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Comments on my own participation
This Thesis is the result of a teamwork involving a huge number of people, which is
common when dealing with large scale light source facilities as Elettra. My personal
contribution to the papers varied, as reported in greater detail below, focused for the
most on the instrumentations used.

For papers 1, 10 and 11 I was responsible for the detectors. In particular I was in
charge of performing a test run of the position sensitive detector in offline pre-beamtime
tests; mounting of the experimental chamber and alignment in the final beamline loca-
tion; vacuum leak testing; mounting of the floating voltage supply chain; helping in
setting up the readout electronic system. During the experimental runs I was in charge
of running the detectors, data acquisition, offline data analysis and providing Matlab
scripts. After the beamtimes, pre-processing of data in PEPICO and PEPIPICO config-
uration. Disassembly of the setup and storage in a vacuum enviroment of the detectors.

For papers 2 and 8 I did SIMION simulations for both the Velocity Map Imaging
position sensitive detector and Time-Of-Flight spectrometer according to the experi-
mental scientific specifications. Then I mounted a new position sensitive detector for
the VMI system and a shorter dirft tube for the TOF spectrometer. Again an offline
pre-beamtime test run of the position sensitive detector has been performed. Then
mounting of the whole experimental chamber and alignment in the final beamline lo-
cation. Vacuum leak testing, mounting of a floating voltage supply chain, helping in
setting up the readout electronic system. During the experimental run I was in charge
of running the detectors, data acquisition, offline data analysis by using Matlab scripts.
After the beamtime, pre-processing of data in PEPICO and PEPIPICO configuration.
Disassembly of the setup and storage in a vacuum enviroment of the detectors.

For paper 6 before the beamtime I took active part in the mounting of the newly
built recombination mirror chamber for pump and probe experiments. Then I prepared
the endstation for the experimental run with vacuum leak tests and bakeout of the beam
dump and recombination mirror section. During the time assigned for the beamtime
I was in charge of data acquisition, online data analysis and preliminary offline data
analysis. The cross-correlation measurement on helium targets for the estimation of the
FERMI pulse duration (reported in the chapter 5), is relative to the endstation charac-
terization performed in preparation of the measurements subject of this paper.

For papers 9, 12, 13 and 14 I designed the support frame for the detector chamber, as
well as an additional diagnostic stage (photodiode and pinhole on UHV manipulator).
Then I assembled the whole experimental setup, readout electronic and voltage supply;
performed vacuum test and alignment of the experimental chamber. In addition I took
an active part in the following beamtime activities: data acquisition, detector startup,
data analysis and discussion.

For papers 3, 4, 5, 7, 15 and 16, before the experimental runs I took active part in
the design and assembly of the UHV beam diagnostics installed for alignment and re-
focussing of the FEL beam in the LDM end station, as well as for spatial superposition
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of the optical beam for pump probe experiments. Then I prepared the endstation for the
beamtimes with vacuum leak tests and bakeout of the beam dump section. During the
shift assigned for the beamtimes I was in charge of data analysis acquisition, logbook,
online data analysis and preliminary offline data analysis.

However these publications reflect about only the 40% of the work done during
the doctoral project. This work also includes several unsuccessful beamtimes, offline
work for detector problem solving and a huge quantity of SIMION simulations. In
addition the theoretical investigation related to the autocorrelation measurements on
helium targets for the FERMI pulse duration (see appendix D) has been object of my
period spent abroad, at the Josez Stephan Institue in Ljubljana, in the group lead by Dr.
Matiaz Žitnik.
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Introduction

X-RAY and Ultraviolet photoelectron spectroscopy has nowdays become the most
used technique for studying the electronic properties of atoms, molecules, solids
and surfaces. In recent years, research devoted to the study of the electronic

structure of atoms, molecules and clusters by means of VUV and soft X-ray radiation,
has greatly benefited from the advance in new experimental methods. In particular new
generation high-brightness light sources such as Synchrotrons and Free Electron Lasers
have greatly increased the number of experiments and also the range of accessible phe-
nomena.
This doctoral project has been carried out at Elettra, Trieste, the Italian national syn-
chrotron radiation (SR) laboratory. It has been integrated into the activities of the local
Atomic and Molecular Physics group, which aims at studying the electronic structure
of isolated systems of increasing complexity such as atoms, molecules and clusters in
the gas phase.
Clusters are aggregates of atoms containing from few to a few thousand atoms. By
studying the properties of clusters, one obtains information on the early stage of the
growth of matter, and on the evolution of the properties towards the bulk.
At Elettra, the opportunity of combined access to the GasPhase beamline of the stor-
age ring and to the Low Density Matter beamline of the FERMI Free Electron Laser
(FEL) allows covering a wide spectrum of single and multiphoton processes by means
of advanced experimental techniques, for a thorough description of both energetics and
dynamics of isolated systems.
The collaboration between the Atomic and Molecular Physics group, and the Elettra In-
strumentation and Detector Laboratory, has resulted in a prototype set-up, built around
a Velocity Map Imaging (VMI) spectrometer, with the flexibility to perform SR as well
as FEL experiments, just by changing the last stage of detection:

SR setup
In SR experiments, at the GasPhase synchrotron beamline, a crossed-delay-line
detector is used, coupled to a 4-channel time-to-digital converter that reconstructs
the position of the electrons. It operates in tandem with a Time-of-Flight (TOF)
mass spectrometer, used to acquire photoion spectra.

1
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Introduction

Such a system allows PhotoElectron-PhotoIon-Coincidence (PEPICO) spectroscopy
of atoms, molecules and clusters, by correlating the kinetic energy and emission
angle of photoelectrons with ions of a specific mass;

FEL setup
FEL experiments notably differ from SR experiments in the much higher rate
of events produced and detected (per photon pulse), which usually forces one to
forfeit coincidence detection. At the Low Density Matter (LDM) beamline of the
FEL FERMI, an imaging plate consisting of a Micro Channel Plate (MCP) a phos-
phor screen and a CCD camera is used. The system is capable of shot-by-shot
collection of practically all events, albeit without time resolution. Additionally
femtosecond pump-and-probe experiments can be performed to access the elec-
tron dynamics.

Within this framework, the core of my experimental thesis is based on imaging and
electron-ion coincidence techniques to investigate the energetics, the angular distribu-
tion and also dynamics of electrons and ions emitted upon VUV irradiation of atomic,
molecular, and cluster targets, in parallel to a characterization of the light source used.
The basic components for performing an X-ray or UV photoemission experiment are:
a specimen to be studied, a radiation source, an electron spectrometer and detection
system. The development done in new radiation source requires a parallel development
in experimental methods, detection techniques, readout system and beam diagnostic
system. A general overview of these components is given in the first chapters of this
thesis work.
In particular the first chapter of this thesis is dedicated to a brief theoretical introduc-
tion on the electronic structure of atoms and rare gas clusters and also to photon-matter
interaction, focusing in particular on the photoionization process. In the last section of
this chapter a brief overview of the most used electron spectrometers is given.
In chapter 2 a brief description of SR and FEL radiation has been reported together
with the main characteristics of the two light sources.
Chapter 3 has been devoted to the description of principles of the VMI spectrometers
and TOF technique. Since this is an experimental thesis, chapters 4 and 5 represent
the core of this work. In chapter 4 a full description of the experimental setup has been
reported, where the SR setup has been also used for a preliminary test for the FEL setup
only by changing the last stage of the detection system. Then a description of the final
FEL setup is reported as well.
In chapter 5, a thorough characterization of both experimental setups has been per-
formed and presented, along with some recent results obtained with the purpose of ex-
ploiting the capabilities of the detection systems. In particular, a section of this chapter
is dedicated to helium clusters mass-correlated photoelectron images obtained with the
SR, by means of PEPICO spectroscopy. In this work detailed insight into the dynamics
of photoexcitation and ionization of pure He clusters has been gained; in particular we
have observed inelastic collisions of the outgoing photoelectrons with the surrounding
He atoms in the clusters.
With the same SR setup, but by means of the triple coincidence PhotoElectron-PhotoIon-
PhotoIon technique (PEPIPICO), the Interatomic Coulombic Decay (ICD) in rare gas
clusters has been studied and reported in a section of chapter 5. ICD is a decay channel
occurring in weakly bound systems, where electronic energy is transferred (via virtual
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Introduction

photon exchange) from an inner valence excited atom to a neighboring atom, which
releases it by emitting a low energy electron. Predicted theoretically at the end of the
last century by Cederbaum, ICD has been more recently confirmed experimentally and,
since then, it has become the subject of numerous studies. ICD in fact appears to play a
major role in a large numbers of systems; e.g. genetic radiation damage can stem from
ICD electrons produced in the aqueous environment of biological tissue, in fact low
energetic ICD electrons produced in an aqueous environment have been demonstrated
to be responsible for much of biological radiation damage. Experimental results on the
energy distribution of the electrons emitted in the ICD process in rare gas dimers are
reported.
In addition, chapter 5 includes also pump-and-probe experiments carried out with the
FEL setup on helium atomic targets. Here the setup has been exploited for the temporal
characterization of the FEL light of FERMI. In fact, photoionization of simple atomic
targets is usually one of the most used tools to characterize not only the detector re-
sponse, but also the properties of the incident light.
In modern light sources, the high brightness beamlines using undulator radiation are
the most sensitive to electron beam oscillations. The insertion of photon Beam Po-
sition Monitors (pBPM) is useful in order to provide those systems with important
information, such as photon beam position, absolute intensity and temporal structure;
furthermore, several beamline experiments require these data to be known in order to
give quantitative results.
Electron beam position stability has been intensively addressed in recent years by the
use of Fast Orbit Feedback (FOFB) based on electron Beam Position Monitors (eBPM);
conversely, beamlines have not been provided so far with a fast local control system
based on the information collected by the pBPMs. Those measurements are rarely used
to compensate for long term thermal drifts (of the order of minutes) or to adjust ex-
perimental data; recently, integration of pBPM information into the FOFB has been
proposed. Hence, for both diagnostics and calibration issues, several SR applications
require an in situ detector exhibiting high radiation hardness, fast response, homogene-
ity and possibily high transparency for X-ray absorption experiments.
Thanks to its unique physical and electronic properties diamond (see chapter 3) is the
most promising material for the production of semitransparent in-situ photon Beam
Monitors (pBM). A small section at the end of chapter 5 has been dedicated to illus-
trate preliminary results on Diamond Photon Beam Monitors.

3
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CHAPTER1
Basics of photoelectron spectroscopy

Atoms and molecules are the fundamental building blocks of matter. They are the
smallest units responsible for the characteristic properties of gases, liquids and solids.
For this reason a deeper understanding of the atomic electronic structure and dynamics
is of extreme importance for the comprehension of the properties of matter. Even if
the author’s work is primarily experimental a brief theorethical introduction is needed
for the sake of completeness. In the first section of this chapter a quick overview on
the electronic structure of the targets under study will be given; the second section is
dedicated to the interaction of atoms with radiation, focusing on the photoionization
process. The last section is a brief overview of the most common electron spectrome-
ters, with a motivation for the technique chosen in this thesis work.

1.1 The electronic structure of atoms and rare gas clusters

In a typical photoelectron emission experiment, the basic excitation process involves
the absorption of a photon with energy hν according to the following representation:

Ψi
totpNq, E

i
totpNq

hν
ÝÑ Ψf

totpN,Kq, E
f
totpN,Kq (1.1)

where Ψi
totpNq is the initial-state N-electron wave function corresponding to a total en-

ergy Ei
totpNq, and where Ψf

totpN,Kq is the K-th final-state N-electron wave function
(including the photoelectron) corresponding to a total energy Ef

totpN,Kq. In this con-
text the determination of accurate N-electron wave functions is a key problem [1]. I
will limit the discussion describing the simplest method: the non relativistic Hartree-
Fock or self-consistent field method. This model is also valid for others systems such
as electrons in a molecule or a solid [2].
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Chapter 1. Basics of photoelectron spectroscopy

1.1.1 Many electron atoms

Limiting this section to the discussion of the ground state of an atom, neglecting spin-
orbit interaction and considering only the Coulomb attraction between the nucleus
and the electrons and the Coulombic repulsion between electrons, the non-relativistic
Hamiltonian for a many electron atom is:

H “

N
ÿ

i“1

´

´
~2

2m
∇2
ri
´

Ze2

4πεri

¯

`

N
ÿ

iăj“1

e2

4πεrij
(1.2)

where m is the electron mass, Z the atomic number, ri is the position of the ith elec-
tron, ε the electric constant and e the electron charge. The first two terms of the equation
are the kinetic energy and the potential energy for each electron in the Coulomb field
of a nucleus of charge Z. The term with rij=|ri-rj | is the electrostatic repulsion between
the electrons ri and rj [3]. This electrostatic term is too large to be treated as a per-
turbation, to go further a physical assumption is required: a large part of the repulsion
between electrons can be treated as a central potential Sprq. This central-field approxi-
mation (CF) for the total potential energy depends only on the radial coordinate:

VCF prq “
Ze2{4πε

r
` Sprq (1.3)

and with such an approximation the Hamiltonian becomes:

HCF “

N
ÿ

i“1

"

´
~2

2m
∇2
i ` VCF priq

*

(1.4)

and then the Schrödinger equation Hψ “ Eatomψ can be separated in N one-electron
equations of the form:

"

´
~2

2m
∇2
i ` VCF priq

*

ψi “ Eiψi (1.5)

the total wavefunction is ψ “ ψ1ψ2ψ3 ¨ ¨ ¨ ψN and the total energy Eatom “ E1 `E2 `

E3...`EN . Note that this wavefunction is symmetric, however we know that the overall
wavefunction has to be antisymmetric with respect to the interchange of electrons, since
they are spin 1/2 particles. So the proper antisymmetric wavefunction is achieved in
the Hartree-Fock method with the use of the Slater Determinant considering also the
electron spin σi:

ψ “
1
?
N !

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ψ1pr1, σ1q ψ1pr2, σ2q ... ψ1prN´1, σN´1q ψ1prN , σNq

ψ2pr1, σ2q ψ2pr2, σ2q ... ψ2prN´1, σN´1q ψ2prN , σNq

¨ ¨ ¨ ¨ ¨

¨ ¨ ¨ ¨ ¨

ψNpr1, σ1q ψNpr2, σ2q ... ψNprN´1, σN´1q ψNprN , σNq

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

.

To solve equation 1.5 we can adopt a separation into an angular part and a radial part.
But for the radial part we need to know the exact form of VCF in order to compute the
wavefunctions numerically [3]. The Hartree-Fock self-consistent method is an iterative
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1.1. The electronic structure of atoms and rare gas clusters

method starting from an initial trial potential for calculating the wavefunctions. These
wavefunctions are then used to calculate a new average potential, and so on until the
changes in the potential and wavefunction converge to a self-consistent solution. The
solutions identifying a state of a bound electron in the atom can be fully described
using four quantum numbers: the principal quantum number n, the angular momentum
quantum number l, the magnetic quantum number ml and the spin quantum number
s. The possible values of the quantum numbers and their spectroscopical notation are
summarized in the table 1.1.

Table 1.1: Atomic Quantum Numbers

Quantum Number Symbol Values Notation
Principal n 1,2,3,... K,L,M,...

Angular momentum l 0,1,...,n-1 s,p,d,...
Magnetic ml -l,-l+1,...,l-1,+l -

Spin s ˘ 1/2 -

The electron configuration of an atom provides the set of occupied orbitals and the
number of electrons in each orbital. Following the Pauli exclusion principle, which
states that it is not possible to have two electrons with the same quantum state (i.e.
the same set of quantum numbers), it can be shown that for an electronic shell, corre-
sponding to a principal quantum number n, we can have a maximum of 2n2 electrons.
Analogously, for a given subshell described by l we can have a maximum of 2p2l ` 1q
electrons. The general notation for the electron configuration of a N-electron atom is
pn1l1q

k1pn2l2q
k2 ...pnN lNq

kN where n and l identify the occupied orbitals (named using
the symbols indicated in table above) and where ki indicates the number of electrons
in the orbitals. Orbitals are filled in order of increasing n ` l and for a given value of
n ` l in order of increasing n. In order to completely describe the quantum state of
the atoms, the angular and spin momenta (described by l and s) are coupled to give the
total angular momentum of the atom.

