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Abstract 
 

This Licentiate thesis presents research accomplished at the Section of Atomic and 
Molecular Physics at the Royal Institute of Technology in Stockholm using photon 
induced fluorescence spectroscopy (PIFS) during the last two years. 

 
The main results presented are summarized: 
 
- Neutral photodissociation in CO was observed after synchrotron photon excitation 
in the range 19-26 eV by collecting dispersed fluorescence from excited neutral C 
atoms. Follow-up ab initio calculations point out CO Rydberg series converging to 
the CO+ C and D states as precursors. 
 
- The branching ratio between N2

+ (B-X) (v’=1,v’’=2) and (v’=0,v’’=1) transitions 
in the 20-46 eV energy range reveals strong non-Franck-Condon effects. Ab initio 
calculations indicate that the autoionization of certain superexcited states are 
responsible for some of the structures present in the branching ratio curve, 
confirming the important role of non-Rydberg doubly excited resonant states 
(NRDERS) in de-excitation processes above the ionization potential. 

 
- Photon induced neutral dissociation processes in NO are reported. Neither 
Rydberg series nor other molecular states in NO known so far can account for the 
collected data. From ab initio calculations more information regarding the NO 
precursor states and the mechanism behind the observed neutral dissociation were 
obtained. 

 
- The details of a new experimental set-up for gas phase fluorescence 
measurements using synchrotron radiation are described. It is able to perform 
simultaneous measurements of dispersed and total fluorescence in the visible range. 
The first results obtained with this set-up are presented, concerning fluorescence 
after excitation of the N2 molecules in the N 1s edge. 

 
These four studies conform the set of papers enclosed in the Licentiate thesis. 
 
Finally a pre-study to further apply PIFS to species previously excited by microwave 

discharge is included as future plans. 
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SHAPE OF MY HEART 

He deals the cards as a meditation  
And those he plays never suspect  

He doesn't play for the money he wins  
He doesn't play for respect  

He deals the cards to find the answer  
The sacred geometry of chance  

The hidden law of a probable outcome  
The numbers lead a dance  

 
I know that the spades are swords of a soldier  

I know that the clubs are weapons of war  
I know that diamonds mean money for this art  

But that's not the shape of my heart  

 
He may play the jack of diamonds  

He may lay the queen of spades  
He may conceal a king in his hand  

While the memory of it fades  
 
 

 

I know that the spades are swords of a soldier 
I know that the clubs are weapons of war 

I know that diamonds mean money for this art 
But that's not the shape of my heart 

 
And if I told you that I loved you 

You'd maybe think there's something wrong 
I'm not a man of too many faces 

The mask I wear is one 
Those who speak know nothing 

And find out to their cost 
Like those who curse their luck in too many places 

And those who fear are lost 
 

I know that the spades are swords of a soldier 
I know that the clubs are weapons of war 

I know that diamonds mean money for this art 
But that's not the shape of my heart  

Sting
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1. Introduction 
 
It was not until the theoretical foundations were established only a century ago with 

the birth of the quantum mechanics [1, 2, 3] that any attempt to understand matter was no 
more than a vague approach. One of the reasons was that, unfortunately, the well-known 
laws of classical mechanics could not be applied to the microscopic world and new 
concepts had to be taken into account. Since then an incredible effort has been made to 
characterize and understand the properties and dynamics of atoms and molecules.  

 
The aim of this work is to describe photon induced fluorescence spectroscopy using 

synchrotron radiation and how it has been implemented in our group for the study of 
simple gas molecules. 

 
- Chapter 2 illustrates the basics of the technique and what relevant information can 

be attained from those studies. Terminology and processes that appear throughout 
the thesis will also be presented in this section. 

 
- Chapter 3 shows how this technique has been put into practice. After an 

introduction to synchrotron radiation and a characterization of the different beam 
lines used for the experiments, a detailed report of the set up will be provided. 
Especially enlightening will be the discussion and evolution of the set up to its 
new configuration. A description of the data analysis procedure and an 
enumeration of steps to follow in an experimental session are included too. 

  
- Chapter 4 focuses on the obtained results by this technique. The studied molecules 

are CO, N2 and NO for the case of UV excitations and N2 for X-ray excitations. 
 

- Chapter 5 finally shows the guidelines for potential experiments using two 
excitation sources at the same time: microwave discharge and synchrotron 
photons. 

 
 
It is important to mention that this thesis is mainly based on experimental work. 

Thus, theoretical discussion of phenomena is almost omitted. When the author considers 
a further description necessary, references are included.  
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2. Theoretical background 
 
Investigation of the electronic structure and dynamics of atoms and molecules is a 

very active field of research nowadays. Determination of the electron distribution around 
the nuclei for a certain state and how it changes by external influences such as collisions 
or electromagnetic fields provide a key information to understand chemical reactions and 
many other phenomena. 

 
The development of synchrotron radiation as the excitation source together with 

different spectroscopic techniques such as photoelectron spectroscopy, mass 
spectroscopy and more sophisticated coincidence techniques have meant a great step 
forward in our knowledge of atomic and molecular properties [4]. Particularly, photon 
induced fluorescence spectroscopy (PIFS) using synchrotron radiation has been utilized 
for several years [5], showing to be an excellent tool to obtain insight into the structure 
and dynamics. 

 
This chapter deals with the description of PIFS, its pros and cons and the different 

processes that we have studied by this technique. 
 

2.1. What is photon induced fluorescence spectroscopy (PIFS)? 
 

A simple description that can be generalized to any other experimental technique is 
the following: 

“Providing a known input to our system, we will observe its reaction collecting the 
outcome. If we are able to relate that answer with the initial “excitation” we will be able 
to infer something about the characteristics of the system.”  

