which calculated superexcited states are 
reached. Full and dashed lines correspond to 1Σu

+ and 1Πu states, respectively. 
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5.3 Molecular structure of excited H2 (Paper V) 
 

 Molecular hydrogen is the simplest and 
most abundant molecule in the universe and 
its characterization has direct application in 
fields like astrophysics, fusion and chemistry 
to name a few. It also represents the simplest 
test bed for many relevant theoretical 
concepts in quantum mechanics. 
 We have investigated the emission from 
selectively excited vibrational states of the 
npσ1Σu

+ and npπ1Πu Rydberg series to the 
E,F 1Σg

+  electronic level in H2 (Fig. 5.6). 

  

Fig 5.6. Potential curves of H2. The 
numbers and the crosses in the lower 
part of the graph denote the vibrational 
quantum number, the energy and the R-
values of the EF vibrational levels. 

 The selective excitation greatly 
simplified the resulting spectra (Fig. 5.7), 
where up to 22 well separated rotationally 
resolved bands were identified and 
analyzed. From the recorded spectra, the 
vibrational energy levels of the E,F 1Σg

+ 
system are extracted, confirming the 
existing values in the literature [2] (E,F is a 
double minimum state that follows from an 
avoided crossing of the close lying in 
energy 1sσ 2sσ and 2pσ2 configurations).  

Fig. 5.7. Fluorescence from vibrational 
levels of 4pπ series. The predissociation 
is evident through the changes in the 
relative intensity of R and P with Q 
branches. 

 
 Moreover, the difference in intensity of 
the P and R branches relative to the Q 
branch of a large number of npπ1Π+ levels 
showed that the Π+ states strongly 
predissociate. The predissociation yield 
varies between 12 up to 100 % in 
agreement with previous observations. 
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5.4 Fragmentation of SF6 (Paper VI) 
 
 The study of the fragmentation of SF6 is of great value for many different fields of 
research, like in environmental science. SF6 is known to be the most potent greenhouse 
effect gas, playing an increasing role on the earth’s global warming. Furthermore, its 
fragmentation is also relevant in plasma technology for ultra-large scale etching 
applications and other industrial processes [3,4]. 
 For the reasons mentioned above, the dissociation of SF6 after interaction with 30-80 
eV photons has been investigated using dispersed and un-dispersed fluorescence 
measurements. Transitions from F, F+, S and S+ were identified and recorded at 
different excitation energies. The energy region in which the fluorescence started to 
occur suggests that the production of these fragments is connected to the creation of a 
hole in the inner valence shell. 
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Fig. 5.8. Total fluorescence yield in the 190-1000 nm 
observed after excitation of SF6 with 30-65 eV photons. 

 
 Whereas the excitation function of the monitored transition in sulfur has a resonant 
origin (Fig. 5.9), indicating neutral dissociation of the molecule, the emitting fluorine is 
mainly connected to ionization of the inner valence shell (Fig. 5.10). The production of 
excited ionic sulfur is mostly related to double excitations where inner valence electrons 
are involved. For the case of ionic fluorine, triple excitations may be the triggering 
mechanism. 
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Fig.5.9. Excitation function of an S 
transition produced after fragmentation of 
SF6. Arrow shows theoretical threshold. 

Fig. 5.10. Excitation function of an F 
transition produced after fragmentation of 
SF6. Arrow shows theoretical threshold. 
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5.5 Fluorescence study of SF5CF3 (Paper VII) 
 
 Photon induced fluorescence experiments have been performed in SF5CF3 in the 10-
30 eV excitation energy range. The recorded photoabsorption spectrum (Fig. 5.11) was 
discussed and interpreted in terms of its similarities to that of the SF6 and the CF4 
molecules, suggesting that the most prominent features have their origin in the SF5 
Conversely, the fluorescence yield (Fig. 5.12) and dispersed fluorescence spectra of 
SF5CF3 resemble those of the CF3X family and the CF4 molecule, showing the same 
molecular bands of the same fragments at the same excitation energies. Moreover, there 
are strong evidences to believe that a migration of an F atom from the S to the C occurs 
for some excited states, resulting in the dissociation of the molecule into SF4 + CF4*. 
All this indicates that the electronic structure and properties of SF5CF3 do not differ 
much from the ones of its constituents, pointing out that the main molecular orbitals of 
SF6 and CF4 remain unaltered after the substitution of the S-F and the C-F bond by the 
S-C bond. 
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Fig. 5.11. Pseudo photoabsorption spectrum of SF5CF3 in the 10-25 eV energy range. 