1.1.2 Rare Gas Clusters

Clusters are aggregates of atoms consisting of few to a few thousand atoms. Due to
their small size, their properties are in general different from those of the correspond-
ing material in the bulk phase [4]. By studying the properties of clusters, one expects
to obtain information on the early stage of the growth of condensed matter, and on the
evolution of the properties towards the bulk [4]. One of the main questions is: how
many atoms are required for a cluster to show the properties of the bulk material? Such
questions have motivated the development of the experimental techniques for produc-
ing small clusters, as well as a series of experimental and theoretical studies of their
structure and properties [4].
Several types of clusters have been classified according to the different type of forces
that bind atoms in the aggregate. In table 1.2 a list of the binding forces for differ-
ent types of clusters is given [5]. Metallic and covalent clusters are included as well.
Since it is not the purpose of this thesis to describe the physics of clusters, only a brief
overview of van der Waals clusters will be given. Van der Waals interactions describe
the interaction between rare gas elements. The rare gas atoms or inert gas atoms, lie

7
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Chapter 1. Basics of photoelectron spectroscopy

Table 1.2: Classification of clusters by the binding forces forming the aggregate.

Cluster type Binding Energy Examples
Van der Waals clusters 0.01 - 0.05 eV (rare gas)n, (N2)n, ...

H-bonded clusters (dipole-dipole interaction) 0.1-0.3 eV (H2O)n, (NH3)n, ...
Ionic clusters (Coulomb force) 0.5-1.0 eV (NaCl)n, (H2O)nNa`, ...

Metallic and Valence clusters (covalent bond) 1.0-4.0 eV (alkali metal)n, Sin, Cn, ...

on the extreme right-hand side of the periodic table of elements and they are character-
ized by closed-shell electronic configurations. Helium has the electronic configuration
1s2 while the heavier elements have the outer (valence) shell configuration pnsq2pnpq6,
where for neon n “ 2, argon n “ 3, krypton n “ 4, xenon n “ 5 and radon n “ 6 [6].
It is this closed shell nature, and thus a high atomic ionization energy, which renders
those elements so chemically inert (or noble) thus resulting in a weak interatomic in-
teractions between rare gas atoms, as one can see in table 1.2. Rare gas dimers exhibit
no net covalent bonding, but a weak interaction dominated by London-Drude disper-
sion forces: these long range attractive forces called van der Waals forces are of the
form [7]:

Vdisp “ ´
C6

r6
; C6 “

3α2I

4p4πε0q2
(1.6)

where α and I are the atomic polarizability and ionization energy, respectively [7].
There is a limit to the compressibility of matter because, at short internuclear sepa-
rations, repulsion forces are present between the atomic nuclei, as well as between
electrons (both core and valence) on neighbouring atoms. The total short range repul-
sive interaction is generally modelled by an exponential term (e´Ar) dependence on
the interatomic distance. But usually this term is substituted with a 1{r12 term which
is faster to compute than an exponential. The combination of the attractive term with
the repulsive one leads to the famous Lennard-Jones (LJ) model pair potential energy
function:

V LJ
prq “ ε

"ˆ

r0

r

˙12

´ 2

ˆ

r0

r

˙6*

(1.7)

where ε is the well depth (the binding energy of the dimer) and r0 is the equilibrium
internuclear separation. Values of the LJ well depth ε and internuclear separations r0

are given in table 1.3 [8]:

Table 1.3: Lennard-Jones parameters for Rare Gas Dimers

Element ε(meV) r0(Å) References
He 0.93 2.9673 Aziz et al. [9]
Ne 3.6 3.087 Aziz et al. [10]
Ar 12.34 3.759 Aziz and Chen [11]
Kr 17.22 4.012 Aziz [12]
Xe 24.33 4.3634 Barker et al. [13]

Neutral rare gas clusters can be produced by expanding a gas from a high pressure
volume through a nozzle into vacuum. This method has been used in this thesis work.

8
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1.2. The Atom-Photon Interaction: the dipole approximation

The temperature of the gas is critical for the cluster formation process. The expansion
of gases in the cluster source is adiabatic, which implies that there is no heat transfer Q
into or out of the system [14].
This is of course an idealization, applicabile if the process takes place so rapidly that
there is no time for significant heat transfer. Such expansions may change the tempera-
ture T of the gas as can be shown considering the generalized law of thermodynamics:

dU “ TdS ´ pdV `
ÿ

i

µidNi (1.8)

Here the sum is over all Ni particles and µi denotes the chemical potential per particle,
U the internal energy, S the entropy, V the volume. In the present case the number of
particles N in the process is constant. Then the central law of thermodynamics reads
as:

dU “ TdS ´ pdV (1.9)
After some manipulation [14], it can be shown that the temperature change associated
with adiabatic expansion into vacuum where dU = 0 may now be written as:

pdT qU “
1

CV

”

p´ T
´

Bp

BT

¯

V,Ni

ı

dVU (1.10)

Where CV “ pBUBT qV is the heat capacity for a gas at constant volume; p “ ´p BU
BV
qS,Ni .

For an ideal gas it is easy to verify that eq. 1.10 yields dT=0, hence, there will be no
temperature change in an ideal gas expanding adiabatically into vacuum [14]. If we
consider a real gas, the van der Waals law for non-ideal gases may be used instead of
the ideal gas one:

´

p`
a

V 2
m

¯

pVm ´ bq “ RT (1.11)

Here a and b are constants and depend on the type of gas. a describes the intermolec-
ular/interatomic attraction and b compensates for the size of the molecule/atom. Vm is
the molar volume. After some manipulation, for a finite size change we get [14]:

T2 ´ T1 “
a

CV

´ 1

Vm,2
´

1

Vm,1

¯

(1.12)

When expanding the gas into vacuum, Vm,2 will approach infinity. Therefore we find:

T2 “ T1 ´
a

CV Vm,1
(1.13)

thus the temperature change in an adiabatic expansion which is dependent on a,CV ,
and Vm,1 of the expanding gas [14]. Since all these properties are positive in the normal
case, the gas will be cooled in the adiabatic expansion. The cooling associated with
the gas expansion is the key point in the cluster source used in experiments since it can
induce cluster formation.

1.2 The Atom-Photon Interaction: the dipole approximation

The interaction of an atom with a classical monochromatic electromagnetic field can
be described by the following Hamiltonian operator [15]:

Hpr, tq “ 1

2m
rP` eApr, tqs2 ´ eΦpr, tq ` V p|r|q, (1.14)
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Chapter 1. Basics of photoelectron spectroscopy

where Apr, tq and Φpr, tq are the spatial and time-dependent, vector and scalar potential
of the external field,´e is the electron charge (e taken to be positive), V p|r|q is the usual
Coulomb interaction binding the electron to the nucleus. Apr, tq and Φpr, tq are gauge
invariant. With the choice of a particular gauge, namely the Coulomb gauge [15],
the radiation field is completely described by the vector potential, having the form
A=A0epkr´ωtq + complex conjugate, with wave vector |k| “ 2π{λ. So the Hamiltonian
reads as:

Hpr, tq “ r P
2m

` eApr, tqs2 ` V p|r|q, (1.15)

For |r| values of typical atomic dimensions and for the typical wavelength λ used
in the following experiments (tens of nanometers), k ¨ r ăă 1, so that over the extent
of an atom, the vector potential is spatially nearly constant Apr, tq » Aptq. This is the
so-called dipole approximation. With an appropriate choice of the gauge functions, the
Hamiltonian of the atom-radiation system is described by the following equation:

Hpr, tq “ 1

2m
rP` V p|r|qs ` er ¨ Eptq, (1.16)

where Eptq is the electric field. The Hamiltonian can be thus separated into two contri-
butions [16]:

H “ HA
` VAF ptq, (1.17)

HA is the atomic term and VAF ptq is the interaction term given by:

VAF “ ´d ¨ Eptq (1.18)

where d “ ´er is the dipole moment.

1.2.1 Electronic transitions

During an absorption process, a photon disappears and its energy is transferred to the
particle. A certain minimum value of the photon energy, known as ionization threshold,
is required to remove an electron from an atom or a molecule. When photons with
energy below the ionization threshold are absorbed a bound electron is moved to an
empty orbital and the atom or molecule is left in a neutral excited state, see fig. 1.1 a):

hν ` AÑ A‹ (1.19)

This process is called resonant photoexcitation. If the photon is more energetic, above
the ionization threshold, the absorption between a discrete state and a continuum state
is called photoionization. Photoionization involves the ejection of electrons from atoms
or molecules caused by their interaction with monochromatic photons.

hν ` AÑ A` ` e´ (1.20)

The ejected electrons e´ are called photoelectrons, see fig. 1.1 b). The photon radiation
does not produce any photoelectrons until the ionization threshold (Ei) is reached. (see
figure 1.1) [17].
In this process an atom, initially in a discrete internal state A, for example the ground

state, absorbs a photon. This disappearance of a photon, accompanied by the appear-
ance of a photoelectron, is simply the well-known photoelectric effect.

10
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1.2. The Atom-Photon Interaction: the dipole approximation

Figure 1.1: In a) Photoexcitation by absorption of a photon energy hν ă Ei and in b) Photoionization
of an atom by absorption of a photon with energy hν ą Ei.

The conservation of global energy during the absorption process results in the fact that
the energy of state B above the ionization threshold Ee, that is also the final kinetic
energy of the photoelectron, once it is separated from the ion, is related to the energy
hν of the incident photon and to the ionization energy Ei by the equation (recoil energy
neglected 1):

Ee “ hν ´ Ei “
1

2
mev

2 (1.21)

which, represents the Einstein’s photoelectric effect. Because the final state belongs
necessarily to a continuum (as a result of the continuous character of Ee), Fermi’s
golden rule allows us to calculate a photoionization rate and, consequently, after nor-
malization to the flux associated with the incident photon, a photoionization cross-
section.
Assuming the validity of the dipole approximation, the cross-section σif for a photoion-
izing transition due to an unpolarized beam of photons of energy hν from an initial state
|iy to a final state |fy [18] is given by:

σif “
4π2αa2

0

3
phνq|Mif |

2 (1.22)

where α is the fine structure constant, a0 is the Bohr radius, hν is the photon energy (in
Rydberg units 2) and the absolute square of the matrix element is:

1This is a simplification because the ion (with mass M ) recoils upon the ejection of the photoelectron (with mass me) and the
energy is split between the two particles by conserving the momentum. If recoil energy is taken into account, equation 1.21 reads
as Ee “ p M

me`M
qrhν ´ Eis. The lighter the ion with respect to the electron mass the greater the recoil energy.

21 Ry = 13.6 eV
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Chapter 1. Basics of photoelectron spectroscopy

|Mif |
2
“
ÿ

i,f

|xf |
ÿ

j

~rj|iy|
2 (1.23)

where ~rj is the position of the j th electron.
The photoelectron angular distribution resulting from photoionization of state |iy by
linearly polarized photons [18] leaving the ion in state |jy is given by:

dσ

dΩ
“

σ

4π

„ n
ÿ

k“0

pβ2kP2kpcos θqq



(1.24)

where dσ{dΩ is the differential photoionization cross-section into the infinitesimal solid
angle element dΩ, n is the numer of photons involved in the process, σ the total (angle-
integrated) cross section, θ is the angle between the photon polarization vector and the
photoelectron momentum direction, P2kpxq are the Legendre polynomials, and β2k are
the asymmetry parameters.
Not all transitions are possible: only those that fulfill conservation of energy, angular
momentum, and parity including also the emitted photoelectron in the final state (for
the photoionization process). Table 1.4 illustrates the selection rules for electric dipole
transitions [19].

Table 1.4: Selection Rules for electric dipole transitionsa

Selection Rule Remarks

∆l “ ˘ 1 Strictly valid
for one-electron systems

∆L “ ˘ 1
for multielectron systems

with L-S coupling
∆M “ 0: linear polarized light

∆M “ 0,˘1 ∆M “ ˘1 : σ` or σ´

circular polarized light
Valid for light atoms.

∆S “ 0 Exceptions for heavy
atoms with large spin-orbit

coupling.
∆J “ 0,˘1 J “ 0 Ñ J “ 0

is forbidden.

aL-S: spin-orbit coupling. L: total orbital angular momentum. S: total electron Spin.
M: total z component of orbital angular momentum

1.3 Electron spectrometers

There are three fundamentals properties characterizing each emitted photoelectron: the
kinetic energy, the direction of emission relative to the target and the incident radiation,
and in general but not always measured, the spin orientation [1]. In details one is
usually interested in:

1. The photoelectron’s kinetic energy distribution. This measurement produces an
electron spectrum or an energy distribution curve (PES). In most dispersive spec-

12



i
i

“thesis” — 2015/2/23 — 10:24 — page 13 — #27 i
i

i
i

i
i

1.3. Electron spectrometers

trometers this quantity is measured at fixed angles of electron emission (or over a
small range of emission angles) [1].

2. The photolectron’s angular distribution. Such an angular-resolved mesurements
(AD) can be made relative to the radiation’s electric field vector or to fixed axes
with respect to the target. Generally this measurements require kinetic energy
distributions determinations at different angles of emission [1].

3. The photoelectron’s spin distribution. These measurements require a magnetically
polarized target, usually by means of an external field, so that photoelectrons may
be emitted with one of the two possible spin orientation. Then the relative numbers
of spin-up and spin-down photoelectrons are measured [1]. Since this kind of
measurements are not object of this thesis work, they will not be further discussed
here.

The general considerations that govern the choice of an electron spectrometer are: (1)
energy resolution in the PES, (2) efficiency, (3) unrestricted physical access to the sam-
ple possibly without breaking the vacuum, (4) ultra-high-vacuum capability (5) ease of
construction. Various electron spectrometer are used in electron spectroscopy, and it is
not the purpose of this section to give a detailed discussion of all of them, however a
brief overview of the most used ones will be given beside a motivation for the choice
made in view of the observables already defined.

1.3.1 Hemispherical Analyzer

The Hemispherical Analyzer (HA) is an electrostatic device used to disperse electrons
as a function of their kinetic energy. This spectrometer consists of: an electrostatic lens
system and two concentric hemispheres held at different potentials (see figure in 1.2).
The lens system is necessary to: image the sample on the hemispheres entrance plane;
define the analyzed sample area and accepted solid angle on a sample; focus the parti-
cles into the analyzer entrance slit (w in figure 1.2) by accelerating or decelerating the
particles to the pass energy (see later).
Particles enter the HA through narrow slits. The energy-dispersed electrons are de-
tected at the exit of the HA, which is for construction at the same plane of the entrance
plane, at the opposit point 180˝ around the HA.
Only the electrons with the right kinetic energy can pass the analyzer at a certain po-
tential. If the electrons are traveling very fast they will hit the outer hemisphere and if
their kinetic energy is very low they will hit the inner hemisphere. Thus only electrons
within a very narrow energy region Ee “ E0 ˘ ∆E{2 will be able to pass through
the whole analyzer to the detector. For this reason E0 is also traditionally called Pass
Energy (PE).

With respect to fig. 1.2 fundamental parameters are : V1 internal hemispherical
electrode, V2 external hemispherical electrode. When collecting a negative charge V2

is more negative than V1. The potentials applied to the inner and outer hemispheres are
defined by the pass energy E0 chosen and the main parameters of the analyser: internal
radius R1, external radius R2, mean radius R0 “ pR1 ` R2q{2, entrance slit width w,
incident angle α (αmax “ w

2R0
). The potentials of the inner and outer hemispheres are
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Chapter 1. Basics of photoelectron spectroscopy

Figure 1.2: In a) Drawing of a typical hemispherical analyzer and in b) Scheme of the fundamental
parameters of the analyzer.

given by:
V1 “ E0r2R0{R1 ´ 1s ; V2 “ E0r2R0{R2 ´ 1s (1.25)

The pass energy resolution is defined as: ∆E “ E0rw{2R0`α
2
max{4s. The HA is able

to provide PES with a very high resolution (typically 10 meV). The main disadvantages
are that the angular acceptance is limited (typically about 8 degrees) and if an analysis
of the AD of the emitted electrons is required the whole spectrometer has to be moved
and the PES collected at each different angle.

1.3.2 Time-of-flight spectrometers and magnetic bottle spectrometers

The Time-Of-Flight (TOF) electron energy spectrometer consists of a field-free tube
where the photoemitted electron fly in a region of ideally zero electric and magnetic
field. A detector on one end of the tube collects the electrons. The kinetic energy of
the electron is given by Ekin “ 1

2
mep

L
t
q2, where t is the electron flight time, L the path

lenght into the drift region and me the electron mass. By measuring the time of flight
(for example with an oscilloscope) the energy of the electrons can be determined. The
main advantage with this spectrometer is definitely the ease of contruction. The main
disadvantage is that, as for the HA, to retrieve the angular emission information one
has to move the whole spectrometer. In novel design of TOF electron spectrometers
the use of position sensitive detectors allows the analysis of the particle’s energy and
momentum.
One particular evolution of TOF spectrometer is the magnetic bottle electron spectrom-
eter (MBES), where a solenoid connected to a DC power supply is coiled around the
drift tube and a strong cone-shaped permanent magnet is placed near the interaction
region. The magnetic field produced by the solenoid is radially uniform inside. In a
magnetic bottle electron spectrometer, one uses this effect to guide the charged parti-
cles, according to the Lorentz force ~F “ q~v ˆ ~B, where q is the charge of the particle,
~v is the speed of the particle and ~B is the magnetic field. In an MBES a magnetic
field is created around the TOF tube and the ionization region in the shape of a bottle
- hence the name - and the electrons are adiabatically accelerated toward the detector.
The basic idea in an MBES is the combined use of high and low magnetic fields to
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1.3. Electron spectrometers

direct all electrons created in a photoionization process to a distant detector and record
the arriving time in comparison to a time reference. Since the travel distance and the
electron mass are known, the time of flight can be converted to the kinetic energy of
the detected electrons.The MBES is able to collect all electrons with a very high detec-
tion efficiency, high resolution and a much stronger signal compared to the plain TOF.
The main disadvange of MBES is that the angular distribution of the emitted electrons
cannot be recovered from the data.