 
This is exactly what photon induced fluorescence technique consists of. Our input 

will be the photons coming from a synchrotron radiation source, our system will be 
simple gas molecules (for the sake of clearness from now on we will talk exclusively of 
molecules, the scope of this licentiate) and our output will be again photons but this time 
coming from molecular or atomic fluorescence.  
 

The next question to be answered is what kind of information can be obtained from 
such studies. Recalling that our systems are no more than electrons and nuclei, we can 
expect to find out: 

- How electrons and nuclei are distributed within the system. 
- How these electrons and nuclei behave in time. 
 

This turns out to be the same thing as discovering the “state” of our system. The 
state of a molecule comprises information of the distribution of electrons in different 
orbitals and the nuclear motion (vibrational and rotational). Thus, once the state is 
identified, all the properties of the molecule are known. Unfortunately, this technique can 
only yield part of the pieces of this puzzle. 
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A fundamental characteristic of quantum systems is that, contrary to the continuous 

behavior of the properties of classical systems, the transition from one state to another 
takes place in discrete steps. Hence, any change in the system corresponds to one or 
several discrete jumps in the vibrational, rotational or electronic properties, leading the 
molecule to a different state.  

Another important characteristic is that all transitions have a certain probability to 
occur which depends on the properties of the initial and the final states. That will decide 
which excitation and decay processes take place and which not take place. 
 

In the case of our experiments we initiate these transitions with the absorption of 
photons. This perturbation will modify the state of our system leading to a new state that 
after certain time will get rid of all or part of the extra energy. These possible processes in 
which the system releases the excess of energy are called decay mechanisms and are 
enumerated below:  

electron emission,  
fragmentation, 
fluorescence or  
a mixture of them. 

 
In the case of decay by fluorescence emission, PIFS allows to determine the excited 

state and the corresponding final state involved (dispersed fluorescence experiments). 
 
But why is detection of photon induced fluorescence more desirable than other 

spectroscopy techniques? Apart from the mentioned capacity of determining the initial 
and final states of an optical transition, the advantages derived from this method are 
basically two if compared with others that collect charged particles: 

The resolution in the fluorescence channel is not limited by the excitation 
bandwidth. 
In the case of studying processes where neutral fragments are involved, no ion or 
electron collection technique is possible. 

 
On the other hand,  

There are processes in which fluorescence is not produced and some other decay 
channel occurs. 
Not all molecular states can be populated by optical transitions (selection rules 
[6]). Thus, a complete investigation of all possible molecular states cannot be 
carried out. However, this deficiency reduces the possible states involved, 
simplifying the analysis of the obtained spectra. 

 
 
 
Now we will describe in more detail the studied processes in this licentiate. They 

will be divided according to the range of the excitation energy for which they play the 
most significant role [7]. 
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2.2. UV excitations 
 

The UV range covers energies from 10 eV to 50 eV. This energy is enough to excite 
electrons from valence or inner valence orbitals above the ionization potential, i.e. to 
remove those electrons from the molecule. 
 
2.2.1. Excitation mechanisms 

 
These are the possible scenarios after the molecule has absorbed a UV photon: 

 
Direct Ionization 

The molecule undergoes direct ionization since the electron is excited with energies 
enough to surpass the potential barrier that trapped it to the molecule.  
 
Superexcited state 

 It may also occur that the molecule utilizes the energy to reach what is called a 
superexcited state. These states appear as temporary configurations when atoms or 
molecules are excited above the ionization potential. By nature they are unstable due to 
their coupling with the electronic continuum, so after a certain time they will decay. In 
molecular systems where the number of possible de-excitation mechanisms is larger, 
these states relax through four different channels: autoionization (electronic continuum), 
neutral dissociation (nuclear continuum), photon emission and ion-pair formation [8]. 
 

 

A* + B + 
A +  + B* 

Superexcited 
States 

Ground State (g.s.) 

PREDISSOC. 

I.P. 

AB +  g.s. 

(AB + )* 

Diss. 

N. Diss. 
A* + B 
A + B* 

I.Diss. 
A +  + B - 

Synchrotron Light  
Excitation 

A* + B + 
A +  + B* 

States 

AUTOIONIZ. 

Ground State (g.s.) 

I.P. 

AB +  g.s. 

(AB + )* 

Diss. 

N. Diss. 
A* + B 
A + B* 

I.Diss. 
A +  + B - 

Synchrotron Light  
Excitation 

 
Fig. 1. Photoionization and photodissociation processes above I.P 

 schematized for a diatomic molecule. [9] 
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2.2.2. Decay mechanisms  
 

From the cited mechanisms we will focus our attention in autoionization and neutral 
dissociation since they have higher transitions probabilities and at the same time they are 
the ones implicated in the presented papers. 

 
Autoionization 

The molecule in the superexcited state (AB)* decays by emission of an electron: 
 

ABX + hν  (AB)*  AB+ + e- 
 
This ionic state can still be excited and might undergo further de-excitation emitting 

fluorescence that can be collected by PIFS. This is the situation for the study of paper II. 
 

i’’ 
  

l’ 
  

j’ 
  

AB+
 

i’’ 
  i’’ 
  

(AB)* 

ABx 

direct ionization 
 (e-detection) 

fluorescence 
(photon detection) 

Autoionization 

l’ 
  l’ 
  

j’ 
  

 (e-detection) 

 
 

Fig. 2. Autoionization  vs. direct ionization. [10] 
 

Knowledge of the processes involved can be obtained through the relative population 
of the detected ionic states if any change in this relative population is observed for 
different excitation energies. When those ionic states are reached by direct ionization no 
dependence on the energy is expected. This affirmation is connected to the Franck-
Condon principle [11,12] that states that: 

“the electron “jump” in a molecular transition takes place so rapidly in comparison 
to the vibrational motion of the nuclei that immediately after the electron “jump” the 
nuclei still have very nearly the same relative position and velocity as before the” jump. 