10 12 14 16 18 20 22 24 26 28 30

0

4

8

12

16

 

 

C
ou

nt
s 

(a
rb

. u
ni

ts
)

Excitation energy (eV)

 
Fig. 5.12. Total Fluorescence yield of SF5CF3 in the 300-650 nm wavelength region. 
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5.6 Study of doubly excited states in H2 (Paper VIII) 
 
 The variations in the intensity of Balmer α line coming from excited molecular 
hydrogen has been studied using synchrotron radiation in the range of 26-60 eV with a 
maximum step size of 0.125 eV. Experimental data show that the Q1 and Q2 families of 
doubly excited states in H2 cannot account for the emission between 36 eV and 41 eV 
for which we propose the Q3 family as precursor of the observed fluorescence. The 
study of the intensity of the Balmer α above 40 eV is shown for the first time. A broad 
feature appears at these energies that can be interpreted as a result of the dissociative 
photoionization of excited states correlated with the limit H (3l) + H+. 
 
 More theoretical data are needed to interpret the new data presented here. These 
calculations should clarify the role of higher Qn (3, 4 and 5) states and also of high ionic 
levels in the measured signal. 
 

 
Fig. 5.13. Balmer α intensity versus exciting photon energy after dissociation of H2. 
Data from Glas-Maujean [5] is displayed for comparison. 
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5.7 Relaxation of core-excited states in H2O 
 
 New results on core-excited states in water have recently been obtained and although 
their discussion is still quite preliminary, they are included here. The reason is to show 
that PIFS can effectively provide information of core-excited processes as indicated in 
chapter three. I have been involved in similar studies for other systems but, to date, no 
results have come out as surprising as in the case of water. With the permission of the 
authors and clarifying that my contribution has been limited to the quantum defect 
calculations, I present a summary of the report accepted for publication in the Annual 
Elettra Highlights 2003-2004. 
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 Introduction 
 Water is one of the most fascinating molecular systems that can be found. 

r any form of life it receives an enormous amount of interest from the 

ssion 
 The absorption of photons in the vicinity of the K-edge of oxygen is dominated by 

ding to transitions of the O 1s electron to different molecular 

Fundamental fo
scientific community (Inspec returned 1037 publications for the keywords “water” and 
“spectroscopy” in the years 2003-04). Here, we investigate the dissociation of core-
excited water by means of synchrotron radiation induced fluorescence spectroscopy in 
the UV-Vis-nearIR wavelength region. Whereas detection of Auger electrons and X-ray 
fluorescence give information directly on the core-excited state, detection of ions and 
low energy photons provides information from the dissociation of the molecule. In this 
scheme, detection of neutral species and estimation of internal energy of the fragments 
is best achieved through fluorescence measurements in the IR and Vis range since these 
photons are usually the last step in the radiative relaxation chain of excited 
atoms/molecules. 

 
Results and discu

the resonances correspon
and Rydberg orbitals (Fig. 5.14). The first resonance 4a1, which corresponds to a 
transition of the core electron to the strongly antibonding 4a1 molecular orbital1, is 
broad and structureless even with very high resolution (~ 55 meV) [6], which is the 
hallmark of a dissociative state. The second resonance corresponds to the transition to 
the 2b2 molecular orbital and its vibrational structure, with a mixture of stretching and 
bending motions with a1 symmetry has been revealed in [6]. The rest of the resonances 
up to the ionization threshold are Rydberg levels of the molecule (all assignments from 
[7]). 
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Fig. 5.14. Ion current measured at the region around the O1s edge of water. The 
assignments and the energy scale calibration are from [7]. The vertical line places the 

                                                
ionization potential of the O 1s electron (539.9 eV) 

 
1

1 The ground state of H2O is and it has C2v symmetry  2 2 2 2 2 0 0 1
1 1 2 1 1 1 2(1 2 1 3 1 4 2 )a a b a b a b A

35 



 