1.3.3 Velocity map imaging spectrometers

The Velocity Map Imaging spectrometer (VMI) consists of a tube with the ionization
region at one end and a detection system at the other. The ionization region lies between
two electrodes with a high voltage difference between them. In this case the voltage
difference is so high that the initial kinetic energy of the electrons can be neglected in
the time-of-flight towards the detector. Instead it is the position where the electrons hit
the detector, a multichannel plate and a CCD-camera, which brings information on the
electron (a more detailed description of this spectrometer is given in chapter 3).
The question arises as to why a VMI spectrometer should be used instead of the HA,
TOF, MBES analyzers previoulsy described. The VMI spectrometer is particularly
well suited when dealing with light sources with a considerable focal spot size, such as
synchrotron radiation (about 300 µm). Using such a spectrometer it is then possible to
detect over a full acceptance angle (4π) and a larger interaction volume, and so increase
the statistics and reduce the acquisition time [20]. Moreover with a VMI spectrometer
it is possible to obtain not only an image of the velocity distribution of the charged
particles emitted, but also the angular distribution without moving the whole spectrom-
eter (which is the case for a HA) or by changing the polarization of the light [20]. For
MBES, the angular distribution is not measured at all. On the other hand it is not pos-
sible to obtain direct information on the kinetic energy of a single particle. In fact the
PES and AD can be calculated after acquisition by using image inversion techniques
(for details see appendix A). The main disadvantage of using VMI with respect to HA
and MBES are: the resolving power is limited to few percent of KE, the limited range
of kinetic energies of the collected electrons and (in some cases, like e.g. the use with
FELs) the sensitivity to scattered light and scattered electrons.
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CHAPTER2
Modern light sources

Photoionization studies of atoms, molecules and clusters by means of VUV and soft
X-ray radiation have greatly benefited from advances in new experimental methods. In
particular modern high-brightness light sources such as Synchrotrons and Free Electron
Lasers have greatly increased the variety of experiments and also the range of acces-
sible phenomena [18] whose study would be impossible without these sources. In this
chapter the operating principles of these new light sources will be briefly presented, fo-
cusing in particular on the description of the Elettra Synchrotron and the FERMI Free
Electron Laser where the results of this thesis work have been obtained.

2.1 Synchrotron Radiation

Particle accelerators have undergone extraordinary growth in the last few years. From
their first usage in the 20’s to now, there has been huge development: for example
the particles’ kinetic energy rose from a few hundred keV up to TeV (1012 eV). By
1960, not only the direct beam (generally composed of electrons or protons) but also
the spontaneous radiation emitted by such particles had been used. This spontaneous
emission is caused by the passage of the particles through the magnetic structure of the
accelerator itself. This emission, called Synchrotron Radiation (SR), has very special
properties such as: a wide continuous spectrum ranging from far Infrared to X-rays,
high brilliance, picosecond pulse length, a highly collimated flux, variable polarization
(linear, elliptical or circular). SR is nowadays the most common tool for a wide number
of scientific applications in physics, chemistry, biology, life sciences, environmental
science, medicine, forensic science, conservation of cultural heritage, etc....
In accelerator rings, the particle trajectory is constrained to a circular orbit, due to a
magnetic field ~B acting on the particles having charge q and velocity ~v through the
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Chapter 2. Modern light sources

Lorentz force (2.1) :
d~p

dt
“

d

dt
mγ~v “ q~v ^ ~B (2.1)

where p is the particle momentum, γ the Lorentz’s factor.1 Since the force is perpen-
dicular to the velocity, it bends particle trajectories without exchanging energy with
the particles (in a classical mechanical model). Thus the charged particles moving in a
uniform magnetic field describe a circular orbit. This is the basic construction principle
of circular accelerators, which constrains particles to move in a circular orbit, where an
additional electrostatic field then accelerates them.
Since the end of the 1800s the idea that a charged particle, when accelerated, emits
energy (within an electromagnetic model) was well understood. In fact Larmor wrote
the relationship between the emitted power (P) and acceleration (~a) of a particle with
electric charge q. Later the classic Larmor formulation was relativistically generalized
as in eq. (2.2) :

P “
2

3

q2

4πε0c3
c2γ4

rγ2
p~β ¨

d~β

dt
q
2
` p

dβ

dt
q
2
s (2.2)

Where ~β is the relative speed with respect to the speed of light in vacuum c 2 and with
ε0 the dielectric constant .
It is noteworthy from 2.2 that the emitted power is proportional to the fourth power
of γ “ E{mc2 indicating that for lighter particles (i.e. electrons) the emitted power
P is higher. In a circular accelerator the centripetal acceleration is perpendicular to
the direction of the velocity, d~β

dt
K ~β and, neglecting the much smaller longitudinal

acceleration, the emitted power is thus given by:

P “
2

3

q2

4πε0c
γ4
p
dβ

dt
q
2 (2.3)

the quantity dβ
dt

is equal to ~ω^ ~β, so that, with R the radius of curvature, the acceleration
can be written as dβ

dt
“ β2c{R and P becomes:

P “
2

3

q2

4πε0

c
β4γ4

R2
(2.4)

If T “ p2πRq{pcβq is the period, then then the particle energy loss δE in one cycle is:

δE “ P
2πR

cβ
“

q2

3ε0

β3γ4

R
(2.5)

which can be finally written in more practical units as follows:

δEpMeV q “ 8.85 ¨ 10´2 rEpGeV qs
4

Rpmq
(2.6)

In order to keep the particle in the closed trajectory this energy loss must be supplied
again, which is accomplished by the Radio Frequency Cavities. The RF cavity deter-
mines the temporal structure of the SR light.

1 Lorentz’s factor: γ “ 1
b

1´p v
c
q2

.

2c = 299 792 458 m/s
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The spectrum of the emitted SR (see figure 2.1), typically, shows significant fluxes over
a range of about 3 times the critical frequency parameter (ωc), which is described by
the following expression:

ωc “
3

2

c

R
γ3 (2.7)

Figure 2.1: Typical bending magnet spectrum calculated, according to the Elettra main parameters [21],
for 2 and 2.4 GeV using the CXRO web interface [22].

The historical development of synchrotron radiation sources has proceeded through
three steps which are known as the three generations of synchrotron radiation sources
[23]:

First Generation The Storage Rings of this generation were originally built for high
energy research. The synchrotron radiation programs started in a parasitic mode.

Second Generation The sources of this generation were designed specifically to pro-
duce synchrotron light. These rings are characterized by a large number of beam-
lines.

Third Generation The rings of this generation have lower emittance and many straight
sections for the so called insertion devices (ID) designed to extend the spectral
range and increase the brightness with respect to those of the second generation.

The last generation was necessary to overcome a limitation reconsidered during the
second world war by Iwanenko and Pomeranchuk: the radiation emitted by particles
moving on circular paths and the consequently energy loss may pose a limit on the
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Chapter 2. Modern light sources

maximum energy attainable with a circular accelerator [23]. By using ID such as wig-
glers or undulators in the straight sections one forces the electrons to radiate [23]. The
characteristics of the emitted radiation from wiggler or undulator magnets, the most
commonly used ID, are not the same. The bending magnets, or dipoles, bend the elec-
tron beam through short arcs. The electrons moving in bending magnets describe a
circular orbit and produce a broad-band smooth spectrum. An observer placed on axis
will receive a stream of photons for a very short time, and will therefore measure a nar-
row electric field in the time domain corresponding to a broad-band in the frequency
domain [23].
Wigglers are essentially a sequence of bending magnets with alternate polarities. The
emitted radiation has spectral characteristics analogous to those of bending magnets,
with an enhancement of a factor 2N , where 2N is the number of poles. The measured
field will consist of a series of distinct sharp peaks in the time domain and of a broad-
band spectrum in the frequency domain [23].
Wigglers and undulators use a very similar magnet technology. Typically undulators
have many more periods. The main difference is in the emission angle: in an undulator
the emission angle is much smaller than the natural emission one, while for a wiggler
the opposite is true. Then in an undulator the electrons propagate executing smooth
transverse oscillations, keeping into the emitted radiation cone in any point of the tra-
jectory. As a result of the interference between radiation emitted from different points
of the trajectory, the spectrum consists of a series of quasi-monochromatic peaks. So
the on axis observer will receive an almost continuous signal in the time domain, while
in the frequency domain the spectrum consists into a series of harmonics [23]. Since
this kind of ID is also the basic component of a FEL light source it will be described
more in details in section 2.2.

2.1.1 Elettra

Elettra is the Italian synchrotron radiation facility in Trieste (see figure 2.2), it is a third
generation storage ring (2 and 2.4 GeV) that has been operating since October 1993.
It is optimised to provide photons in the energy range from a few to several tens of
keV with a spectral brightness up to 1019 photons/s/mm2/mrad2/0.1%bw and is contin-
uously upgraded in order to be competitive with the most recent light sources.
Recently a new upgrade allows operating in top-up mode, which consists of a constant
reinjection of electrons lost during operation. This top-up mode results in an almost
constant light intensity, an increased average brightness over time and a much greater
spatial stability of the beam.
Currently 26 beamlines, utilize the radiation generated by the Elettra source, covering
a wide number of areas such as spectroscopy, diffraction, scattering, lithography, in-
frared microscopy and spectroscopy, and UV inelastic scattering [21]. The main beam
parameters of Elettra are summarized in table 2.1 [21]:

2.2 Free Electron Lasers

Free Electron Laser (FEL) is a novel type of light source in the VUV and X-ray spectral
region. The principle is rather simple and builds on undulator radiation.
As in the case of a synchrotron radiation facility, an electron beam is produced by an
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2.2. Free Electron Lasers

Figure 2.2: The Elettra Synchrotron Radiation and Free Electron Laser Facility in Trieste. Panoramic
view [21].

Table 2.1: Elettra storage ring parameters [21].

Beam Parameters Values

Energy range 0.75-2.5 GeV
Injection Energy All energies up to 2.5 GeV

User Operating Energy 2.0 GeV (75% of user time)
2.4 GeV (25% of user time)

1.0 GeV (SR-FEL)
Critical energy 3.2 keV at 2.0 GeV

5.5 keV at 2.4 GeV
Operating mode Top-up

Operating current (user request) 300 mA at 2.0 GeV (lifetime 26 h)
140 mA at 2.4 GeV (lifetime 40 h)

Top-up injection rate 1 mA every 6 min at 2.0 GeV
1 mA every 20 min at 2.4 GeV

Filling pattern Any (single, few, multi etc.);
most requested multibunch filled at 95%

of the ring circumference (864 ns)
and hybrid (multibunch with a single bunch in the dark gap )

Bucket size a(in multi-bunch) 2 ns
Dark gap when filled at 95% 43 ns

aThe Bucket size is the bunch to bunch temporal separation

electron gun and passes through an electron accelerator, before entering a long series
of undulators.
Undulators are a type of ID (see the previuos section), particular components built to
generate radiation with specific characteristics.
Undulators consist of a series of alternating magnet poles deflecting the beam periodi-
cally in opposite directions, or in a spiral path, as shown in Fig. 2.3.
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Chapter 2. Modern light sources

Figure 2.3: Scheme of an Undulator.

The k-th harmonic undulator radiation can be described mathematically by the fol-
lowing equation [24]:

λs “
λu

2γ2k
r1`

K2

2
` pγθq2s (2.8)

where λs is the positive interference wavelength, λu the undulator period, k the har-
monic number, θ the angle between the emitted light and the central orbit, γ the Lorentz
factor and K the undulator strength parameter which can be expressed as:

K “
λueB0

2πmecγ
(2.9)

where B0 is the magnetic field strength, e the elementary charge and me the elec-
tron mass [24]. The basic concept for understanding the working principle of a FEL
is the interaction between the electron beam and the radiation field. In Self Amplified
Spontaneous Emission (SASE) FELs, an electron travelling along the undulator emits
spontaneous radiation which is relatively weak and incoherent. The electron beam is
narrow and collimated so it co-propagates with the light, and the electron beam can
interact with the emitted light. If the electron and the light field are matched in phase,
and are pointing in the same direction, the electron loses energy which is transferred to
the light field. If the phases are different, the electron gains energy. After a short time,
the more energetic electrons catch up with the less energetic ones; the electron beam
consists now of bunches of electrons spaced with the light wavelength. The waves radi-
ated by the initially random electrons then add in phase with one another. The bunches
are in phase with the incident light field, the emission of the bunches adds coherently
to the light field and amplifies it. This interaction is called micro-bunching. At res-
onant conditions, the electron beam and the radiation field can exchange energy over
several undulator periods, which can lead to a net gain of energy in the radiation field.
One of the major features of an FEL is its high brilliance, notably in the X-ray region
which is not available at other light sources. Because of its transverse coherence, the
FEL is diffraction limited (at saturation). The longitudinal coherence is comparatively
poor and affect the repeatability of the pulse structure, i.e. each pulse is different. The
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high brilliance makes it challenging to find suitable materials for measuring the emitted
light, splitting the light or even measure calibration spectra directly. A new generation
of FEL, seeded Free Electron Lasers, consists of two series of undulators separated by
a chicane, where the conversion between energy and density modulation can be done.
A laser pulse can also be introduced to induce an energy modulation and thus seed the
photon emission. This technique is called High-Gain Harmonic-Generation (HGHG),
and is designed to convert the fundamental frequency of the laser to a much higher fre-
quency. The first undulator is used as a modulator, the chicane compresses the bunches
(which enhances further the density modulation), and in the second undulator the lasing
process occurs. This geometry gives an intense fundamental mode which is narrow and
has better shot-to-shot repeatability.

2.2.1 FERMI

FERMI is a seeded FEL user-facility which comprises two different coherent radiation
sources, FEL-1 and FEL-2 designed to cover respectively the wavelength range from
100 nm to 20 nm and from 20 nm to 4 nm in the first harmonic. FERMI uses a linear
accelerator to generate a beam of relativistic electrons that is made to propagate through
a long series of undulators. An initial seed signal, provided by a conventional, high peak
power, pulsed laser operating at 200-280 nm at the repetition frequency of the electron
bunches, is temporally synchronized to overlap the electron beam, produced by the
linac accelerator, in a first undulator section called the modulator (MOD). The laser
field modulates the transversely wiggling electron bunch energy at its own frequency.
This energy modulation is then converted to a modulation of the spatial charge density
by passing the electrons through a chromatic dispersive section. The resultant density
modulation contains higher harmonics of the seed laser wavelength. A subsequent set
of undulators, named the radiators (RAD), is tuned in magnetic strength so that intense,
coherent FEL radiation at a wavelength corresponding to one of these harmonics is
emitted and then amplified to a high peak power level [25]. The temporal duration of
the FEL radiation is approximately that of the seed laser and the polarization properties
(linear, elliptical) are determined by the magnetic field pattern of the radiators (planar,
helical).

Figure 2.4: FERMI FEL-1 conceptual scheme. Picture from the website [25].

Among existing FEL sources FERMI is unique in many respects: very high peak
flux (comparable to SASE FELs) and higher 6D brightness; high temporal and trans-
verse coherence of the FEL pulse; control of the time duration, polarization, wavelength
and bandwidth of the coherent FEL pulse. Close to transform-limit pulses provide ex-
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Chapter 2. Modern light sources

cellent resolving power without monochromators. Natural synchronization of the FEL
pulse to the seed laser is also achieved. An additional benefit is the reduction in undula-
tor length needed to achieve saturation as compared to starting from noise as in SASE
FELs. The main FERMI beam parameters are summarized in table 2.2 [21].