Hence, any variation will indicate that there is any other process involved which may 
preferentially populate one state or another. Population of superexcited states for certain 
excitation energies that autoionized to the mentioned ionic states can account for those 
deviations, also called non Franck-Condon effect. 
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Neutral dissociation 
In competition with autoionization, neutral dissociation may also occur as a decay 

process. In this case the molecule splits into several neutral fragments because, either the 
superexcited state is of anti-bonding nature or it is crossed by a dissociative state, so the 
nuclei can no longer stay together and the molecule breaks apart.  

 
ABX + hν  (AB)*  A* + B 

 

 
 
It may happen that any of the neutral fragments remains excited and fluoresces. The 

fluorescence collected is a fingerprint of the atomic or molecular state involved. 
 
This will be the kind of process investigated in papers I and III. 
 

2.3. Soft x-ray excitations 
 
Here, the excitation photons are energetic enough to affect any electron from the 

molecule and even the ones in the innermost orbital, the core electrons, can be removed. 
Soft X-rays comprises energies ranging from 50 eV to some keV. 
 

Apart from the mechanisms described before, a new group of phenomena appears. 
They receive the general name of Auger processes [13] and they are implicated in all 
possible dynamics of core excited molecules. 

 

 

A* 
 + B X 

A 
 

(AB)* 

detected 
fluorescence 

Curve crossing 

and dissociation 

ABx 

A* 
 A* + B X 

A 
 

Fig. 3. Neutral dissociation. [10] 
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2.3.1. Auger decay 
 

The creation of a core hole by core-level photoabsorption deposits a great amount of 
energy in the molecule. Therefore, fast relaxation processes (in the order of 10-15 
seconds) 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 to an ejected electron or emitted as a photon. 
When the electron carries the energy, the process is known as Auger decay. 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) [14]. See figure 4. 
 

Normal Auger decay can be described as the ejection of the core electron to the 
continuum (using excitation energies higher than the threshold for core excitation) 
followed by an Auger electron ejected when an outer electron fills the core hole. Hence, 
two electrons are promoted to continuum; the Auger electron and the core electron, 
giving rise to a doubly charged molecular ion. 
 
Resonant Auger decay refers to the Auger-like decay of core-excited molecules and 
covers several processes 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 while if it stays in the valence region it is called spectator Auger decay. Hence, the 
participator final states (1h) are usually found at lower binding energies than the spectator 
final states (2h 1e). 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 

 

Participator Spectator 

hν Resonant 
Auger 

Normal 
Auger 

 
Fig. 4. Normal and resonant Auger processes. 
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where the core electron is promoted to an unoccupied valence orbital the participator 
decay process can also occur.  
 

This new intermediate state generally suffers further de-excitation, yielding 

- Fluorescence 

- Fragmentation into neutrals and ions 

- Second-step Auger emission, if it is energetically possible 

As long as fluorescence is emitted, PIFS can be applied and information of the 
dynamics can be obtained.  
 

It is significant to mention that the application of PIFS to the core excited studies is 
fairly novel. Paper IV will show some results for the case of N2 core excitations.  
 

2.4. Computational methods 
 
The theoretical work presented in papers I to III has been performed by L. Veseth 

[15] 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 [16]. 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 noninteracting 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 

 ,  )()()(
2
1                    2 rrrv iiieff φεφ =



 +∇−  

with the effective local potential veff(r) defined by 

 .  )(
|'|

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

given by ∑
=

=
N

i
i rr

1

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

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 Kohn-Sham 
orbitals is that configuration interactions are generally reduced, so that molecular excited 
states may be ascribed to single dominant configuration. 
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3. Experimental Method 
 

This chapter is divided into the following sections: 
First we will have an introduction of our source of excitation photons: the 
synchrotron light. 
In second place the experimental chamber and its collecting system will be presented. 
Thirdly the data analysis will be described. 
At the end a step-by-step procedure explaining how an experiment is carried out will 
be included.  

 

3.1. Synchrotron Light 
 

The name comes after the type of machine that generates this light, a synchrotron. 
This machine is an electron storage ring, which is kept at ultra high vacuum 
(approximately 10-10 mbar). Inside, the confined electrons travel at speeds higher than 
99.99% the speed of light, c ≈3x105 km/s. These electrons are forced by magnetic fields 
to bend at some points to follow the circular shape of the ring. There, the electrons emit 
radiation in the forward direction. A much more detailed and advanced description of the 
synchrotron radiation and synchrotron facilities is widely available in the literature 
[17,18,19]. However, it is important to point out the reasons for the utilization of 
synchrotron light as excitation source. 

- There is no other source that can provide photons in a wide energy range from a 
few eV up to several keV. 

- All the intermediate energies can be tuned so any energy desired within that range 
can be obtained. 

- It is able to provide high intensities. 
 

Basically these three aspects make synchrotron radiation light superior to any other 
photon source. 

 
The research in this licentiate has been performed at two different synchrotron 

facilities: MAX in Lund, Sweden and Elettra in Trieste, Italy.  A summary of the 
characteristics of the beam lines used for the experiments is presented below. 