 Dispersed fluorescence spectra were measured in the 200-1000 nm window at 
different excitation energies. Whereas clear emission is observed at the resonances 

ick look to fluorescence spectra measured at the energies corresponding to the 
two first resonances (Fig. 5.15) show that the spectra are clearly dominated by the 

er lines against 
hoton energy. Measurements of Balmer ε and φ (n= 7-8) were also done but they are 

almost no signal was recorded below them or above the O1s threshold (539.9 eV), 
suggesting that most of the fluorescence comes from the decay of the core-excited 
states. 

 
 A qu

Balmer series of neutral hydrogen and specifically by the Balmer α line. 

 
 Figure 5.16 is the result of plotting the integration of the n=3-6 Balm

 
Fig. 5.15. Fluorescence spectra of water taken at the energies of the two first 
resonances. The most intense line is due to the Balmer α line in the H atom. 

p
not displayed in the figure for clarity sake. We can see that the Balmer lines peak at 
different excitation energies, showing that those with higher principal quantum number 
have their maximum at a higher molecular Rydberg excitation. A preliminary analysis 
of the Rydberg series based on quantum defect calculations correlates the maxima 
measured with the positions of the Rydberg series npa1 and/or npb1 (quantum 
defect=0.7). 
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Fig. 5.16. Ion yield and intensities in the region of the Rydbergs excitations of Balmer α 
to δ (n=3-6) lines plotted against photon energy. The spectra are scaled to display the 

hows that the intensity of the fluorescence does not go to zero right 
t the O 1s edge but gradually above it. This behavior can be understood in terms of the 

same maximum intensity and thus no conclusions on relative intensities for the different 
data should be made. The vertical arrow places the ionization potential of the O 1s 
electron (539.9 eV) 
 
 This figure also s
a
post-collision interaction (PCI) in which a fast Auger electron coming from the 
relaxation of the core-ionized molecule overtakes a slow photoelectron ejected by a 
photon of energy just above the ionization potential. After the Auger electron overtakes 
the photoelectron the latter feels a nuclear charge increased by one that can actually 
recapture the photoelectron. 
                                                 
[1] Y. Hatano. Interaction of vacuum ultraviolet photons with molecules. Formation 
and dissociation dynamics of molecular superexcited states. Phys. Rep. 313, 109 (1999) 

 adsorption. J. Appl. Phys. 75, 4680 (1994) 

839 (1988) 

5, (2001) 

. Rev. A 47, 1136, (1993) 

[2] P. Senn and K. Dressler. Spectroscopic identification of rovibronic levels lying 
above the potential barrier of the EF 1Σg

+ double-minimum state of the H2 molecule. J. 
Chem. Phys. 87, 6908 (1987)  
[3] T. Ogawa et al. Low temperature synchrotron-radiation-excited etching of silicon 
dioxide with sulfur hexafluoride
[4] L. G. Christophorou and J. K. Olthoff. Electron interactions with SF6. J. Phys. 
Chem. Ref. Data. 29, 267 (2000) 
[5] M. Glass-Maujean. Photodissociation of doubly excited states of H2: Emission of 
Balmer lines. J. Chem. Phys. 89, 2
[6] A. Hiraya et al.  H2

+ formation from H2O+ mediated by the core-excitation-induced 
nuclear motion in H2O. Phys. Rev. A 63, 04270
[7] J. Schirmer et al. K-shell excitation of the water, ammonia, and methane molecules 
using high-resolution photoabsorption spectroscopy. Phys
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6. CONCLUSION 
 
 Through these pages I have outlined the main phenomena in the interaction of 
molecules and VUV/soft X-ray photons. Direct ionization and excitation to superexcited 
states are the two typical absorption mechanisms at these energies. Among the 
subsequent decay channels I talked about autoionization, dissociation, fluorescence and 
Auger decay. 
 