Table 2.2: FERMI free electron laser parameters

Beam Parameters Values

Electron beam energy range 1-1.5 GeV
Bunch charge 500-800 pC

Bunch peak current 400-600 A
Wavelength (FEL-1) 100-20 nm (12-60 eV)
Wavelength (FEL-2) 20-4 nm (60-300 eV)
Relative bandwidth 10´4

Average energy per pulse 10-200 µ J
Photon pulse 30-100 fs
Polarization H, V, CR, CL
λ (seed) 200-280 nm

Repetition rate 10 Hz
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Experimental methods

In this chapter an overview of the instruments (spectrometers and diamond detector)
used in this thesis work is given. In particular the first section is dedicated to the Ve-
locity Map Imaging technique and its operating principle. A second section is dedi-
cated to Time-Of-Flight spectrometers for mass-charge ratio discrimination. Also the
PhotoElectron-PhotoIon Coincidence (PEPICO) technique, which is particularly use-
ful when investigating clustered system, will be introduced. Finally the last section is
dedicated to illustrate the working principle of novel diamond photon beam monitors.

3.1 The Velocity Map Imaging technique

Velocity Map Imaging (VMI) is a technique introduced in 1997 by Eppink and Parker
[26] who modified the traditional design of a Time-Of-Flight spectrometer using cir-
cular electrodes with a hole in the center (see figure 3.1) instead of using traditional
accelerating grids producing a uniform electric field.

Adopting this geometry the electric fields are no longer uniform as can be seen in
3.1 b). The main advantage of such a scheme is that, with proper choice of the applied
potentials, a focusing effect is obtained: electrons or charged particles in general emit-
ted with the same transverse momentum (same kinetic energy and same ejection angle)
arrive in the same spatial region of a 2D detector (as displayed in figure 3.2), even if
emitted from different spatial regions.

The interaction region is between the Repeller (R) and the Extractor (E) electrodes
(see 3.1 a)). Focused radiation ionizes the atoms in the gas and electrons are emitted
leaving the atom in a ionized state. The direction of the electrons depends on the orbital
from which they are emitted and from the energy and polarization of the incident light.
The electric fields are chosen so that electrons are pushed toward the detector. The
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Chapter 3. Experimental methods

Figure 3.1: Scheme of the VMI techinque. In a) the electrodes with circular holes and in b) the electric
field present in the VMI system and particles’ trajectories where 1, 2 and 3 correspond to ejection an-
gles 0/180˝ (x direction), 45/135˝ and 90˝ (y direction), respectively. Figure taken from the original
work of Eppink and Parker [26].

Figure 3.2: The detector’s plane is X,Z, L is the detector-ionization point distance, the Z axis is along
the light polarization and the source beam propagation. Figure taken from [27].

electron cloud keeps expanding radially arriving at the detector plane in a circle of a
few cm diameter [20]. The larger the transverse kinetic energy momentum the larger
the radial position on the detector. The radius R at which the electron hits the detector
is directly proportional to the electron’s initial velocity v0 according to the following
relation R “ v0t, where t is the time of flight [20]. In the direction along the y axis the
electron’s velocity is given by:

vy “

c

2TE
m

(3.1)

where TE “ qV represents the kinetic energy gained by the electron accelerated by
the potential V . If the field component in the ZX plane can be neglected and if the
total length L of the spectrometer is large compared to the acceleration region, the time
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3.2. The Time-Of-Flight mass spectrometer

of flight t can be approximated [20] as:

t «
L

vy
“ L

c

m

2qV
(3.2)

the radius R “ v0t will be connected to the initial electron’s kinetic energy by:

R « L

d

T0

qV
(3.3)

where T0 “
1
2
mv2

0 . Since the electric field is not just directed along the Y axis but also
slightly radially, the component of the field in the ZX plane only contributes with a
magnification by a factor N [20]. So finally:

R « NL

d

T0

qV
(3.4)

The magnification factor must be determined through a calibration for each voltage
setting applied, by taking images at different photon energies (and therefore different
kinetic energies). We actually follow this procedure before any experiment (see section
5.1.1). The focusing conditions are found by choosing a proper ratio of the voltages
applied to the Extractor and Repeller electrodes. This procedure is usually done by
simulating the charged particle trajectories using a simulation software package such as
SIMION [28]. Then starting from the value obtained by the simulation an optimisation
has to be performed by acquiring images, adjusting the Extractor and Repeller voltages
and analysing the images in order to evaluate the best focusing conditions. With such
a spectromter it is not possible to obtain direct information on the kinetic energy of a
single particle. In fact the kinetic energy spectrum (PES) and Angular Distributions
(AD) can be calculated after acquisition by using image inversion techniques (Abel
transform), provided the system has an axis of symmetry. These techniques allow one to
retrieve the full 3D velocity distribution information starting from a 2D image collected
by the spectrometer [20](for more details on the inverse Abel transform see appendix
A).

3.2 The Time-Of-Flight mass spectrometer

The Time-Of-Flight ion mass spectrometer (TOF MS) has the simplest design among
all mass spectrometers devoted to distinguish gaseous ions according to their mass-
charge ratio [18]. The TOF MS was developed in 1946, but until the late 1990s its
popularity was limited by the lack of technologies to facilitate recording and processing
of the mass spectrum on a micro-second time scale [29]. The main idea is based on the
fact that ions with the same energy and different masses travel with different velocities.
Basically, ions formed by photoionisation are accelerated by an electrostatic field to a
common energy and travel over a field free path to the detector. Measuring the flight
time for each ion allows the determination of its mass. The TOF scheme is generally
based on the original design of Wiley and McLaren [30] and consists of three sections:
the ionization section, the acceleration section and the field-free section (see 3.3). In
early TOF mass spectrometers, there were only two regions: the first one used to extract
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Chapter 3. Experimental methods

the ions with an accelerating potential that varies over the interaction volume, and the
field-free (drift) region. Since the ions acquire energy from the extraction potential, the
kinetic energy varies accordingly. Therefore, the velocities of ions produced at different
locations differ, which smears out the arrival times and limits the mass resolution [19].
In order to improve this, a modification of the extraction field was introduced by Wiley
and McLaren [30]. As described in their paper the acceleration occurs in two steps: the
first one in the interaction region and the second one in the acceleration region. The
voltages φ1 and φ2 applied to grids G1 and G2, defining respectively the electric fields
E1 and E2, are chosen so that particles with the same mass-charge ratio emitted from
an extended region in the interaction section arrive at the same time at a detector at the
end of the field-free region in the drift tube kept at potential φ3 “ 0.

Figure 3.3: Time-Of-Flight spectrometer scheme in a Wiley - McLaren configuration. Figure taken
from [19].

Considering at time t “ 0 a positive ion with charge q and mass m produced in a
small volume of the interaction region (d1), at distance x1 from the grid G1, with initial
velocity v0 “ 0, the flight time t1 is determined by the kinetic energy to which the ion
is accelerated [19]:

x1 “
1

2

qE1

m
t21 ñ t1 “

c

2mx1

qE1

(3.5)

So at grid G1 the ion has acquired the velocity v1 “
qE1

m
t1 and at grid G2 the ion has

acquired the velocity v2 “

b

v1 `
qE2

m
t2, where t2 is the time interval between G1 and

G2.

d2 “

ż t1`t2

t1

vdt “

ż t1`t2

t1

pv1 `
qE2

m
tqdt “

“ v1t2 `
1

2

qE2

m
p2t1t2 ` t

2
2q “

“
q

m
rpE1 ` E2qt1t2 `

1

2
E2t

2
2s

(3.6)
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3.2. The Time-Of-Flight mass spectrometer

Resolving for t2 and substituting for t1 the expression found in 3.5 we obtain:

t2 “

c

2m

q

1
?
E1

1

E2

r´pE1 ` E2q
?
x1 `

a

pE1 ` E2q
2x1 ` 2E1E2d2s (3.7)

The drift time across the field-free region is t3 “ L{v2, and the total time of flight t is
t “ t1 ` t2 ` t3. Substituting the expressions for t1 from eq. 3.5 and for t2 from eq.
3.7 we immediately see that t9

b

m
q

. Then for a fixed charge q and acceleration voltage

V , the dependence of the mass is quadratic with the arrival time t at the detector. The
mass resolution m{∆m depends on the shortest time interval ∆t that can be resolved
as follows [19]:

∆m

m
“ 2

∆t

t
(3.8)

The conditions for which the total time t is not dependent on the location x of ion
production, called spatial focusing condition or Wiley-McLaren condition [30], are
obeyed if dt

dx1
“ 0. This derivative yields the optimum flight path length L “ Lopt

in the field-free region from the grid G2 to the detector, which is:

Lopt “ d1k
3{2
p1´

d2

d1

1

k `
?
k
q (3.9)

where

k “ 1`
2d2

d1

E2

E1

“ 1` 2
V2

V1

V1 “ φ2 ´ φ1 ; V2 “ φ3 ´ φ2

(3.10)

TOF MS are widely used since the construction of the apparatus is very simple, ions
of all species can be simultaneously observed and the ion collection efficiency is very
high with respect to the other types of mass spectrometers such as magnetic sector,
quadrupole mass spectrometers, and others.

By combining mass spectrometry and photoelectron spectroscopy it possible to per-
form so called photoelectron-photoion coincidence spectroscopy (PEPICO). Whenever
a photoelectron is detected, we know that also a photoion has been formed in the same
photoionization event. The precise moment can be located in time usually within some
20 or few hundreds of ns earlier [31], depending on the electron detection method.
The form of the PEPICO technique used in this study consists in an analysis post ac-
quisition: during the measurement all the events are recorded, within a time window,
using an internal trigger as start. Then for each ion collected (with arrival time tion)
the software searches for the last electron recorded (arrival time telectron) before the ion
event. Once the electron-ion pairs have been individuated, for each of them the differ-
ence tion ´ telectron is calculated, this time difference is assumed as the time-of-flight
of the ion. Then an histogram with the time-of-flight is realized. If the arrival time of
electrons and ions is uncorrelated, the time-of-flight histogram would be a decreasing
exponential curve with a constant decay time τ given by the reciprocal of the electron
count rate. On the contrary if the arrival time of electrons and ions is correlated a well
defined peak appears in the histogram plot. This is the general PEPICO technique used
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to determine electron-ion pairs occuring from the same event. Since we use a VMI elec-
tron spectrometer it is also possible to select the position (and thus the kinetic energy)
of the electron in coincidence with a specific ionic mass. The use of a high repetition
rate UV light source such as SR is particularly important because it allows the produc-
tion of electron-ion pairs at random instants so that a realistic distribution of events can
be obtained.

3.3 Diamond-based photon beam monitors

SR and FEL light sources require novel concepts of beam diagnostics to keep photon
beams under surveillance, calling for simultaneous position and intensity monitoring.
To deal with the high power load and short time pulses provided by these sources,
novel materials and methods are needed for the next generation Beam Position Moni-
tors (BPM) [32, 33].
The most used technique is based on photocurrent measurements. A photoconductor
is an element of semiconducting or insulating material provided with two electrical
contacts, capable of detecting the passage of photons through the change of a physi-
cal characteristic, the conductivity. Radiation with energy above the band gap interacts
with the diamond material creating e{h pairs and resulting in an increase of the conduc-
tivity. Providing the bulk with metallic electrods by means of standard thermal evap-
oration techniques and applying a voltage between the electrodes the charge produced
in the material can be collected very fast.

Figure 3.4: Scheme of the working principle of diamond beam monitors [32, 33].

The electric current generated in a photoconductor has the following expression:

Iph “ qnθη
µτE

L
(3.11)

where q is the charge, n the number of photons per unit time, η is the quantum efficiency,
θ is the quantum yield 1, µ is the carrier mobility, τ the recombination time of the
photo-generated charges,E the electric field, L the distance between the electrodes. The
quantity µτE is called the charge collection distance (d), and it is defined as the distance
travelled by the particle during its mean lifetime.

1Quantum yield: represent the number of electrons generated for each impinging photon ata a given energy considering that
the minimum energy for e{h pair production in diamond is w = 13.6 eV.
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3.3. Diamond-based photon beam monitors

Then the above equation can be written as:

Iph “ Iph,p
d

L
(3.12)

calling Iph,p the primary current, the photo-conductive gain (G) results:

G “
Iph
Iph,p

“
µτE

L
“
d

L
“
τ

tr
(3.13)

where tr is the time spent by the charge to travel from an electrode to the opposite one.
It is easy to observe that in order to get a high photo-conductive gain it is necessary to
have high mean lifetime and carrier drift speed (Vd “ µE). This implies that the bulk
material has to be as perfect as possible not only in terms of the lattice geometry, but
also from the chemical purity point of view. In fact crystal imperfections (dislocations,
lattice vacancies, etc ...) and impurities introduce intra-gap energy levels between the
valence and the conduction band decreasing the drift velocity and the mean lifetime of
the carriers [34].
By using segmented electrodes it is possible to detect the incident beam position as
reported in the scheme of Fig. 3.5.

Figure 3.5: Scheme of the segmented electrodes on diamond bulk surface.

The position of the incident beam can be reconstruced by using the difference-over-
sum technique that allows one to calculate the beam centroid position, by acquiring
simoultaneously the current (Ii with i=1..4 for a 4-quadrant geometry) from each elec-
trode. In the case of 4-quadrant geometry then the horizontal and vertical position of
the beam centroid are calculated as follows:

Horizontal “
IL ´ IR
IL ` IR

“
pI1 ` I3q ´ pI2 ` I4q

pI1 ` I3q ` pI2 ` I4q

V ertical “
IU ´ ID
IU ` ID

“
pI1 ` I2q ´ pI3 ` I4q

pI1 ` I2q ` pI3 ` I4q

(3.14)

where IL is the sum of the current of Left electrodes (I1 and I3), IR is the sum of the
current of Right electrodes (I2 and I4), IU is the sum of the current of Upper electrodes
(I1 and I2), ID is the sum of the current of Lower electrodes (I3 and I4).
The sum of all the currents Itot “

ř4
i“1 Ii is used to monitor the intensity of impinging

light after dark current subtraction.
Because of its unique physical and electronic properties diamond is the most promising
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material for the production of semitransparent in situ pBPMs [32,33]. A brief overview
of the chemical and physical properties is given in comparison with the most common
materials, Silicon and Germanium, used as active materials in this technology as re-
ported in the table below.

Diamond Silicon Germanium
Atomic weight 12.1 28.09 72.6
Nearest neighbour distance [Å] 1.54 2.35 2.45
Number of atoms[ˆ1022 cm´3] 17.7 4.96 4.41
Compressibility [ˆ1011 m2 N´1] 0.226 1.012 1.29
Density [g cm´3] 3.51 2.34 5.33
Melting point[˝C] 3350 1410 973
Band gap energy [eV] 5.47 1.12 0.665
Breakdown voltage [V] 1 ˆ107 3 ˆ103 1ˆ103

Resistivity [Ω cm] ą 1013 2.3ˆ105 47
Electron Mobility[cm2V´1s´1] 1800 1350 3900
Hole Mobility [cm2V´1s´1] 1200 480 1900
Young modulus [GPa] 1134 131 103
Thermal conductivity [Wcm´1K´1] 20 1.27 0.653

Table 3.1: Main physico-chemical properties of Diamond, Silicon and Germanium.

Chemical and structural properties: diamond is a crystallized allotropic form of
carbon, composed by carbon atoms connected toghether with hybrid covalent bonds
sp3 in a tetrahedral geometry. The reduced inter-atomic distance (1.54 Å) and high
atomic density (0.176 Å´3 ) give this material a large binding energy. These character-
istics are reflected in an extraordinary compactness, hardness and low compressibility.
In addition, the particular chemical bond makes this material particularly resistant to
damage from radiation and chemically inert.

Optical, thermal and electrical properties: Diamond is characterized by a high
energy gap (5.47 eV), which makes it an excellent insulator (if pure), transparent to a
wide spectral region from 225 nm to far-infrared. This transparency also determines
the poor sensitivity of these detectors at wavelengths greater than 225 nm, this feature
is known as visible blindness.
From an electrical point of view the wide energy gap between the valence and the
conduction bands reduces significatively the number of free charges that, at room tem-
perature, are present in the conduction bands; for this reason electronics based on this
material are characterized by low thermal noise. The high mobility of carriers, to-
gether with a small dielectric constant, makes it an ideal material to produce very fast
response time devices. The high value of the breakdown voltage allows the use of
micro-electrical structures even at high voltage gradients.
Finally, diamond has a thermal conductivity of 2000 Wm´1K´1 (compared to 390
Wm´1K´1 of copper ) that allows a quick heat dissipation, making it suitable to op-
erate in vacuum and high thermal stress enviroments.
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CHAPTER4
Experimental setup

This chapter represents the core of my doctoral work. The experimental results dis-
played have been acquired with two distinct, but conceptually similar, setups. In fact,
depending on the different gaseous targets under study the scheme changes only in the
source chamber section. This chapter is split into SR experimental setup and FEL ex-
perimental setup sections with a description of the main light source parameters of the
two beamlines where the results have been obtained, focusing on the different position
sensitive detectors used.
Independently of the source beam or target, both SR and FEL experimental setups
are based on a Velocity Map Imaging spectrometer and a Time-of-flight spectrometer,
whose working principles have been described in the previous chapter. The general
experimental scheme is reported in figure 4.1.