 
 

3.1.1. MAX 
 

The MAX facility consists of three different storage rings; one under construction 
(MAX III), which will operate at 700 MeV providing a source in the UV range, and two 
currently operative ones (MAX I and MAX II). MAX I is a 550 MeV electron storage 
ring in operation since the mid eighties. MAX II is a 1.5 GeV third generation electron 
storage ring for synchrotron radiation. Table I shows the main storage ring parameters of 
MAX I and MAX II. 
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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 
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. Main technical data of MAX I and MAX II storage rings. [20] 
 

Each of the rings has several beam lines, i.e. stations were the experiments are 
carried out. In our case we will focus our attention in two of them: 
 
 
Beamline 52 in Max I 
 

MAX I beam line 52 (BL 52) is based on a bending magnet. A summary of the main 
technical data about BL 52 is provided in Table II. The synchrotron light generated at the 
bending magnet hits a gold-coated spherical mirror 10 m away from the source. This 
mirror focuses the radiation onto the entrance slit of a 1 m normal incidence 
monochromator with a grating groove density of 1200 l/mm. Both the spherical mirror 
and the monochromator are kept under ultrahigh vacuum conditions (~10-10 mbar). The 
normal incidence monochromator (NIM) provides photons in the energy range of 5 to 35 
eV. 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 via a differential pumping stage. The light spot area at the focus 
point of the toroidal refocusing mirror is around 1 to 2 mm2.  

 
The differential pumping stage permits measurements on gases as well as on solids 

[21], since in this stage the pressure is kept at 10-8 mbar by a cryopump. Fig. 5 presents a 
schematic of MAX I BL 52. 

 
 

MAX I Beam Line 52 
Technical Data: 

 

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 main technical data from MAX I BL 52. [22] 
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Fig.5. Schematic view of the MAX I BL 52. The different optical elements  
installed in the beam line are indicated. [23] 

 
 
The measured photon flux spectrum provided by BL 52 is presented in Fig. 6. This 

spectrum is measured using a Si-diode. The photon flux is peaked at 550 Å giving around 
1010 photons/s with 200 µm slits at 100 mA ring current. Under these conditions the 
bandwidth of the generated radiation varies between 60-120 meV in the 15 to 35 eV 
energy range. At wavelengths longer than 1000 Å there is a considerable contribution 
from higher order light.  

 
 

300 400 500 600 700 800 900 1000 1100
0

2

4

6

8

10

12
 

 

Fl
ux

 (p
ho

to
ns

*1
09 /s

)

Excitation energy (Å)
 

Fig. 6. Photon flux from MAX I BL 52. [23] 
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Beamline I4.11 in Max II 
 

This beam line uses a high brilliance undulator photon source to produce soft X-rays. 
The usable photon energy range in this beam line is from 50 to 1500 eV and a modified 
Zeiss SX-700 plane grating monochromator disperses the radiation. In this beam line 
experiments can be done in gas phase, in metal vapors, liquids and thin films using a 
wide range of spectroscopic techniques due to the features of the end station [24]. A 
summary of the main technical data about beam line I411 is provided in Table III below.  

 
Beam Line I411 Technical 
Data: 

 

Source: Undulator, period = 59 mm, 43 
periods 

Pre-focusing optics: Horizontally focusing spherical 
mirror 

Monochromator: Modified SX-700 with 1220 
l/mm grating and a plane-
elliptical focusing mirror 

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 from beam line I411. [22] 

 
 

The photon flux at the end station is summarized in Fig. 7.  
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3.1.2. ELETTRA 
 

ELETTRA is an Italian laboratory located in Basovizza in the outskirts of Trieste. 
The light is provided by a third generation electron storage ring, optimized in the UV and 
soft-X-ray range, operating between 2.0 and 2.4 GeV, and feeding over 20 beam lines in 
the range from few eV to tens of keV (wavelengths from near infrared to X-rays).  
 
The Gas Phase Beamline 
 

The Gas Phase Photoemission beamline at ELETTRA is devoted to the study of free 
atoms and molecules. An undulator U12.5 provides the light in this beamline. The 
monochromator is a variable angle spherical grating instrument (plane mirror and 
spherical grating between entrance and exit slits). The broad energy range (20-1000 eV), 
the high resolving power and flux together with the purpose built end-stations, make this 
facility ideal for investigating the spectroscopy and dynamics of basic processes like 
inner-shell and multiple excitations and ionization, as well as for characterizing key 
atmospheric processes, chemical reactions and preparation of new materials. 

 The following fluxes have been measured at the given values of resolving power, 
usually with entrance and exit slits of 10 microns. Higher resolving power can also be 
achieved at the cost of lower flux, for example 55,000 at 65 eV. 

 
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 IV. Resolution and Photon flux for the Gas phase beam line. [25] 

 
A scheme of the optics inserted in the beam line is shown in fig. 8. Further 

information can be obtained in ref [26] 

 

 
Fig. 8. Scheme of the gas phase beamline. [25] 
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3.2. An experimental station for PIFS 
 

This section presents the different experimental set-ups used during the experiments 
reported in this licentiate. A short description of the previous designs will lead naturally 
to the new configuration (fig. 9) that is explained in detail, stressing its capabilities and 
its performance. 

  
In order to have a clear picture, the description has been divided in three parts. 

 
 
3.2.1. Chamber 
 

It consists of two different components: 
- The first one is the differential pumping stage to achieve the low vacuum 

pressure needed to attach the station to the high vacuum of the beam line. A 
bellow acts as bridge between the station and the end of the line allowing 
alignment of the chamber. 