 All these processes appear in the studies included in this thesis and they were 
investigated by means of photon induced fluorescence spectroscopy. The advantages 
and disadvantages of monitoring fluorescence have been discussed, enumerating the 
different results that can be extracted from it. With the use of the synchrotron radiation 
as excitation source, this technique overcomes its principal inconvenience, i.e. the low 
collection efficiency. Therefore, PIFS should find a position among the most common 
charged particle detection techniques in the study of molecular systems under the effect 
of ionizing radiation. 
 
 Our studies on the autoionization of N2, the fragmentation of CO, NO, SF6, SF5CF3 
and H2O and the fluorescence emission of H2 are good examples in which PIFS yields 
new information, complementing those of photoelectron spectroscopy and photoion 
mass spectroscopy. Nowadays, there is an increasing number of groups that use PIFS in 
their investigations. References to those researchers such as Hatano, Poliakoff, 
Ehresmann, Mitsuke, Meyer, Coreno… have been given throughout the chapters in 
order to get a broader view of the possibilities this technique offers.  
 
 The presented studies show fascinating results such as the neutral dissociation of the 
big molecule SF6 at high energies, the discovery of new excited states in N2 (NRDERS), 
NO and H2, the migration of an F atom through the S-C bond in the SF5CF3 compound 
or the Balmer lines emission from core-excited H2O. These investigations are more than 
mere academic problems, having an important application in diverse fields like 
chemistry, astrophysics, environmental sciences, biology and repercussion in 
telecommunications and electronic industry. 
 
 In a few lines, I will call the reader’s attention to the fact that the theoretical study of 
superexcited states is quite limited. Although there are some attempts to calculate their 
electronic structure (see appendix A) and their dynamics [1] these studies are quite 
tentative and only for diatomic molecules. The large number of atomic orbitals required 
to properly describe the superexcited states of the molecule and, most important, the 
interaction of the superexcited states with the electronic continuum make any theoretical 
calculation a difficult task. However, the continuous increase of experimental studies on 
superexcited states will demand the development of these investigations and 
theoreticians will have to face that challenge in a near future (if not today). 
 
                                                 
[1] M. Hiyama, N. Kosugi, and H. Nakamura. Characteristics and dynamics of 
superexcited states of diatomic molecules: General theoretical procedure. J. Chem. 
Phys. 107, 9370 (1997) 
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Appendix 
 

A. Computational methods 
Prof. L. Veseth [1] has performed all the theoretical work presented in Papers II, III 

and IV and since this is an experimental work only a very brief summary is given here. 
 

 The ab initio results were obtained using the configuration interaction (CI) method. It 
is based on the variational principle where the trial wave function representing our 
system is written as a linear combination of determinants with the expansion 
coefficients determined so that the energy should be a minimum [2]. In this CI method 
the single electron states used to construct the CI wave function were obtained from the 
Kohn-Sham equations of density functional theory (DFT), using exact local exchange 
potentials.  

 
 In the Kohn-Sham (KS) formalism for DFT the specific interacting system is 
replaced by a non-interacting model system with the same charge density. Thus, in the 
KS theory the density is obtained from a set of single particle equations, which 
nonetheless yields an exact solution for the interacting system.  

 
 The single particle Kohn-Sham equation takes the form 

21 ( ) ( ) ( )
2 eff i i iv r r rφ ε φ⎡ ⎤− ∇

⎣ ⎦
+ =⎢ ⎥  

with the effective local potential veff(r) defined by 

( ')( ) ( ) ' ( )
| ' |eff x

rv r v r dr v r
r r
ρ

= + +
−∫  

 Here v(r) represents the electron-nuclear attraction potential, ρ(r) the electron density 

given by ∑=
=

i rr )()( φρ , and νx(r) denotes the exact local exchange potential where 

Kohn-Sham 
rbitals is that configuration interactions are generally reduced, so that molecular 

excited states may be ascribed to single dominant configuration. 

N
2

i 1

the correlation effect has been neglected. 
 