The experimental conceptual scheme changes only in the position sensitive detector
(PSD) part, depending on the light source used because of the different event rates per
photon pulse expected at SR and FEL facilities.
In the following sections will be described, details of the different experimental setups
using the following reference scheme. Photoelectrons induced by photoionization go
upward, entering the Velocity Map Imaging focusing system (see chapter 3 for details)
and are collected by a 2D PSD detector. Meanwhile the photoions, slower than the
electrons, go downward entering the Time-Of-Flight Spectrometer (TOF) for the mass-
charge ratio discrimination (chapter 3). The availability of this state-of-the-art detection
system allowed not only a deeper comprehension of the electronic structure of matter,
but also deeper characterization of novel light sources as the FEL FERMI. This close
and mutual interaction between new detectors and new light sources has resulted in a
continuous development of both systems. In order to provide users with important and
quantitative information (i. e., beam position, intensity, beam temporal structure, etc...)
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Chapter 4. Experimental setup

Figure 4.1: General scheme of the experimental setup.

for this reason a small section will be also dedicated to new photon beam diagnostics
based on diamond devices (section 4.3).

4.1 The VMI experimental chamber at the GasPhase beamline

The GasPhase Photoemission (GaPh) beamline was built at Elettra 18 years ago for
photoemission studies of atomic and molecular gaseous targets [35]. The beamline is
provided with an undulator of 12.5 cm period, which delivers light in the range from
13.5 eV to well above 900 eV. The monochromator is a Variable Angle Spherical Grat-
ing Monochromator, with fixed positions of the slits. The optical design was developed
by Sincrotrone Trieste, and includes a toroidal prefocusing and two refocusing mirrors
(spherical and plane-elliptical); the layout is shown in Fig. 4.2.

Figure 4.2: Schematic diagram of the optical layout of the gas-phase beamline.
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4.1. The VMI experimental chamber at the GasPhase beamline

The monochromator was commissioned and not only met its specifications (E{∆E ě
10000) over most of the working range (13-900 eV) but even exceeded them consider-
ably. A resolving power of 60000 was measured at 48 eV. It remains higher than 10000
at 540 eV and a value of 8000 is obtained at 860 eV. This resolving power is the highest
among the soft x-ray monochromators at ELETTRA. The use of two refocusing mirrors
provides a roughly circular spot at the sample (diameter 350 µm for a 20 µm exit slit
and low photon energy, decreasing to less than 150 µm as the photon energy increases
above 200 eV). The beamline is connected to the experimental station through a differ-
ential pumping section (5 orders of magnitude difference in pressure), to decouple the
UHV section of the mirror chambers from the high vacuum in the experimental region.
Alternatively after the exit slit it is possible to insert a plane mirror and to deflect the
monochromatized radiation to a Branch-Line. A toroidal mirror is placed before the
branch-line differential pumping section and it is used to focus SR to a spot of about
350 µm at the interaction point. Both the plane deflection mirror and the toroidal mir-
ror operate at 6˝ grazing incidence, thus the branch-line has a transmission cut-off at
about 200 eV photon energy. The low-energy Branch-Line is equipped with a tunable
Ti:Sapphire oscillator (Tsunami, SpectraPhysics) for pump and probe experiments. The
main laser specifications are: a tuning range 700-1000 nm (manually tuned), an aver-
age power of 0.6-1.2 W at the entrance of the experimental chamber (depending on the
wavelength), repetition rate of 83 MHz (1/6th of the storage ring frequency), a pulse
length of about 15 ps or 50 fs and variable polarization. When mode-locked, the laser
can be synchronized with the storage ring time structure, allowing ps time-resolved
measurements also in multi-bunch operation of Elettra.
Recently the optics of the monochromator were heavily contaminated with a carbon
deposit, considerably reducing the reflectivity at photon energies close to the carbon
K-edge. For this reason an in-situ cleaning of the monochromator optics was carried
out by UV irradiation with intense Hg lamp in air, after which the ultra-high-vacuum
environment was restored. The production of ozone and highly reactive oxygen species
is capable of removing carbon contamination from the optics.
The GaPh beamline offers users a wide number of different experimental chambers1 as
well as the possibility of mounting user’s own equipment. In the next section the exper-
imental chamber devoted to photoionization studies of atoms, molecules and clusters
will be described in more details. This system has been upgraded, during this thesis
work, with respect to a prototype setup described in [36]. The major changes concern
the detectors and readout electronics with the aim of extending the maximum detectable
kinetc energy up to 45 eV: 1) a wider PSD detector has been mounted; 2) a new readout
electronics allows data acquisition in multihit mode; 3) the TOF drift tube has been
reduced to 40 mm in order to allow operating in a different swapped detection mode
(not presented in this thesis) so that ions are collected with the VMI spectrometer and
the electrons by the TOF section. A general setup scheme is shown in Fig. 4.1.

The beam of atomic, molecular and cluster targets (represented by the blue cone in
Fig. 4.1) is produced in the first stage: The Source Chamber (see section 4.1.1). Then
the source beam interacts with the light beam in the Interaction Chamber (section 4.2.1)
where the detection system (VMI and TOF) is placed.

1http://www.elettra.trieste.it/lightsources/elettra/elettra-beamlines/gas-phase/
bl-description/page-4.html?showall=
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Chapter 4. Experimental setup

Figure 4.3: Drawing of the Gasphase VMI experimental setup.

A more detailed description of this chamber is given in the next sections. Finally a
Diagnostic Chamber can host different diagnostics (QMS, LT-detector, etc ...) for a
characterization of the gaseous beam source, and a beam dump system in order to
avoid spourious effects due to the gas back being scattered towards the interaction and
detector regions.

4.1.1 The Source Chamber

The Source Chamber is a CF200-flanged vacuum chamber of 300 mm length, with two
CF-100 flanged ports: one is usually used for mounting a Dewar for liquid Nitrogen
cooling (down to 78 K) of the gas nozzle that will described later, the other one is used
for a full range pressure gauge. On the top of the chamber, a CF-250 port hosts a mag-
netically levitated, water-cooled turbomolecular pump (Adixen ATP 2300 M, pumping
speed 2050 liter/s) [37]. Inside this chamber, just before the interaction chamber, there
is a beam skimmer holder (see Fig. 4.3), where skimmers of different diameter can be
mounted in order to select the central portion of the supersonic beam.
Two different type of gas sources can be used for the supersonic jet: a continuous source
and a pulsed source.
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The continuous supersonic beam source is essentially obtained by expanding 1-2
bar of gas through a nozzle of 50 µm diameter. The nozzle is mounted on a manipulator
that allows alignment of the gas jet with respect to the skimmer. The nozzle-interaction
point distance can also be varied by using the manipulator in the range 100-200 mm
(typically 120 mm is used). The nozzle can be liquid Nitrogen cooled in order to foster
cluster formation. In order to control the temperature and avoid obstruction of the noz-
zle by ice formation, a kapton heater foil [38] has been mounted all around the nozzle.
This beam source system has been used for the results presented later in sections 5.1.1
and 5.1.3.
For the results presented later in section 5.1.2, a mobile source of He droplets [39] (col-
laboration with University of Freiburg) was used, in which a beam of He nanodroplets
is produced by continuously expanding pressurized He (50 bar) of high purity (grade
6.0) out of a cold nozzle (T0 = 13˜33 K) with a diameter of 5 µm into vacuum. Under
these expansion conditions, the mean droplet sizes can be inferred to range between
200 and 17000 He atoms per droplet [40].

The pulsed supersonic beam source is used when it is important to reach higher
densities of gas in the supersonic expansion, but the average gas load must be kept low.
It is well suited for cluster production and for operation with pulsed light sources. In
fact it is mostly adopted at FERMI (see section 5.2.2). The gas jet of the LDM end-
station is built around an Even-Lavie pulsed valve [41]. This particular pulsed valve is
connected to a closed-cycle cryostat and optimized for producing helium droplets. It
can operate up to 500 Hz with an almost constant intensity and with opening times of
about 20 µs. The great advantage of using such a pulsed valve is that the droplet density
increases by more than an order of magnitude as compared to a continuous-flow droplet
source [41], while maintaining the same gas load. In this particular case the supersonic
beam of He clusters has been obtained by expanding He gas at 50 bar stagnation pres-
sure through a conical nozzle (100 µm diameter, with half-opening angle of 45˝) and
cooled to 17 K.

4.1.2 The Interaction Chamber

The Interaction Chamber is also called the Detector Chamber. It is here that the source
beam coming from the source chamber interacts with the light beam and the particles
produced by the photionization are detected. The general scheme, reported in Fig. 4.4,
consists of a Time-Of Flight Mass Spectrometer and a Velocity Map Imaging focusing
system coupled to a 2D Position Sensitive Detector (PSD). Since the detector chamber
has been the main subject of the PhD project, in the next subsections I will enter into
greater detail.

As seen in Fig. 4.4, a) the cooled supersonic jet of gaseous targets produced by us-
ing the systems described in the previous section, interacts with the SR light beam. In
normal operation mode, the electrons and ions produced by photoionization go respec-
tively upward and downward in the scheme. Fig. 4.4 b) shows an horizontal section of
the interaction chamber drawing, on the top side is the Velocity Map Imaging focusing
system and the PSD detector on the bottom side the Time-of- Flight spectrometer.
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Figure 4.4: a) General Scheme of the Interaction Chamber. b) Horizontal section and zoom of the
interaction chamber drawing.

The Velocity Map Imaging Spectrometer

The working principle of VMI spectrometers has been described in chapter 3. In the
drawing of Fig.4.5 we can see the Extractor and Repeller Electrodes plus an additional
electrode (labelled as 3rd Electrode). The Electrodes are metallic plates of 100 mm
diameter, 0.2 mm thick. The Repeller has a hole in the center of 40 mm diameter, while
the Extractor and the 3rd Electrode have holes of 20 mm.

Figure 4.5: a) Drawing of the VMI Spectrometer. b) Transverse section.

The gap between these electrodes is 15 mm, and they are kept separated and electri-
cally isolated by small cylinders made of PEEK. The Time-Of-Flight tube is 170 mm
long. All the structure is mounted on the CF200 side of a CF200-CF150 adapter which
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4.1. The VMI experimental chamber at the GasPhase beamline

also hosts four feedthroughs for the High Voltages (HV) of all the electrodes and the
flight tube bias. Also a 2 mm thick µ-metal shield is present in order to prevent mag-
netic fields from affecting the particle trajectories. Also a CF150-CF100 zero length
adapter (visible in figure 4.5) is required for the PSD assembly which is mounted on
a CF100 flange. The transverse section in Fig. 4.5 b) provides a close view inside the
flight tube, where the PSD is mounted.

The 2D Position Sensitive Detector: The Crossed Delay Line

The bidimensional Position Sensitive Detector (PSD) for SR experiments has been con-
structed at the Instrumentation and Detector Laboratory of Elettra-Sincrotrone Trieste
S.C.p.A [42]. A drawing of the PSD mounting is reported in Fig. 4.6: The PSD is

Figure 4.6: On the Left: Drawing of the Position Sensitive Detector for SR applications. Right: Photo
of the Detector.

mounted on a CF100 flange. At the base of the flange, a triangular support and threaded
rod of 135 mm hold the mounting of the MCP, the resistive anode and the crossed delay
line assembly. A SIMION simulation indicates that the optimum distance between the
MCP stack and the interaction point is 100 mm. This value was found by considering
an MCP effective area of 42 mm and the possibility, using a power supply of 3 kV
maximum, to image electrons up to 45 eV. The MCP-interaction point distance can be
adjusted via the threaded rod.

A scheme of the position sensitive part of the PSD is reported in Fig. 4.7 b) which
is composed of: a Crossed Delay Line Detector, a resistive anode and an MCP stack
(Hamamatsu F4296-10). The MCP stack consists of a pair of MCPs, resistance matched
in Chevron configuration, with 46 mm diameter and active area of 42 mm [43]. The
resistive anode is a plate with a resistance of about 1MΩ/sq it is placed in between the
MCP stack and the crossed delay line.
The crossed delay line (see Fig. 4.7 d)) is fabricated with Thick Film Technology (TFT)
and consists of an upper serpentine line embedded in an insulating substrate, then a
ground line parallel to the delay line, the lower serpentine line, and again a ground line
parallel to the delay line as seen in Fig. 4.7 c).
The resistive anode placed in between the MCP stack and the crossed delay line al-
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Figure 4.7: in b) scheme of the position sensitive part of the PSD (figure from the original paper [42]).
a) Scheme of the crossed delay line. c) Crossed delay line zoom. d) Crossed delay line 46x46 mm for
SR applications.

lows decoupling of the HV of the MCP stack from the delay line and also capacitive
de-coupling of the signal. In this way positive as well as negative ions/electrons are
detectable, while keeping the crossed delay anodes at low voltage.
The crossed delay line is a square of 50 mm side characterized by a propagation time of
33 ns for the upper serpentine line and 36 ns for the lower serpentine line. The distance
between MCP stack and resistive anode-delay line assembly is about 5 mm, and this
distance is optimized so that between 3 and 5 meanders of the delay line are involved in
each event, in order to get a better estimation of the centroid of the electron cloud [42].

The Time-Of-Flight Spectrometer

The Time-Of-Flight Spectrometer (TOF), whose working principle has been described
in chapter 3, is used for mass-charge ratio discrimination. The TOF drawing is reported
in Fig. 4.8: It consists of two meshes, held by two annular supports (see top of Fig.4.8)
and kept at the appropriate potentials according to the Wiley-McLaren conditions dis-
cussed in chapter 3. A central aluminum drift-tube has been used, whose dimensions
can be changed depending on the target under analysis and the resolving power required
(for the results shown in the next chapter, a 40 mm drift-tube was used). At the bottom
there is a 30 mm diameter Micro Channel Plate (MCP) stack manufactured by tectra
GmbH [44], and used also as trigger and for signal amplification. In front of the exit
side of the MCP stack (effective area 26 mm) a home-made resistive anode is placed to
collect the ion signal. A typical spectrum obtained with such a detector is reported in
Fig. 4.9 as an example. The whole TOF mounting is supported by 4 rods mounted on an
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4.1. The VMI experimental chamber at the GasPhase beamline

Figure 4.8: The Time-Of-Flight Spectrometer.

Figure 4.9: Example of a typical TOF Spectrum [45].

XYZ movable stage (see Fig. 4.3) allowing the TOF detector to be moved along the su-
personic jet source direction. This feature is particularly relevant since heavier clusters
ions travel a longer distance along the jet source propagation direction before hitting
the MCP stack. This aspect has been simulated by using SIMION before proceeding
with the construction of the detector, according to the experimental requirements.

4.1.3 Power Supply, Readout Electronics and Data Acquisition

For the most frequently used configuration in normal Photo-Electron-Photoion-COincidence
PEPICO measurements the Voltage Supply settings and Power Supply (PS) chain is re-
ported in Fig. 4.10. In order to avoid large voltage differences that may cause damage
to the detector, a floating voltage supply system has been adopted, and this is particu-
larly important when dealing with high voltages.
A new prototype of floating PS system, called FLEX (FLoating EXtended system)
made by Elettra Sincrotrone Trieste S.C.p.A, was used. This system can be custom
mounted with different precision regulated, low ripple, HV modules, namely EMCO
CA series [46] ranging from 200 up to 2000 V.
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Chapter 4. Experimental setup

Figure 4.10: Schematic illustration of the voltage settings and relative floating power supply chain.

Voltage stability is particularly crucial when high resolution is required, and these
modules have a voltage stability of < 25 ppm/0C [46].
A schematic illustration of the readout scheme is reported in Fig.4.11. When an elec-

Figure 4.11: Schematic illustration of the readout scheme.

tron arrives at the MCP front an electron cascade takes place. The subsequent localized
shower of electrons is collected onto the resistive anode, inducing a capacitive signal
in a specific X, Y position on the delay lines. The four signals, taken from each end of
the delay lines, are amplified immediately at the air-side of the detector and sent to an
advanced four-channel time converter (THR02-ST) [47] made by Elettra-Sincrotrone
Trieste S.C.p.A. specifically built for 1D or 2D delay line detectors. Inside the THR02-
ST, every channel is coupled to a Constant Fraction Discriminator (CFD) that allows
the extraction of the incoming pulse centroid with very low jitter, thus producing a
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4.2. The Low Density Matter endstation at FERMI

digital signal no longer influenced by the amplitude variations of the pulses, but fully
preserving the time information related to incoming particles. Then the digital signal is
fed into the time-to-digital converter (TDC) that calculates the arrival time of stop hits
with respect to a digital trigger signal, the start signal. Acquisition starts when the start
signal is registered and it terminates after a predetermined amount of time, the so called
time window. All stop hits that happen to be detected by the acquisition system during
the time window of the TDC are saved: this feature, called the multi-hit capability,
is mainly constrained by some specific TDC limitations and by detector propagation
time. As a start pulse the user can select whether to use an internal or external trigger
source [47]. This system allows a real-time visualization of the position of the photo-
electron arriving at the detector by means of a specific code developed within under the
LABVIEW National Instrument environment [48]). The THR02-ST is equipped with
4 direct output after CFDs. These 4 signals are fed into another external TDC board
(ACAM TDC-GPX 8 channels) together with the amplified and discriminated signal
from the TOF detector. All events are recorded on a computer where, after acquisition,
electron images and ion Time-Of-Flight spectra are reconstructed in coincidence via
software.