 
- The second element is the experimental chamber. This piece is a 5 ports 

chamber that has attached gas inlet system, pumps, pressure gauges and exit 
window for fluorescence. Also detecting devices, such as a diode for photon flux 
measurement, a photomultiplier for total fluorescence yield and optical system to 
collect fluorescence are plugged in. The fact that all these devices can be utilized 
at the same time in such a simple chamber makes the new station really a versatile 
equipment. 

  

Differential  
pumping stage   

 

  CCD   

Chamber   

Presure  
gauges  

Pumps   

Synchrotron  
radiation   

JY - HR460  

 
Fig. 9. Schematics of the experimental chamber for PIFS. [Paper IV] 



 

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 to the excitation photons and keeps the necessary gradient in 
pressure between chambers. 
 
3.2.2. Collecting system 
 

Once the dimensions of the chamber are fixed, the most delicate step is to decide 
how fluorescence should be collected from the interaction region. 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. Some attempts can be found in 
reference [23]. Here the main configurations are discussed briefly, remarking the “pros“ 
and “cons” of each of them. 
 
a) Collinear geometry 

This configuration was used for quite a long time and it collects fluorescence in the 
same direction as the synchrotron beam. Its primary advantage is that the interaction 
region from where fluorescence is collected is large but, at the same time, stray light from 
the synchrotron beam when hitting the exit window is not easily avoidable. To remove 
the unwanted fluorescence that is produced, the adopted solution was to measure each 
spectrum twice, once with and once without the sample in the chamber so that the 
background could be subtracted.  This approach was very time consuming and also the 
posterior treatment of the data became more tedious since double number of spectra had 
to be normalized. 
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. 10. Collinear geometry, where the fluorescence of collected in the same  
direction than the synchrotron beam.  
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e arrangement used for paper I in the study of the neutral fragmentation of 

lar geometry 
ctor is vital in synchrotron radiation experiments since it is not easy to get 

 it was determinant to redesign the collecting system. The perpendicular 
the obvious choice. Now fluorescence is collected from a small point and 
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CCD
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Mirror

 
 

Fig. 11. Perpendicular  geometry. [25] 

the collection efficiency becomes crucial. First attempts suggested a collecting system 
consisting of a spherical mirror placed at its focal distance from the interaction point as 
the most suitable arrangement reaching a compromise between the covered solid angle 
and the expenses. Finally and in a similar way as in the collinear situation, an external 
lens would focus the collected signal to the entrance of the spectrometer [27]. 
 

In order to compensate the loss of 
intensity due to the smaller interaction region, 
the gas was introduced just above the 
collecting point making use of a nozzle. This 
modified gas inlet system should provide 
pressures at the exit of the nozzle 
approximately two orders of magnitude 
higher than the pressure in the rest of the 
chamber. 
  

Tests have shown that the collected 
intensity is comparable with the one obtained 
in collinear geometry. However, the 
collecting efficiency showed to be very 
dependant on the alignment of the whole 
system, making it a delicate step. Anyhow, 
the improvement in the acquisition time by a 
factor of two induced us to opt for this 
geometry. 
 

Experiments on papers II and III were 
carried out with this set-up. 

 
 
c) New collecting system 

Eventually the difficulties with alignment were solved and the collection efficiency 
optimized adding an extra lens. Now an inbuilt optical cell is included. 
 

A scheme of the collection system can be seen in Fig. 12. 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. The cell consists 
of a stainless steel cylinder placed so that its axis is perpendicular to the direction of the 
synchrotron beam. Inside, two holders in the direction of the axis of the cylinder with a 
lens and a spherical mirror respectively (L1 and M1 in Fig. 12), conform the first optical 
system and are used for dispersed fluorescence collection. They are placed so that the 
interaction region (IR) is at the focal distance of the lens and at the center of curvature of 
the mirror. This scheme yields a parallel light beam of 25.4 mm diameter that goes out of 
the chamber through a fused silica window and is then focused into the entrance slit of 
the spectrometer with another fused silica plane-convex lens (L3 in Fig. 13) of 25.4 mm 
of diameter and 125 mm of focal distance. This arrangement images the IR without 



 

magnification on the entrance slit of the spectrometer, matching fairly well with the 
spectrometer f-number (5.3) and collects nearly 13 % of the total emitted solid angle.  

Perpendicular to the beam and the axis of the cylinder another optical system of a lens 
and a spherical mirror is placed (L2 and M2 in Fig. 13). L2 is a 12.7 mm diameter, 12.7 
mm focal distance UV grade fused silica biconvex lens and M2 is a 12 mm diameter, 12 
mm focal distance spherical mirror. Using the same principle, they are placed so that the 
IR is at the focal distance and at the center of curvature from the lens and the mirror, 
respectively. The light collected is out of the window and then focused by another lens 
Nozzle 

Synchrotron 
radiation 

Interaction 
region 

L2 

M2  
Fig. 13. Cross section view of the optical cell in a plane 

perpendicular to the axis of the cell. [Paper IV] 
 

To the  
Spectrometer 

To the PM tube 

M1 M2 L1 

L2 

L3 

Fig. 12. Cross-section view of the optical cell inside the chamber in a plane perpendicular to the 

synchrotron radiation beam. [Paper IV] 
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into the PM tube. This system collects almost 25 % of the total emitted solid angle. 
 
The sample is projected to IR by a nozzle of 0.5 mm inner diameter screwed to the 

cylinder (see Fig. 13). This acts as the only entrance for the gas whereas the holes for the 
beam are the unique exit, so the cylinder constitutes effectively a gas cell. 
 