 What makes this method more desirable than conventional Hartree-Fock theory is the 
fact that the local exchange potential νξ(r) has a correct asymptotic -1/r behavior. This 
means that unoccupied excited Kohn-Sham orbitals are obtained from an ionic core and 
thus closely resemble real physical excited orbitals, contrary to the unphysical virtual 
orbitals of Hartree-Fock theory. This feature turns out to be a considerable advantage 
for constructing short and efficient CI expansions. Another benefit of the 
o

                                                 
[1] L. Veseth. Molecular excitation energies computed with Kohn–Sham orbitals and 
exact exchange potentials. J. Chem. Phys. 114, 8789 (2001) 
[2] F. Jensen. Introduction to computational chemistry. (John Wiley & Sons, 
Chichester, England, 1999) 
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B. Absolute calibration of th  spectrometer 
 The absolute intensity calibrati r has been recently performed as 
 Master of Science project [1]. The calibration, carried out using an absolute calibrated 

Company), gave the following results for 
spectrometer. These graphs represent the efficiency of 

the

 

e Jobin Yvon H460
on of our spectromete

a
lamp model OL 455 (Optronic Laboratories 
the two available gratings of the 

 whole spectrometer, i.e. the efficiency of the two inner mirrors, the grating and the 
CCD detector. 
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[1] G. V. i Serrano. Absolute intensity calibration of a visible-UV spectrometer and 
application to dispersed fluorescence measurements. (The Royal Institute of 
Technology, KTH, Stockholm, 2004) Master of Science Project Thesis 
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C. Energy resolved electron – ion coincidence 
 The energy resolved electron-ion coincidence (EREICO) technique allows the 
investigation of the ionic fragmentation of molecules after the emission of a specific 
(energy resolved) electron. It consists of an electron analyzer, which detects and selects 
electrons according to their kinetic energies, and an ion mass detector, that collects and 
identifies the created ions after the emission of a particular electron (coincidence). Thus, 
it combines photoelectron spectroscopy (PES) and time of flight techniques. The 

heme of an EREICO experiment can be explained in three steps: 
 
i) Selection of excited state 
 A photoabsorption spectrum reveals the energy regions where the molecule has an 
active character. Making use of electron or ion detectors, “pseudo” photoabsorption 
spectra can be obtained by monitoring the total ion/electron yield for different energies 
(Fig.C.1). The spectrum helps to identify the excitation energy of the structure to be 
studied. 

sc

 
Fig.C.1. The total ion yield of SF6
indicate the S 2p ionization potentials [1]. 

 
ii) Photoelectron and Photoion 
spectroscopy 
 
 The molecular relaxation channels 
for a specific excitation energy can be 
numerous. In general, different decay 
processes result in the emission of 
electrons with different kinetic 
energies. An electron analyzer allows 
the classification of those electrons 
according to their kinetic energy, 
resulting in what is called the 
photoelectron spectrum (PES) at a 
particular excitation energy.  In a 
favorable case, there is a direct and 
unambiguous relation
structures of the PES an

 in the S 2p threshold region. The vertical bars 

 between the 
d the process Fig.C.2. Electron spectra of SF6 measured at 

photon energies of 184.6 (S 2p1/2 →2t2g) and behind it.  
 173.4 eV (S 2p → 4eg) [4] 

41 



 

 Similarly, if we investigate the production of ions at a particular excitation energy, 
o. The ions can be identified by we will find that they come from different processes to

their mass to charge ratio using a time of flight spectrometer (Fig. C.3) but in this case, 
there is no direct way to relate them with a specific decay mechanism. 
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Fig.C.3. Time of flight spectrum of SF6 measured at photon 
energy of 184.6 (S 2p1/2 →2t2g). 

 
iii) Selection of process and ion production 
 To study the ionic fragmentation of a molecule for a particular decay process, i.e. the 
fragmentation after the emission of a certain electron, we have to relate that electron 
with its respective ions. In order to do so, we configure our electron analyzer so that it 
only records electrons with the required kinetic energy. When a selected electron is 
det ng 
the he 

m ed in the same span of time will also be 
sitions only the correlated ions will pile up in the 
ed in the same point). The false coincidences will be 

domly in the time axis, resulting in a homogeneous background after 

ected, the time of flight spectrometer starts to collect ions for a certain time. Duri
 acquisition time window, ions correlated to the selected electron will arrive to t
e of flight spectrometer. Other ions producti

collected but after several acqui
spectrum (they are always detect

istributed rand
several runs. 

 
dence with 130 eV electronFig. C.4. Time of flight spectra in coinci  

kinetic energy at photon energies of (a) 184.6 eV and (b) 196.2 eV [4]. 