4.2 The Low Density Matter endstation at FERMI

Low Density Matter (LDM) is one of the three beamlines currently present at the Free
Electron Laser (FEL) facility FERMI at Elettra. LDM is designed to investigate atoms,
molecules, and their aggregates (clusters) in an unperturbed environment (a supersonic
jet in vacuum). The LDM end-station is based on a modular design which includes
interchangeable sources for high- and low-temperature jets, helium nanodroplets, rare-
gas and water clusters, metal clusters, and radical species [49].
The LDM beamline operates within the full photon energy range of FEL1 and FEL2,
from 12 eV to 300 eV. Photons are delivered to the experimental stations by means
of the photon analysis, delivery and reduction system (PADReS) [50]. The photon
transport, including a delay line (˘30ps), is shared with all other beamlines up to the
three-way switching mirror, see Fig. 4.12. After that, the FEL beam is refocussed into

Figure 4.12: a) Schematic diagram of the optical layout of the LDM beamline; b) detail of the KB mirror
system.

the end-station by a Kirkpatrick-Baez mirror system (see fig. 4.12 b). The latter com-
prises two bendable (active) mirrors capable of a minimum spot size of about 10 µm,
at a focal length of 1200 mm from the center of the second mirror. Photon polarization
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Chapter 4. Experimental setup

at the source can be chosen arbitrarily, subject to the constraint that the axes of the po-
larization ellipse lie in the horizontal and vertical planes. All transport optics preserve
linear polarization, thus arbitrary linear polarization is available at the target. Some
degradation of circular (elliptical) polarization is unfortunately occurring, particularly
at longer wavelength, which can be evaluated by means of optical calculation [51].
For those experiment requiring a particularly high degree of circular polarization, a
proper tuning of the FERMI undulators should be used to compensate this beam-line
dichroism. A synchronized Infrared (IR) femtosecond laser (2) pulse can be introduced
(almost) collinearly to the FEL thanks to the recombination mirror (3) for pump-probe
experiments. As in the case of SR experiments, the main methods currently in use
are electron and ion spectroscopies, using a velocity map imaging (VMI) detector, and
Time-Of-Flight (TOF) mass spectrometer respectively. The main source (4) for most
experiments is a pulsed valve which can be cryogenically cooled and provides intense
atomic, molecular and cluster beams [49] (Numers in brackets refers to figure 4.13).

Figure 4.13: Overview with 3D rendition. (1) Kirkpatrick-Baez mirror chamber. (2) User Seed Laser. (3)
Recombination Mirror. (4) Source chamber. (5) Doping chamber. (6) Differential pumping chamber.
(7) Detector chamber. (8) Quadrupole mass spectrometer chamber. (9) Surface ionization detector
chamber.(10) FEL beam dump.

The FEL light passes into the main chamber through the target region, and exits to
a beam dump at the back. The light is focused at the target region, and as mentioned
above, the focus size is adjustable via the adaptive optics (1) of the PADReS system.
The chamber is furnished with a retractable fluorescent screen (yttrium aluminium per-
ovskite crystal) for optimizing the focus. The light spot is viewed by a CCD cam-
era, rigidly attached to the screen’s manipulator, and this is the primary diagnostic for
achieving the best focus of the light. The beam dump (10) consists of a 1.6 m long
tube with a retractable, gold-coated, polished copper plate at the end, which reflects the
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4.2. The Low Density Matter endstation at FERMI

light down into a second tube. For beam alignment and diagnostic purposes, the plate
can be retracted to allow viewing of the beam on a fluorescent screen on the inside of
the rear window of the beam dump [49]. For a first feasibility test of the detection sys-
tem, the interaction chamber described in the section describing the SR setup has been
used. So the VMI focusing system was exactly the same, and the major change was in
the PSD. Because of the higher rate of events produced by such a brilliant light source
with respect to SR, the crossed delay line detector was no longer used as PSD, since a
discrimination of the events and their position reconstruction would be impossible. In
the case of the FEL application, a different PSD solution has been adopted: an MCP
stack, a phosphor screen and a camera (see figure 4.14).

Figure 4.14: Drawing a) and Picture b) of the Position Sensitive Detector for FEL applications made
by the Instrumentation and Detector Labs. of Elettra-Sincrotrone Trieste S.C.p.A.

During the beamline construction period commissioning measurements of the beam-
line optics were performed at LDM with the GasPhase VMI end-station equipped with
the in-house built imaging plate made in collaboration with the Instrumentation and
Detector Labs. of Elettra. The phosphor used is a P47 type, (Y2SiO5:Ce) with a maxi-
mum light emission at 400 nm and a very short luminescence decay time of 100 ns. The
phosphor powder has been mixed to a UHV compatible glue and deposited by using
spin coating techniques. Over the phosphor an aluminum layer coating has been also
deposited for the HV supply of the phosphor (from 4 kV up to 10 kV). Then an MCP
stack of 77 mm diameter has been used.
With this setup we measured multiphoton ionization from rare gases using the VMI
setup in both PES and ion collection mode [52]. As an example a TOF spectra of
Xe`, Xe2` and Xe3` is shown in Fig. 4.15. Each spectrum is a sum over 10 shots,
normalized by FEL intensity. The multiplet structure of each charge state reflects the
natural abundance of the Xe isotopes. This measurement is clear evidence of multipho-
ton absorption, i.e. good focussing. To produce Xe3` ion at 52.22 nm one need direct
absorption of three photons or a two photon sequential double ionization plus two fur-
ther photons to ionize Xe2` [53].
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Chapter 4. Experimental setup

Figure 4.15: Ion TOF mass spectra of Xe taken at λ = 52.22 nm (23.74 eV) for different focusing
conditions (picture taken from the original paper [52]). In the inset (blue line) we show the Xe2`/Xe`

intensity ratio recorded while changing the curvature of the KB mirrors.

4.2.1 The Interaction Chamber

In parallel to the successful commissioning of the beamline dedicated to the testing
of the above system, it has been the construction of the final interaction chamber and
endstation (with the use of a commercial PSD) for LDM, work of a wide collaboration
involving several institutions, coordinated by Prof. F. Stienkemeier (Molecular and
Nanophysics Group, University of Freiburg, Germany). For a complete description
of the endstation please refer to [49]. In Fig.4.16 a cut view is shown of the present
interaction chamber ((7) in Fig. 4.13).

As seen in the drawing, the VMI spectrometer consists of electrodes shaped as trun-
cated cones, a flight tube and a detection system based on a commercial imaging plate
PSD from Photonis. The imaging plate consists of an MCP stack of 75 mm diameter,
a phosphor screen and a sCMOS Andor Neo camera, with 2560 x 2160 pixels, of size
6.5 microns [54].
Conical electrodes, instead of flat ones, have been adopted, in oder to minimize inter-
ference with an additional detector for photon scattering which can be mounted along
the FEL propagation axis. In Fig. 4.16 it is also possible to see the mounting of the
TOF spectrometer.
The TOF spectrometer is located opposite to the VMI spectrometer and the first acceler-
ating region is defined by the VMI geometry. It may be operated at the same time as the
VMI to obtain ion and electron spectra simultaneously, but the resolution of the TOF
depends on whether it operates independently or simultaneously with the VMI [49].
The LDM endstation data acquisition system, developed by the FERMI control group,
in collaboration with the LDM staff, is integrated into the TANGO [55] control system
of the FERMI facility.
The acquisition hardware, includes a CAEN digitizer, model VX1751, 100 µs of acqui-
sition per shot, and the Andor camera for the VMI spectrometer. Several trigger signals
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Figure 4.16: Cut-view of the interaction chamber, showing the VMI and the TOF mass spectrometer.
Picture taken form the original paper [49].

are necessary, for example to open the gas source valve or the shutter of the camera, to
provide time zero for the TOF mass spectrometer [49].
In contrast with the detection system for SR application described previously, with such
a detection system it is not possible to perform coincidence spectroscopy.

4.3 Diamond detectors for beam diagnostics

Because of its physical and electronic properties (see section 3.3) diamond is the most
promising material for the production of semitransparent in situ pBPMs, and it might
be the only suited material to be utilized as pBPM for X-ray free electron lasers [32,33].
The working principle of diamond detectors is described in section 3.3. In this section
the experimental apparatus developed in collaboration with the Detector and Instrumen-
tation Laboratory of Elettra and the XUV_Lab of the University of Firenze is presented.
The general experimental scheme for SR applications is reported in 4.17.
The temporal structure of the Elettra synchrotron radiation light in hybrid-mode oper-

ation consists of 432 buckets with 2 ns spacing. Not all the buckets are filled, usually
about 40 buckets are left empty resulting in a dark gap between a train of pulses of about
80 ns. An additional single high current (4 mA) bunch can be placed in the middle of
this dark gap. After leaving the synchrotron ring the radiation passes into the beamline
monochromator for wavelength selection and then the light impinges on the diamond
detector housed in a vacuum chamber (Fig. 4.18). The read out electronics consists of
a low frequency or a high frequency system, the data are stored in a computer which is
also used to control the detector.
The device is housed in a compact (about 20 cm) evacuated chamber provided with

two X-Y translator stages allowing movement with sub-micrometric precision.
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Chapter 4. Experimental setup

Figure 4.17: General experimental scheme for SR diamond photon beam monitors.

Figure 4.18: Picture of the compact evacuated chamber housing the diamond detector.

Figure 4.19: Image of the sCVD diamond detector with a 4-quadrant configuration.

The stepper motor actuators are computer driven using software developed in Lab-
view, allowing correlation of the readout signal with the position of the detector. In
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figure 4.18 signal cables and a bias cable are also visible. Several diamond substrates
can be used depending on the application and on the photon wavelength. Fig. 4.19
shows the configuration that we have been used most for BPM and temporal struc-
tural monitoring. The detector has been fabricated starting from a commercial standard
quality freestanding, 500-µm-thick, single-crystal Chemical Vapor Deposited (sCVD)
diamond layer with an area of about 5ˆ 5 mm2. The diamond was coated on both sides
with Cr-Au contacts deposited by using standard thermal evaporation techniques; the
front electrodes have been provided with a cross shaped aperture of 70 µ m (4-quadrant
configuration) to let the XUV radiation interact directly with the bulk of the diamond.
The diamond is usually biased with voltages ranging from 15 V to 500 V and the
generated photocurrents are read by means of two different acquisition systems work-
ing respectively at low and high sampling frequencies. The low frequency case, used
for beam position and beam intensity monitoring, consists in a charge integration and
analog-to-digital conversion (ADC) system at 6.5 kHz, by using a four-channel AH501B
picoammeter, built by Elettra-Sincrotrone Trieste S.C.p.A [56]. The high frequency
case, used for temporal structure monitoring of the light, consists of an oscilloscope
(Tektronix DPO71254, 12 GHz, 50 GS/s sampling rate).
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CHAPTER5
Results

This chapter reports some relevant results achieved with the experimental setup pre-
sented in the previous chapter. The experiments discussed in publications [40, 45, 57]
based on SR have been carried out at the GasPhase beamline, while for those con-
cerning FEL experiments based (discussed in publications [58–60]) at the Low Density
Matter beamline. Many other investigations at Gas Phase and at LDM have used the
experimental apparatuses decribed in the previous chapter. Their analysis is still in
progress and they will not be reported here. In any case the experiments presented in
this chapter will fully illustrate performance and capability of the detection systems
realized during my thesis work.

5.1 Experiments at Elettra

The results presented in this section have been obtained with the experimental setup
described in section 4.1.

5.1.1 Atomic spectra (Ne, Xe)

Photoionization of simple atomic targets is usually one of the most frequently used
tools to characterize detector response.
First of all a characterization of the TOF mass spectrometer (presented in the previous
chapter) was performed in order to determine the calibration and resolving power of
the system. In this case ionization of atomic krypton with photon energy hν=36 eV has
been used. Krypton is an ideal target because it has many isotopes (78Kr 0.3%, 80Kr
2.3%, 82Kr 11.6%, 83Kr 11.5%, 84Kr 57.0%, 86Kr 17.3%, [61]). In the TOF spectrum
shown in Fig. 5.1 we can clearly distinguish the following ionic species: singly ionized
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Figure 5.1: TOF spectrometer mass calibrated ionizing atomic krypton targets.

Kr (Kr`), doubly ionized Kr (Kr2`), triply ionized Kr (Kr3`) superimposed on molecu-
lar nitrogen (N`2 ) and water (H2O`) from ionization of the residual gas. The ionization
potentials of Kr are IP1 “ 14.0 eV, IP2 “ 24.3 eV and IP3 “ 35.7 eV [6]. A full width
half maximum of 1.2 amu for the main Kr peak at 84 amu (∆m{m of 1.4 %) has been
found, corresponding to a resolving power m{∆m of 70. This measurement has also
been used to check the Wiley-McLaren space focusing conditions (discussed in chapter
3), by adjusting the applied voltages, recording spectra and observing changes in the
resolution and collection efficiency.
Concerning the VMI spectrometer, in order to obtain a measure of the homogeneity of
the response function of the image from the 2D detector and VMI system, photoion-
ization of Ne (IP = 21.56 eV) was used at photon energy of 27.5 eV and reducing the
extraction voltages (to Vrepeller= - 200 V and Vextractor= - 147 V, settings for the col-
lection of electrons with 3.5 eV of maximum kinetic energy) such that the main ring
due to the electrons is off the detector. At 27.5 eV Ne 2p has an asymmetry parameter
β (see definition in eq. A.1 in section 1.2.1) about 0 and so gives an isotropic angular
distribution for detector response calibration. The result of the homogeneity response
test is shown in Fig. 5.2.
The homogeneity response of the 46 mm detector, has been found to be around 75%,

excluding a small region (white coloured in Fig. 5.2) on one side of the detector. This
asymmetric response of the detector is probably due to an uneven tightening of the
MCP stack on one side.
An energy calibration has been performed in order to assign the radial position of the
electrons on the 2D detector to the corresponding kinetic energy. The energy calibration
must be done for each different VMI voltage setting. As an example only the calibra-
tion for the most frequently used VMI setting is shown. This calibration has been done
again by using atomic gas targets, in particular a neon and argon mixture (12:1) so that
at least two rings for each photon energy appear on the image acquired. When select-
ing the photoelectron, masses correlated with the TOF spectrum reported at the bottom
left side of Fig.5.3 were used. The TOF spectrum clearly shows a water peak origi-
nating from the background gas of the chamber, the main peaks of singly ionized neon
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Figure 5.2: Image illustrating the homogeneity of the detector response function for photoemission from
atomic neon at a photon energy of 27.5 eV.

Figure 5.3: Left: photoelectron images of the neon-argon mixture: total electron yield and mass-
correlated with neon and argon ions. Bottom-left: TOF ion mass spectrum. Right: a) PES of the
total electron yield, b) PES in coincidence with mass-correlated neon ions (blue) and with argon ions
(magenta). Photon energy 40 eV.

superimposed on doubly-charged argon, the major neon isotope (mass-charge ratio 22
amu) [61] and at 40 amu the signal from singly ionized argon. The ratio between the
peaks (30:1) is the one expected at 40 eV photon energy.
Figure 5.3 shows on the top left side the raw photoelectron image of all the electrons
collected during the measurement, and also the photoelectrons correlating to a specific
mass: neon and argon.
On the right side of Figure 5.3 in a) the PES (after pBasex inverse Abel transformation)
is reported obtained from the total electron yield image, the argon peak is barely vis-
ible in the image. The plot in a) has been shifted vertically for clarity, In b) the PES
coming from the image of the photoelectron mass-correlated respectively with neon
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(blue curve) and argon (magenta curve) are reported. The gain in resolution and in the
contrast of the signal is clear.
The energy calibration has been done by changing the photon energy from 21.7 to 40
eV, producing electrons with kinetic energies as reported in table 5.1. The neon and
argon Ionization Potentials (IP) are 21.56 eV and 15.76 eV respectively [6].

Table 5.1: Calibration data

Filename Photon Energy Ne (KE) Ar (KE)
NeAr_058 35 eV 13.5 eV 19.3 eV
NeAr_059 30 eV 8.5 eV 14.3 eV
NeAr_060 25 eV 3.5 eV 9.3 eV
NeAr_061 23 eV 1.5 eV 7.3 eV
NeAr_062 21.7 eV 0.2 eV 6 eV
NeAr_063 40 eV 18.5 eV 24.3 eV

Figure 5.4: Energy calibration on neon and argon mixture (see table 5.1).