 
 

Dispersed Fluorescence 
 

Undispersed Fluorescence 
 

Lens L1 
 

Lens L2 
 Diameter 
 Focal distance 
 Material  

= 25.4 mm 
= 25.4 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 

 
Spectrometer focusing lens L3 

Diameter 
Focal distance 
Material               

 = 25.4 mm 
= 125 mm 
UV Grade Fused 
Silica 

 

 
Table V. Description of the characteristics of the optical elements used in the 

experimental set-up. [Paper IV] 
 

 
The alignment of the optics in the cell 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 only 
alignment needed when performing an experiment is with respect to the excitation light 
and this can be done effectively with the new homemade holder. For further details I will 
refer the reader to paper IV. 

 
 

The first measurements and results obtained with this set-up will be presented in 
chapter 4 where results from dispersed fluorescence of the N2 molecule around the N1s 
edge are included. 
 

For further details I will refer the reader to paper IV. 
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3.2.3. Spectrometer and CCD detector 
 

Once the fluorescence is collected it is sent to our recording system. An HR46 
spectrometer from Jobin Yvon disperses fluorescence in the 300-1000 nm range. 
Equipped with 600 and 1200 l/mm gratings it is capable of a resolution of 1Å [28]. The 
dispersed fluorescence reaches a CCD (charged coupled device) position sensitive 
detector, which allows the recording of the entire spectrum in one shot. This particular 
CCD system has a detector size of 25 mm x 8 mm divided into 1024x256 pixels allowing 
high detection efficiency together with a low level of dark current which is obtained with 
a liquid nitrogen cooling system. Acquisition software also manufactured by the same 
company performs the configuration and control of the spectrometer and CCD as well as 
the recording of the spectra. All these features make this instrument convenient and 
flexible enough to our purpose. For more details the reader is referred to [28] or to Jobin 
Yvon web page [29]. 
 

3.3. Data analysis 
 

Once the data are recorded it is time for analysis. This is a stage that differs from 
some experiments to the others, but the common points are listed below: 

• First step to do is to normalize results to factors such as pressure, ring current and 
quantum efficiency of the collecting system. 

• Usually all the spectra have to be checked and cleaned from spikes caused by 
cosmic rays hitting the CCD. 

• Next point is to adjust a baseline to all measurements and subtract the 
background.  

• Relative population densities of the 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. 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.  

• The mean spreading of the background or the accuracy of the fitting is used to 
give the uncertainty of our spectra. From them, error propagation is performed to 
assign error bars to the calculated intensities. 

 
Finally, the treated data will be used for the calculation of certain properties 

depending on the purpose of the experiment: 
 

In the case of autoionization the comparison of relative populations, i.e. relative 
transition intensities, is our goal. The ratio between them is called the branching ratios 
and it can be inferred using 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. [30] and therein). Study on N2 in paper II puts this 
procedure into practice. The Franck-Condon factors and frequencies were obtained from 
ref [31]. 
 

In the case of neutral dissociation we want to know at what energies and with which 
intensity neutral fragments are created. The conventional way of presenting these studies 
is plotting the intensity of a transition from a neutral fragment against excitation energy, 
graph that is known as excitation function. Examples can be seen in papers I and III. 

 

3.4. Experiment  step-by-step 
 

This final section has the aim of illustrating the whole experimental process. Thus, 
the following list enumerates all the different steps and provides useful advices based on 
the experience of the group. 
 
1. Checking the alignment of the collecting system, i.e. the optical cell, with respect to 

the capillary. This is done with the help of a laser. 
 
2. Mounting and pumping down the station. The pressure to be reached before opening 

the differential pumping stage to the beam line must be around 10-7 mbar. 
 
3. Alignment of the station with respect to the beam. This is done in three steps:  

• Visual alignment using white light (zero order in the monochromator) to check 
that the beam goes through the capillary. If the beam line cannot provide white 
light, the head of the capillary and the exit windows are covered with a thin layer 
of sodium salicylate that fluoresces with UV photons.  

• This rough alignment is further improved using an UV sensitive diode until the 
detected current is maximum. 

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

+. 
 

4. Minimizing stray light collected by the spectrometer to reduce background. The 
equipment is covered with thick black clothes to prevent ambient light to reach the 
entrance slit of the monochromator. 

 
5. Characterization of the photon flux of the beam line with a gold mesh or a diode. 

With the monochromator at zero order we can obtain the energy shift of the beam 
line. 

 
 
6. Acquisition of a two-dimensional spectrum with the CCD camera. It will allow to 

correct tilting problems in the CCD and to precisely determine what percentage of the 
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area of the CCD is being illuminated. The reduction of the effective area used in the 
CCD without loosing intensity will improve the signal to noise ratio and the 
acquisition time. 

 
7. Settings for the collecting software. Some advises based on the experience show that: 

Acquisition time should be long enough to observe fairly well the fluorescence 
transition. The number of acquisitions should be decided to have a reasonable signal 
to noise ratio. The mode of operation is optimized for cosmic removal (routine to 
remove spikes produced by cosmic rays) and not dark offset subtraction (noise 
background that is always present in the CCD camera because of the dark current). 

 
8. Data acquisition for normalization purposes. Our measurements are influenced by 

several factors that have to be taken into account: 
• For a fixed excitation energy, variations of pressure and changes in the photon 

flux of the beam line due to the normal degradation of the ring current have to be 
corrected for if absolute intensities or any comparison between spectra are 
required. In this case, the recording of total fluorescence yield measurements, 
using diodes or photo-multipliers can be used for normalization. 