42 



 

Applications of EREICO experiments 
 Identification of different processes hidden under the same kinetic energy 

electrons [4]. 
 Study of ionic fragmentation of a molecule after an ionizing process [2]. 
 Influence of nuclear dynamics in the core relaxation of molecules [3]. 

 
Further reading 
For details about the experimental chamber, the reader is referred to [4, 5]. 
To learn more about coincidence techniques see [6]. 
                                                 
[1] A. Kivimäki et al. Energy resolved electron – ion coincidence study near the S 2p 
thresholds of the SF6 molecule.  J. Phys. B: At. Mol. Opt. Phys. 36, 781 (2003) 
[2] M. Stankiewicz et al. Relaxation dynamics of SF6 studied by energy resolved 
electron ion coincidence technique. J. Electron Spectros. Relat. Phenom. 137-140, 369 
(2004) 
[3] J. R. i Riu et al. Core-excitation-induced dissociation in CD4 after participator 
Auger decay. Phys. Rev. A 68, 022715 (2003)  
[4] J. R. i Riu. Gas phase molecular relaxation probed by synchrotron radiation 
experiments.
Thesis. (ht
5] E. Me es of small molecules using synchrotron 

 KTH, Stockholm, 2003) Licentiate 

 (The Royal Institute of Technology, KTH, Stockholm, 2002) Doctoral 
tp://media.lib.kth.se/dissengrefhit.asp?dissnr=3411) 
lero-García. Fragmentation studi[

radiation. (The Royal Institute of Technology,
Thesis. 
[6] A. P. Hitchcock and J. Neville. Chemical Applications of Synchrotron radiation, 
edited by T. Sham (World Scientific, Singapore, 2002) Advanced series in physical 
chemistry – Vol. 12A, Chapter 4 – Photoionization dynamics from inner shell mass 
spectroscopy. 
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D. 
 
Tw

 that only 
tes can be populated from our initial state, i.e. ground state, due to the 

initial states 
e discharge to our sample before 

y. Still, fluorescence-photoelectron and fluorescence-photoion coincidence 

h the aim of continuing the works of Eland [3,4], Dujardin [5], Tuckett 
6], Meyer [7,8] and Kitajima [9]. 

 
Molecular dynamics in the femtosecond regime by laser pump – prove 
photoelectron spectroscopy and photoelectron photoion coincidences. 
 The group, in collaboration with the department of molecular physics of Stockholm 
University is planning to combine their expertise in coincidence and femtosecond lasers 
in the study of molecular dynamics by means of femtosecond time-resolved 
photoelectron spectroscopy [10,11] and femtosecond time-resolved photoelectron-
photoion coincidence [12,13]. 
 
 In my opinion, the study of the molecular dynamics in time resolved experiments 
constitutes the next frontier in molecular spectroscopy, and it will be the hottest topic of 
this discipline in the forthcoming years. 
 
                                                

Outlook 

o colors experiment. Microwave discharge 
The studies presented in this thesis are, somehow, limited by the fact

certain excited sta
selection rules that apply to optical transitions. A desirable exhaustive study of all 
possible states is, thus, impossible. One solution would be to create other 
and this can be achieved if we apply a microwav
interacting with synchrotron light. Simultaneously, the discharge can produce other 
species such as free radicals that can be investigated by PIFS as well. 

 
 A feasibility study to combine discharge and synchrotron radiation excitations was 
done during my stay at the University of Southampton in the Photoelectron 
spectroscopy group of Prof. J. M. Dyke and can be consulted in [1]. 
 
Fluorescence photoion coincidence studies 
 An experiment can be considered complete when it is able to detect all the products 
of the studied process. Thus, the combination of different techniques has been and it is 
nowadays, the goal of many research groups. Photoelectron-photoion and photoion-
photoion coincidences have already meant an important step in that direction [2]. More 
difficult though are the coincidences with photons because of their low collection 
efficienc
experiments have been carried out. 
 Now our group, in collaboration with the team at the Elettra Gas phase beamline, has 
decided to perform FPICO measurements at the light of the high fluxes of the modern 
beamlines, wit
[
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