The energy calibration reported in Fig. 5.4 has been obtained for the most frequently
used voltage settings (35 eV maximum electron kinetic energy):
Vextractor “ ´1472V and Vrepeller “ ´2000V . The curve can be fitted well with a 2nd

order polynomial (as expected, see Sec. 3.4): KE “ A`Bx`Cx2, here x represents
the radius of the circle on the 2D VMI image. The fitted curve gave the following result
for the coefficients: A “ 0, B “ 1.72 ˆ 10´2, C “ 1.00 ˆ 10´3 with an agreement
of 99.8% (Adj. R-square). Once the energy calibration has been accomplished, it is
also possible to evaluate the maximum kinetic energy of the electrons collected by the
detector with this voltage setting. In our case the limitation is given by the MCP stack
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dimension (42 mm effective diameter [43]) resulting in a maximum kinetic energy of
about 34 eV.
The instrument resolution has also been measured for the VMI settings used. As out-
lined in section 3 the resolution depends on the diameter of the KE ring. The wider the
ring the better the resolution. For the VMI voltage settings mostly frequently used (and
data analysis method used) and for an electron kinetic energy of 8.5 eV a ∆E{E full
width half maximum of 9 % has been found, while for an electron kinetic energy of 30
eV a ∆E{E “ 5% was found. The energy calibration, the maximum kinetic energy
and the resolutions found are in good agreement with the simulation performed by us-
ing SIMION as reported in appendix B, thus confirming the reliability of the simulation
software used.

5.1.2 Rare gas clusters: XUV ionization of He nanodroplets

The first result to be shown is the study of helium nanodroplet targets. This subsection
is extracted from manuscript [40]. Since it is not the purpose of this thesis to enter into
details of the description of the various ionization processes, only the main features will
be shown in order to validate the capacity of the experimental setup, a more complete
description is given in the manuscripts from which the results presented are extracted.
Helium nanodroplets are intriguing many-body quantum systems which feature spe-
cial properties such as very low equilibrium temperature (0.38 K), superfluidity, and
the ability to efficiently cool and assemble embedded species (“dopants”). Therefore,
pure He nanodroplets have been extensively studied using electron impact ionization
as well as by photoexcitation and ionization with synchrotron radiation [40]. In this
experiment, discussed in detail in paper [40], the Velocity Map Imaging spectrome-
ter in PhotoElectron-PhotoIon COincidence (VMI-PEPICO) configuration described
in section 4.1 has been used to study pure He nanodroplets. As already mentioned, the
experimental setup allows the measurement of photoelectron energy spectra (PES) and
angular distribution (AD) in coincidence with specific ion masses detected by the TOF
mass spectrometer (for example, the typical mass spectra in fig.5.5).

Figure 5.5: TOF mass spectra of He nanodroplets at different photon energies: a) 25 eV, b) 23.8 eV. The
He expansion conditions are p0 = 50 bar, T0 = 23K (N = 1900) [40].

A mechanical chopper periodically intercepts the He droplet beam and allows one
to discriminate the ion signals originating from the He droplet beam from background
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gas ions. When the beam chopper is in the “open” position, both contributions are
measured whereas in the “closed” position, only background ions contribute. Thus, the
difference signal shows the contribution correlated to the He droplet beam only. At hν
= 25 eV (see fig. 5.5a) the He atoms in the droplets are directly ionized, whereas at hν
= 23.8 eV (fig. 5.5b) the He droplets are resonantly excited into states derived from the
1s3p1P and 1s4p1P atomic He levels, from which they decay by autoionization [40].
Then PES and AD have been measured in correlation with the most abundant ions He`n ,
n =1, 2, 3.
Let us first examine the AD correlating to He`, He`2 , and He`3 . We point out that

Figure 5.6: On the Right: Raw photoelectron images: a) all the electrons, b) electrons selected in
coincidence with He` ions, c) electrons selected in coincidence with He`

2 ions, d) electrons selected
in coincidence with He`

3 ions. Left: upper graph, the anisotropy parameters β extracted from the
relative images, at different photon energy from 25 eV up to 50 eV; lower graph, the anisotropy
parameter dependence on the nozzle temperature from 18 K to 25 K and thus on the droplet size.

without the possibility given by such a spectrometer of selecting the electrons in coin-
cidence, the measurement of the AD of the different ionic species would be impossible
as we can see from the raw image of all the events in Fig. 5.6 a). By analysing the
mass-correlated photoelectron images, a reduced anisotropy of the photoelectron dis-
tributions correlating to the molecular ions He`2 and He`3 was observed. In fact while
for electrons correlating to He` we find a constant value β= 2.0 (as expected for the di-
rect ionization of unperturbed He atoms), for He`2 and He`3 the anisotropy parameter is
reduced to β= 0.8. This anisotropy parameter was measured as a function of the photon
energy from 25 eV to 50 eV and also as a function the droplet size by changing the noz-
zle temperature from 18 K to 25 K. No dependence on those parameters was observed.
The reduced anisotropy is most probably due to elastic scattering of the outgoing pho-
toelectron from the He droplets. Note that the first observation of the reduction of the
anisotropy of the ADs from Xe clusters did not exhibit a size dependence [62]. How-
ever a better understanding of the AD and PES spectra is required and will be subject
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of future investigations [40].
A PES measured at high photon energy, hν = 50 eV, is also reported. In particular
the PES correlating to He` and He`2 TOF signal. As an example, the raw image for
He`2 is shown in the inset in Fig. 5.7 a). The PES for the two species are nearly

Figure 5.7: (a) Photoelectron spectra recorded in coincidence with He` (shaded area) and He`
2 (solid

line) at hν = 50 eV (p0 = 50 bars, T0 = 23 K). Peak 1 corresponds to electrons created directly
by ionization of He atoms or He2 dimers in the droplets. Peak 2 stems from electrons that lost en-
ergy by inelastic collisions with surrounding He atoms. The inset depicts the photoelectron image
correlating to He`

2 . (b) Dependence of the peak positions on hν. The dashed lines depict the ener-
gies of photoelectrons emitted directly (black) or after energy-loss by inelastic collisions (coloured)
when considering the He atomic ionization energy Ei,He and the level energies of the 1s2s1,3S and
1s2p1,3P atomic levels [40].

identical at these high photon energies. In addition to the highest peak from directly
emitted electrons with energy hν ´ Ei,He = 25.41 eV, a second peak appears at energy
EE´loss “ hν´Ei,He´E1s2s,p «5 eV. This low energy feature is present at the reduced
energy EE´loss in all measured spectra where hν> 46 eV, as shown in Fig. 5.7 b). It
is due to the loss of kinetic energy of the photoelectrons by inelastic collisions with
surrounding He atoms as they pass through the droplets in a process of the type:

e´pEkinq ` Hep1s2
q Ñ He˚ ` e´pEkin ´ EE´lossq

This interpretation is supported by a vanishing anisotropy parameter β = 0.1(3) of the
AD in the full range of electron energies covered by peak (2) as opposed to β = 1.9(1)
for peak (1). As expected, the information about the direction of emission of the pho-
toelectrons is completely lost by the inelastic electron-He collisions [40].

5.1.3 Rare gas clusters: Interatomic Coulombic Decay in NeAr Dimers

The second experiment concerns the Interatomic Coulombic Decay process in clusters,
which has been extensively studied by our group [57,63]. Again only the main features
will be shown in order to validate the capacity of the experimental setup.
Interatomic Coulombic Decay (ICD) is a process which, although only recently pre-
dicted theoretically [64] and confirmed experimentally [65] is proving to be quite ubiq-
uitous in van der Waals complexes (see section 1.1.2), H-bonded systems, clusters,
and also condensed matter. It occurs when a system containing two or more atoms (or

57



i
i

“thesis” — 2015/2/23 — 10:24 — page 58 — #72 i
i

i
i

i
i

Chapter 5. Results

molecules) is perturbed by an event which leaves a singly ionized system with one of its
components with an inner valence hole. If the energy of this state lies below the double
ionization potential of the isolated atom (molecule), then the system cannot decay by
autoionization, but only via radiative decay which is a slow process. However, if the
atom has a neighbor, the system can relax more quickly by transfer of energy from the
excited ion to the neutral partner (via the Coulomb interaction) and the emission of a
low energy electron from the latter. This leads to two singly ionized atoms which then
undergo a Coulomb explosion as schematically reported in figure 5.8 [63].

Figure 5.8: Schematic representation of the Interatomic Coulombic Decay process occurring in NeAr
dimers.

The ICD process can be then described as follows:

Nep2s22p6
qAr ~ω

ÝÑ Ne`p2s12p6
qArp3s23p6

q ` e´ph

Ñ Ne`p2s22p5
qAr`p3s23p5

q ` e´ICD
(5.1)

In our experiment a supersonic beam is formed by expanding a 12:1 mixture of Ne and
Ar through a liquid nitrogen cooled nozzle with an internal orifice diameter of 50 µm.
The resulting supersonic jet, contains < 1 % of Ne2, Ar2 and NeAr dimers. Focussed
synchrotron radiation at 120 eV photon energy intercepts the cluster beam at right an-
gles in the interaction region. The photoemitted electrons are guided by the electrostatic
fields of the electron VMI spectrometer, while ions are accelerated in opposite direc-
tion through the TOF spectrometer. In this way, the arrival positions of the low energy
electrons (< 35 eV) on the PSD are detected in coincidence with the arrival time of
the ion formed in the same event. The resulting data can be analyzed to extract the
velocity mapped image of electrons born in triple PhotoElectron-PhotoIon-PhotoIon-
COincidence (PEPIPICO) with one Ne` and one Ar` ion [63]. Furthermore, the shape
of the island formed by graphing a 2D histogram of the arrival time of the first ion
against that of the second ion allows us to select momentum matched ions formed in a
Coulomb explosion (see Fig. 5.9 a)) since these ions form a line with a slope of -1 in
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Figure 5.9: 2D histogram of the ion-ion coincidence arrival times. In the inset: zoom over the region
around the Ar`-Ne` ions.

the coincidence map. Fig. 5.9 a) shows the 2D histogram of the arrival times of the first
ion in coincidence with the second ion of all electron-ion-ion coincidences; Fig. 5.9
b) contains the zoom of the region with coincidences between Ne` and Ar` [63]. The
vertical lines are due to false coincidences with Ne` ions (due to the large majority of
Ne monomers in the supersonic beam) while the strong and weak lines with slopes of
-1 are due to coincidences of Ar` ions with 20Ne` (90 % natural isotope abundance)
and 22Ne` (10 % natural isotope abundance) ions [61], respectively. Only the arrival
positions of the electrons corresponding to the ion coincidences contained within the
ellipses on the ion-ion map are retained for the ICD electron VMI image shown in
Fig.5.9 [63].
The peak of the experimental spectrum coincides very well with that of the calculated

distribution for the v=0 state (thin black line). But the experimental distribution is much
broader, and the FWHM of the peak is 1.5 eV. The most obvious explanation would be
that the energy resolution of the instrument is not sufficient to resolve the true width of
the distribution.
However, as already reported at the beginning of this chapter, the resolution of the
detector system for this kinetic energy range a resolution of 9 % has been found corre-
sponding to a broadening of 630 meV for the peak at 7.1 eV. Thus the broadening can
be imputed to some other physical effect.
It is possible that the populations in the v = 1 and v = 2 levels of the ground state of
the NeAr can have a large effect on the KE distribution of the ICD electrons due to the
more diffuse initial wavepackets.
To demonstrate this clearly, we have calculated the relative populations of the v=0, v=1
and and v=2 vibrational levels for a vibrational temperature of 20 K (consistent with
the supersonic beam we have employed) based on the potential energy curve of the
ground state [66]. Using these populations as weighting coefficients (1:0.27:0.16) for
the PES of the ICD electrons extracted from [67] (and shown in Fig. 5.10 (b)) and
summing the resulting PES we obtain an overall distribution which is slightly narrower
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Figure 5.10: On the left: VMI image of the electrons corresponding to the ion coincidences contained
within the ellipses on the ion-ion map shown in Fig.5.9. Right: kinetic energy distribution of the
low energy electrons detected in coincidence with one Ne` ion and one Ar` ion (full red line and
squares) together with the ab initio calculations of the PES of ICD electrons produced following
photoionization of the Ne 2s orbital of the electronic ground state of NeAr in its v=0 (thin black line),
v=1 (thin red line) and v=2 (thin blue line) vibrational states. The relative contributions of the v=0,
v=1 and v=2 are normalized according to a vibrational temperature of 20 K and summed (thin green
line) and then convolved with the experimental resolution (thick magenta line).

than the experimental distribution (thin green line in Fig. 5.10(b)). Once the calculated
PES has been convolved with the experimental resolution (thick magenta line in Fig.
5.10(b)) the resulting KE distribution fits reasonably well the high energy side of the
experimental distribution. Therefore, it is possible to explain the signal at high KE with
respect to the ICD peak at 7.1 eV as being due to the initial populations of the ground
state NeAr dimer in the in v= 1 and 2 states.

5.2 Experiments at FERMI

The results described in this section have been obtained with the LDM experimental
setup described in section 4.2.

5.2.1 Atomic spectra (Ne,Xe)

As in the previous case of the PSD characterization used for SR applications, here
again the photoionization of simple atomic targets is used to characterize the detector
response. In particular photoionization of neon (IP = 21.56 eV, β “ 0) targets with
photons of energy 25.5 eV and an extraction voltage of Vrepeller= -6 V and Vextractor=
-5 V gives an ideal isotropic distribution for detector response calibration. In Fig. 5.11,
two areas are clearly less sensitive. The bottom one is due to a reduced MCP efficiency
for geometrical factors when the particles hit the MCP stack at an angle parallel to
the bias angle. The top one, instead, results from damage due to an excessive flux
of scattered photons. Atomic xenon was used to measure the TOF resolution, and
the spectrum is reported in Fig. 5.12, with a photon energy of 21.7 eV. In the TOF
spectrum singly and doubly ionized xenon are clearly visible as well as the products
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Figure 5.11: Homogeneity response of the FEL PSD on atomic neon at photon energy 25.5 eV.