• In the case we have measurements for different excitation energies, data have also 
to be normalized by the energy profile of the beam line. 

• Also the influence of the spectrometer and CCD camera has to be removed. The 
quantum efficiency for different regions and calibration in the case of the 
spectrometer and the performance of the CCD camera will affect our results so 
they have to be characterized in advance. The software controlling both 
instruments has implemented functionalities to correct some of these effects. 
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4. Results 
 

As previously mentioned the dispersed fluorescence technique has been applied to 
different experiments, which are presented in two groups: 

- UV excitations, that comprises the experimental papers I to III included in this 
licentiate. Here, studies on CO, N2, and NO will be shown. 

- Soft x-ray excitations, that illustrates the performance of the new experimental 
chamber for PIFS studies with preliminary results on N2 molecules (paper IV). 

 

4.1. UV excitations 
 
4.1.1. CO 
 

We have studied dispersed fluorescence 
in the range 400-1000 nm from CO excited 
by photons in the range hνexc =19-26 eV. 
Neutral dissociation was observed through 
emission from the levels CI 3p (3S, 3P, 1D) 
and the associated excitation functions were 
measured. The functions associated with 
the two triplet levels show maxima close to 
the superexcited CO Rydberg series R(C) 
and R(D) which should play an essential 
role as precursors of the neutral dissociation 
of superexcited CO levels.  Ab initio 
calculations have been performed in order 
to identify electronic CO states that tend to 
play an important role in the observed 
neutral dissociation processes. 
  

Figure 14 shows measured excitation 
functions of the CI levels 3p(3S, 3P, and 1D) 
formed in neutral dissociation of CO. The 
positions of possible precursor levels 
belonging to the CO Rydberg series R(C) 
and R(D) are indicated in the figure. The 
arrows marked “threshold” shows the 
calculated excitation energy of the 
respective level from the CO ground state. 
This threshold coincides with the 
appearance of the emission for  3S and  3P  
but not for 1D. 
 

Fig. 14. Excitation functions of the CI levels 
3p(3S, 3P and 1D). [Paper I] 



 

4.1.2. N2 
 

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

photoexcitation of N2 in the 20-46 eV energy range (fig. 15). The branching ratio 
between these transitions shows strong non-Franck-Condon effects for certain excitation 
energies, revealing the participation of superexcited states in the ionization process. Apart 
from direct ionization, the autoionization of these states increases unevenly the 
population of the different vibrational states, leading to some of the observed features. Ab 
initio calculations using a configuration interaction method based on Kohn-Sham orbitals 
indicate 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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4.1.3. NO 
 

We have studied the near-infrared fluorescence from nitric oxide excited by 17.2-
25.8 eV photons (paper III). The intensities of thirteen resolved multiplets of NI and OI 
are studied as a function of the excitation energy. 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 in order to make an attempt at identifying 
the actual NO states responsible for the observed neutral dissociation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 16. Atomic emission from N and O fragments after neutral dissociation of NO 

 as a function of the excitation energy. Blow up of one of the O 3p 3P -> 3s 3S0  
transitions showing its excitation function. 

 
 

The calculations suggest that there are a number of previously unknown NO states 
with symmetries 2Σ+, 2Σ-,2Π and 2∆ in the energy range 17.1-21.3 eV which are 
responsible for the observed neutral dissociation of NO. Three new molecular NO+ 
emission bands are observed in a narrow excitation range (21.1-21.4 eV) and the 
calculations indicate that they are 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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4.2. Soft x-ray excitations 
 
4.2.1. N2 
 

Fluorescence measurements were performed at several photon energies around the 
N2 N1s threshold to observe how the fluorescence emission from neutral N atoms, N+ 
ions and molecular N2

+ behaved with excitation energy (paper IV). 
 

The intensities of the most intense peak of each type (868 nm peak of N, 500 nm 
peak of N+ and B-X band at 428 nm of +

2N ) – composed of two or three closely spaced 
transitions – are displayed with markers in Fig. 17 where they are further scaled to the 
total fluorescence yield. The latter was measured separately with the photomultiplier.  
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Fig. 17. Total fluorescence yield (solid line) and partial fluorescence yields of certain N*, N+ and N2

+ transitions (markers) 

around the N1s threshold of the N2 molecule. Total fluorescence yield was measured in several parts, which have been 

joined together after normalization to photon flux. [Paper IV] 
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Figure 17 shows that atomic fluorescence follows quite well the heights of the first 

Rydberg excitations (406-409 eV), then decreases monotonously across the N 1s 
threshold (409.9 eV) but is somewhat re-enhanced at core hole double excitations (413-
415 eV). There is some signal left at the shape resonance (420 eV). At hν=450 eV the 
fluorescence from the neutral N atom is barely visible. Since N1s photoionization still has 
high cross section at this photon energy [32], we can infer that above ionization threshold 
the atomic fluorescence is not related to direct N1s photoionization but rather to more 
complicated excitation processes such as double excitations.  

The N+ fluorescence signal also detects different Rydberg resonances, and shows a 
small bump just before the ionization limit. Above threshold it has all the time fair 
intensity. This can be easily understood by the fact that core ionization is followed by 
Auger decay that leaves the molecular ion in doubly charged states. The most expected 
outcome is then the dissociation of +2

2N  to ionic fragments due to Coulomb forces.  
The +

2N  (B-X) fluorescence shows a flat behavior across the N1s threshold, although 
it seems to become slightly enhanced at the core hole double excitations and at the shape 
resonance. The enhancement at double excitations may indicate double participator decay 
where both the excited electrons take part in the resonant Auger decay. The molecule 
would then be left in singly ionized valence hole states, similarly to the case of 
participator resonant Auger decay after the N1s →π* excitation [33]. The increase of the 

+
2N  fluorescence signal at the shape resonance, if there is any, is more difficult to 

explain. 
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5. Future Plans. Microwave discharge 
 

The studies presented in papers I, II and III are, somehow, limited by the fact that 
only certain excited states can be populated from our initial state, i.e. ground state, due to 
the 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 initial states and 
this is something we can achieve if we apply a microwave discharge to our sample before 
interacting with synchrotron light. Simultaneously, during the discharge other species 
such as free radicals are produced that can be also investigated by PIFS. 

 
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. John M. Dyke. Dyke’s group has a long experience using both excitation 
sources together for their PES studies of reactive intermediates [34].  

 
This chapter describes the set-up function used by the English group.  Then, a 

discussion of the most important factors to take into account for the implementation of 
such a technique in our group is given. 

 

5.1. Discharge set-up. 
 

Metastable states and radicals are created by a microwave source in a cavity where 
the discharge takes place. The microwave source, model Microtron 200 from Electro 
Medical Limited, works at a frequency of 2.45 GHz and provides power up to 100 watts. 
The cavity is a high-pressure air-cooled Evanson cavity preferred to other designs 
because of its characteristics and performance during discharge [35]. 
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Air cooling 
 system 
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Tunning Micrometric screws 

 
Fig. 18. Evanson cavity. [36] 

 
 

The cavity is attached to a Pyrex glass tube where the sample flows. A typical tube 
has a diameter of 1.2 cm approx. (standard for chemistry tubes) and a length ranging 
between 20 and 35 cm. Usually it is not a straight section but has at least one or two 
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elbows. The reason for this is to prevent electrons created in the discharge from reaching 
the interaction region. Another important point is that the tubes have to be specially 
coated with boric acid in order to protect the glass walls from the radicals produced 
during the discharge. 

The gas needed to sustain the plasma can be the pure sample under study or a mixture 
with noble gases such as Ar or He. Usually, this mixture improves the production of 
wanted species, stabilizing at the same time the glow. The gas pressure is a decisive 
factor for a proper function. Values ranging from 0.1 to 0.7 mbar are needed. 

Once the pressure is set and the microwave source switched on (power from 50 watts 
on) the discharge will be initiated with a spark produced by a Tesla Gun.  

For a further discussion about creation, structure and stability of microwave discharge 
the reader is referred to [37, 38]. 
 

This method to produce short-lived molecules in the gas-phase has the advantage that 
it is relatively simple to use but has the disadvantage that it is a rather uncontrollable and 
indiscriminate way to produce them. It also has the disadvantage that the molecules of 
interest are, for experimental reasons, produced at a relative large distance (typically >15 
cm) away from the interaction region. As a result, only relatively long-lived molecules 
can be studied in this way.  

 
Design criteria shows that sample pumping facilities are necessary to provide rapid 

transportation of the species to the interaction region with the synchrotron light. In a 
typical experiment a discharge pressure of ~0.1 mbar would be used with an extra sample 
pumping of ~700 l s-1. This results in transit times of the order of 1-10 ms for species 
produced ~250 mm from the interaction region. [39]. Figure 20 shows pumping power 
employed for experiments. Pressure in the interaction region of 10-5 mbar can be 
achieved with this arrangement.  

15cm 

20 cm 

Discharge 

Gas inlet 

Gas outlet 
 

 
Fig. 19. Scheme of dimensions and shape of a discharge tube. 
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Fig. 20. A cross-sectional view of the sample pumping system. P1 and P2 are 400 l s-1 turbopumps 
and P3 is a 1000 l s-1 turbopump. [39] 
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2. Feasibility study for PFIS. 

The creation of metastable molecules in the discharge is quite a simple task as long as 
 equipment is provided. Although the mentioned microwave source is no longer 
duced, there are other alternatives with the same characteristics available in the 
rket [36,40,41,42,43]. 

 
The cavity, the Pyrex glass tube and the port connecting the tube to the experimental 

amber are commercial as well. 
 
The main worry comes from the fact that the sample for study has to be created in 

fficient density so that it produces enough fluorescence after synchrotron radiation 
citation to be detected.  

Production in the discharge is the first parameter to take into account but as we 
have mentioned this mechanism is quite an uncontrollable process. 

 
Work pressure is also a determinant factor. We may think that higher pressures 
will favor the amount of metastable molecules produced, but it is only true up to a 
certain limit. Too high pressures will introduce quenching effects, i.e. interaction 
between molecules, and the metastable molecules will decay before reaching the 
interaction region.  

We will also have to consider the lifetimes of these excited states, so that they can 
be transported to the interaction region before their natural decay. Flow regime 
depends on the dimensions of the gas inlet system, the pressure and the pumping 
power. Calculations can be done to get an appropriate speed and a reasonable 
molecular density but they are far from being trivial. 
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Finally, discharge close to the interaction region will reduce the distance for the 
molecules to travel but on the other hand fluorescence coming from the discharge 
itself may be collected by our optical system masking all “real“ fluorescence. 

 
 
In summary, a compromise between all these factors has to be found. Here, I have 

merely enumerated the problems to take into account and how they are interrelated. For a 
quantitative discussion of the feasibility of this kind of studies the reader is referred to 
similar experiments using discharge. Investigations on excited O2 by discharge can be 
obtained from references [44,45,46,47,48]. 
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