Figure 5.12: TOF mass spectrum of xenon at photon energy 21.7 eV.

of the ionization of the residual gas. The resolution of the TOF depends on whether
it operates independently or simultaneously with the VMI. By analyzing the spectrum,
the mass resolution is found to be about 350 when the VMI is set to detect electrons with
maximum kinetic energy 30 eV (mode 1), while it is 1400 in the independent regime
(mode 2) [49]. The ratio of xenon doubly and singly ionized ions is used to adjust the
focus with the KB mirrors live in order to have the smallest spot size possible. This is
possible because the formation of multi-ionized species is a multiphoton process [52]
occuring at higher power densities.
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5.2.2 Novel collective autoionization process in He clusters

As seen in the previous section, while synchrotron radiation offers the possibility to
investigate the energetics of the targets under study, FELs offer also the unprecedented
capability to study reaction dynamics and image the structure of extremely diluted com-
plex systems. Moreover, differently from the case of synchrotron radiation studies,
FELs allow the exploration of non linear dynamics. Thanks to the high power density
of such a light source, large molecules or clusters can absorb a large number of pho-
tons on a femtosecond timescale. Thus it is also possible to investigate the behaviour of
complex systems when multiple photons are absorbed and a plasma-like state is formed.
This places the system in a highly excited, non-equilibrium state. In this section the first
experimental results from a novel collective ionization mechanism based on resonant
excitation of clusters is presented [58,60]. This particular ionization mechanism occurs
as any two neighboring excited atoms in the cluster exchange energy between each
other, leading to the decay of one atom and the ionization of the other. The process
is shown schematically in Fig. 5.13. This ionization mechanism is analogous to au-

Figure 5.13: Schematic diagrams of: a) CAI type process involving three excited atoms, and b), c) CAI
with electron scattering on a third neighboring excited atom.

toionization in atomic systems following double excitation of the system. However, in
contrast to the atomic case, the excitation occurs between many neighbouring atoms,
so the term Collective Autoionization (CAI) provides a better description of the pro-
cess. Such processes were recently proposed in [68]. Since the decay is dependent
on the energy transfer between neighboring atoms, it is a type of ICD. But unlike the
conventional ICD, CAI is a resonant process where intense radiation is needed to ex-
cite at least two atomic partners. In this section the electron [60] emission and the ion
yield [58] from He clusters irradiated by the intense pulses from the FEL FERMI [25] is
reported. He droplets were either resonantly excited to the 2p atomic-like state, which
is well below the ionization potential, or excited into the continuum. The electron spec-
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tra recorded following excitation to the 2p state provide evidence for a new ionization
mechanism. FEL pulses with photon energies of 21.4 and 42.8 eV having a wide range
of pulse energies (0.5-60 µJ) were focused by the KB mirrors system to a spot size
of around 75 µm (FWHM) diameter. The FEL polarization was chosen to be linear
and the axis to be perpendicular with respect to the detector axis. The estimated pulse
length is 100 fs (FWHM) (see next section). The power density is calculated to be
in the 1010-1013 W/cm2 range. He nanodroplets containing on average up to 50 000
atoms were produced in a supersonic expansion of He gas at 50 bar stagnation pres-
sure through the source system described in section 4.1.1 cooled to 17 ˘ 0.1 K. The
kinetic energy distribution of emitted electrons was determined using the FEL VMI
spectrometer described previously. The total electron yield for direct ionization at 42.8
eV (above IP) and for resonant excitation below the IP to the 2p band state at the ab-
sorption maximum around 21.4 eV are presented in Fig. 5.14 [60]. The total electron

Figure 5.14: Total electron yield vs FEL intensity for two different photon energies. Dots and triangles
represent the experimental data at 21.4 and 42.8 eV, respectively. Curves labelled R2PI and ICD
indicate theoretical electron yields for the resonant two-photon ionization process and ICD process
at 21.4 eV, respectively. Curves labelled CAI-3 and CAI-all represent the theoretical yield for the
CAI process where three and all excited atoms are involved, respectively. DPI shows the rate for
the direct photoionization process at 42.8 eV (σi « 2.89 Mb [69]). The theoretical electron yields
are normalized to the experimental data through the DPI process. Figure taken from the original
paper [60]

yields versus FEL intensity at 21.4 and 42.8 eV are depicted in the figure. Experimen-
tal points are obtained by integrating the single-shot VMI images and binning them (5
µJ{step) according to the incoming pulse energies. The experimental results demon-
strate that the electron yield of resonant 2p excitation (dots) is much higher than that
of direct excitation into the continuum above the IP (triangles). The yield for the direct
photoionization process (42.8 eV, DPI in Fig. 5.14) is lower than the electron emission
rate at 21.4 eV (ICD), calculated for the ICD process with two excited atoms involved.
In these calculations it is assumed that all atoms in the cluster can be excited and that
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after the pulse, all excited atoms decay by the ICD process. Although the details of
autoionization involving two, three (CAI-3), or many excited atoms (CAI-all) are dif-
ferent, the total electron yield is expected to be rather similar since it is only governed
by the large single photoabsorption cross section of the He 1s Ñ 2p transition, at least
at high power density. This result is supported by measuring simultaneously the total
ion yield, by means of the TOF spectrometer [58]. In first-order perturbation theory the
ionization rate is Γ “ σIn, where σ is the cross section, I is the photon intensity and n
the number of absorbed photons. For photon energies below the ionization threshold,
multiple photons are required to ionize the system. In contrast, ionization through CAI
is based on the absorption of single photons by multiple atoms within the cluster. The
energy required for ionization of the excited atom is gained by the ICD of a neighboring
excited atom. In the case of CAI one therefore expects a linear intensity dependence of
the ionization rate, while in two-photon absorption by a single atom a quadratic power
dependence is expected. Then by measurement of the ion yields it should be possible to
distinguish CAI from resonant two-photon ionization. The dependence of the ion signal
on the light intensity is shown in Fig. 5.15 for three photon energies [58]. Normalized

Figure 5.15: Power dependence and relative ion abundances for photon energies: 21.4 eV (black cir-
cles), 42.8 eV (red circles), 20.0 eV (blue circles) along with power dependence fits (lines of corre-
sponding colour). Figure taken from the original paper [58].

data are plotted on a log-log scale. As a result, the slope of a pseudo-linear fit to the
data is proportional to the number of absorbed photons. At a photon energy of 42.8 eV,
well above the ionization potential of helium, atoms are ionized by the absorption of a
single photon. The slope of 1.07 ˘ 0.01 obtained from the fit clearly shows that direct
ionization of the system is a one photon process. At 20.0 eV, the clusters are transpar-
ent and the absorption of at least two photons is required for ionization. The slope of
2.06 ˘ 0.09 determined from the data confirms this. Since the 1s2p Ð 1s2 transition
has the highest absorption cross section, it is the best candidate for observing CAI. For
rare gas clusters, the absorption spectrum is quite different from atomic systems. The
transitions are no longer narrow lines, but broad features shifted in energy with respect
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to the free atom due to the excited electron being perturbed by neighboring atoms. As
a result the maximum of the 1s2p Ð 1s2 absorption in the cluster corresponds to a
photon energy of 21.4 eV. For this resonant excitation of the system a slope of 0.63 ˘
0.01 is found. The fact that the power dependence is less than one can be attributed to
partial saturation of the 1s2p Ð 1s2 transition, which is estimated to have a large cross
section, 25 Mbarn [58]. Thus the system is ionized via the collective ionization process
described above.

5.2.3 Temporal overlap in two colours pump and probe experiments

In two colours pump and probe experiments the spatial and temporal overlap of the
two beams is a necessary condition. This subsection shows how this experimental
setup has been used to characterize the laser beam transport optics system of the LDM
beamline for this class of experiments. The FEL and the Near Infra-Red (NIR) or
UV (both avalaible) pulses are combined into the experimental chamber thanks to the
recombination mirror (see Fig. 4.13 in section 4.2). The spatial overlap is determined
by visual inspection of the images of both beams on an Yttrium Aluminium Garnet
monitor which can be inserted into the interaction chamber. The temporal overlap is
controlled by a delay stage in the NIR/UV-laser delivery system and optimized using
first a coaxial cable antenna and then directly the two-colour two-photon ionization
signals of an atomic gaseous target. In Fig. 5.16 the energy level scheme of neon (IP=
21.564 eV [6]) is reported.

Figure 5.16: Scheme of the energy levels of Ne and scheme of pump and probe beams for checking the
temporal overlap condition in two colours pump and probe experiment.

In the scheme of 5.16 the FEL light (with a photon energy of 16.85 eV) acts as
the pump by resonantly exciting neon gaseous targets from the ground state to the 3s
excited level state (lifetime τ “ 1.6ns [6]). The UV laser with a photon energy of
4.75 eV is then used as the probe. When spatial and temporal overlap conditions hold
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two-photon ionization of the atomic gas occurs and electron photoemission is observed.
This system is then used to find the zero time delay between the two colours in pump
and probe experiments. In fact by observing the electron VMI images integrated signal
dependence on the time delay between FEL and UV light one obtains a typical graph as
reported in Fig. 5.17. In Fig. 5.17 the electron yield has been extracted by integration

Figure 5.17: VMI electron yield dependence on the time delay between the FEL light and the UV light.
The zero time delay between the two colours is set at the inflection point (-253.15 ps).

on the VMI image and plotted (log scale) in dependence of the time delay between the
FEL and UV beams at a step of 150 fs. At the inflection point of the curve obtained
one finds the zero time delay between the two pulses, so in this case at a value of the
delay line system of -253.15 ps. The method described above has become a standard
procedure at the LDM beamline for checking the superposition of the two colours.
Thanks to the high tunability of the FERMI FEL light, this procedure can be performed
on whatever gasoues target by selecting a specific resonance. It is noteworthy that the
whole aquisition time needed to perform this temporal overlap checking procedure in
two colours experiments is about 15 min.

5.2.4 Cross-correlation method for the FERMI pulse duration

A series of experiments have been performed at the Low Density Matter (LDM) beam-
line for determining the temporal pulse duration of the FERMI FEL light. Differently
from the previous case, in this application the FEL light has a photon energy above
the IP of the target. The photoelectron energy spectrum consists of a main line asso-
ciated with the direct photoemission process, which in the presence of a high power
NIR laser is accompanied by the so-called “sideband” lines, located symmetrically on
each side [70]. The sidebands are very sensitive to the spatial and temporal overlap
and to the physical characteristics of both the XUV and NIR pulses. Equally spaced
sidebands, that are separated from each other by ∆E “ hνL, are associated with the ad-
ditional exchange of optical laser photons with frequency νL, through absorption and/or
stimulated emission processes [70]. A scheme of this process for atomic He targets is
reported in Fig. 5.18. The FEL light has a photon energy of hνFEL “ 48.4 eV (25.6
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Figure 5.18: Energy levels of He and scheme of the two-colour experiment with observation of sidebands
in He.

nm), the NIR light from a Ti:Sa laser with photon energy hνL “ 1.58 eV (783 nm), the
He IP is 24.6 eV. The FEL beam spot size is 50 µm diameter while for the NIR is 150
µm. Let us first consider the ponderomotive energy (also called quiver energy) (UP )
which describes the average oscillation energy that is acquired by a free electron in the
radiation field of the laser pulse, according to the following equation [71]:

UP “
q2ξ2

0

4meω2
“

q2

2meε0cω2
IL (5.2)

where q is the electron charge, ξ0 is the electric field amplitude, me is the electron
mass, c the speed of light, ω the angular frequency of the laser radiation and IL the
laser intensity. In more practical units it can be expressed as [72]:

UP reV s “ 9.34ˆ 10´20
ˆ pλrnmsq2 ˆ ILrW {cm

2
s (5.3)

Then the ponderomotive energy (UP ) is expected to shift the kinetic energy by a very
small amount (« 5ˆ 10´2 eV) at the laser intensity used IL “ 2.5ˆ 1011 W/cm2. The
outgoing photoelectron kinetic energy, neglecting the small shift due the ponderomotive
energy, results is found to be equal to:

Ee
kin “ hνFEL ´ IP ˘ nhνL (5.4)

The corresponding image acquired with the VMI spectrometer at the zero time delay
is reported in Fig. 5.19: In Fig. 5.19 a) the raw electron VMI image, background
subtracted; b) enlarged image of the main normal photoline where the appearance of
the sidebands due to the dressing of the NIR laser is clearly visible. As stated above, the
high sensitivity of the sidebands to the spatial and temporal overlap and to the physical
characteristics of both the XUV and NIR pulses has been used here to characterize
the FERMI FEL pulse duration via cross-correlation measurements, by changing the
delay between the NIR laser pulse and the FEL pulse. It is important to point out that
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Figure 5.19: a) the raw electron VMI image, background subtracted; b) zoomed image showing the He
sidebands in detail.

this kind of measurement is feasible at FERMI because it is a seeded FEL and can be
considered a light source with nearly jitter-free timing [73]. In fact in SASE FELs,
such an experiment is very difficult considering that the typical timing jitter between
consecutive pulses, within the electron bunch, can be of the order of hundreds of fs, thus
equal or even higher than the pulse duration itself that one should measure. According
to lowest-order perturbation theory [74], the population of the n-th sideband, Ipnqsb , is
proportional to the product of the intensity of the pump pulse, IFEL, and of the probe
pulse raised to the power n, pILqn [74, 75]. Assuming Gaussian temporal profiles for
both laser pulses in the cross-correlation experiment, the full-width at half-maximum
(FWHM) of the cross-correlation signals (τC) for the n-th sideband is related to the
X-ray FEL pulse duration (τFEL), the IR laser pulse duration (τL), and the jitter time
(τjitter) between the FEL and IR laser by the following equation:

τC “

c

τ 2
jitter ` τ

2
FEL `

τ 2
L

n
(5.5)

As mentioned, timing jitter (i.e., the first term in the sum) can be neglected. More im-
portantly, lower-order perturbation theory breaks down when the IR laser field becomes
more intense and n should be replaced by an effective parameter α [75]. Therefore, the
relationship between the cross-correlation width and the IR pulse duration in Eq.5.5
can be simplified as follows:

τC “

c

τ 2
FEL `

τ 2
L

α
(5.6)

where the parameter α represents the effective intensity dependence of the n-th side-
band on the IR laser intensity, specifically, Ipnqsb « pILq

α. To characterize the FEL
pulse duration or jitter time reliably, the parameter α must be carefully considered [75].
As reported in reference [75], the intensity dependences of the sidebands are studied
based on the soft-photon approximation (SPA) [70]. In this paper it is stated that for
NIR laser intensities below 3ˆ1011 W/cm2 the parameter α can be approximated by n,
the order of the sideband and thus eq. 5.6 is considered. Then by changing the delay
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between the NIR laser and the FEL pulse in steps of 20 fs (in the central region) and
plotting the integrated signal by selecting the region of interest of the 1st, 2nd and 3rd

sideband (SB1, SB2, SB3) on the electron VMI image normalized to the integrated
signal from the main band, the graph in Fig. 5.20 is obtained. By fitting our results

Figure 5.20: Electron VMI image integrated signal over the region of interest for the 1st, 2nd and 3rd

sideband (SB1 (black), SB2 (red), SB3 (blue)) normalized to the integrated main band signal vs the
time delay between FEL and IR laser.

with a Gaussian distribution model of the the cross-correlation curves, a FWHM (τC in
5.6) of (196 ˘ 6) fs, (164 ˘ 4) fs and (146 ˘ 5) fs is obtained for the SB1, SB2, SB3
respectively and thus considering the FWHM of the NIR laser was equal to τL=175 fs
this leads to a FWHM of the FEL pulse of τFEL= 88 fs, 108 fs, 105 fs. The error of
the measurement, has been estimated to be around 31 fs. These results confirm that the
approximation used, (α « n), is reasonable within the error limits. However the values
obtained exhibit a certain difference in particular between SB1 and SB2, SB3. This can
be explained by the fact that for lower order sidebands the signal saturation occurs at
a lower power intesity than for the higher order ones as confirmed also in [75]. Hence
the values obtained for the FEL pulse duration by the higher order sidebands (SB2 and
SB3) are considered more realiable than the one obtained by integrating on SB1.

5.2.5 Auto-correlation method for the FERMI pulse duration

In the previous sections we have exploited the capabilities of our detection system in
the investigation of a new ionization process promoted by light-matter interaction. It
has been also demonstrated that the setup can be used to characterize one of the most
important light source parameters, the pulse duration, by means of two colours pump
and probe experiments. In this section we will describe its use in a one colour pump
and probe scheme for the commissioning of the recently built XUV/XUV delay line
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of FERMI. In this case we carried out autocorrelation measurements on helium two-
photon double ionization with a double goal: probe the capabilities of the new delay
line, while at the same time, give an alternative measure of the FERMI pulse duration.
In particular the He2` ion yield dependence on the time delay between the pulses of
incident light with photon energy of 52.24 eV (23.73 nm) has been examined in or-
der to determine the pulse duration of FERMI. The FEL pulse delay is controlled by
splitting the beam and using a new delay line designed and commissioned by the Pho-
ton Analysis Delivery and REduction System (PADReS) group of Elettra [50]. If the
contribution to the He2` signal is purely due to the direct two photon (D2P) double
ionization process , the simple auto-correlation measurement of doubly charged helium
can be used to determine the average pulse duration of FERMI. FEL-1 was optimized
at 23.73 nm (52.24 eV), which corresponds to the 11th harmonic of the seed laser
wavelength (261.0 nm) for technical reasons independent from the double ionization
experiment, but mainly related to the best tuning of the electron beam and control of
the FEL output, in view of a thorough campaign of measurements of FEL photon pulse
duration as a function of FEL-1 machine parameters. At the FEL intensity regime of
about 1014 W/cm2 and for this particular choice of wavelength, though, double ioniza-
tion of helium could in principle proceed not only through the D2P process, but also
through two other ionization channels, both related to the probability of second ioniza-
tion of a singly charged helium ion produced by interaction of a first FEL photon with
neutral helium. In fact at wavelengths below 45.6 nm sequential three photon double
ionization of helium at a FEL may occur by direct non resonant two photon ionization
(NR2P) of the singly charged helium. Additionally, at specific wavelengths below 30.4
nm excitation of He` to a Rydberg state may occur, enhancing the probability of the
sequential 3 photon (S3P) double ionization of helium. This could be case at 23.73 nm,
where absorption of a FEL photon may promote the singly charged helium ion to the
He`1s5p Rydberg excited state. A scheme of the three possible processes is reported
in Fig. 5.21.

In any case for the FEL intensity used, the doubly ionized helium production is
mostly due to the D2P process and the effect of the NR2P and S3P channels can be
neglected (for a complete discussion refer to appendix C). The autocorrelation signal
can be considered due only to the D2P process and thus used for measuring the pulse
temporal duration of FERMI. The results that follow have been acquired during the
beamtime on 11-21/11/2013 at the Low Density Matter (LDM) beamline [49].
The FEL beam is split in two delayed pulses of comparable intensity obtained by using
the newly built PADRES delay line, a scheme is reported in Fig. 5.22.

The FEL beam is split by a mirror and fed into two different arms. Arm1 in Fig.
5.22 is a fixed path arm, while in Arm2 the optical path can be varied by moving two
mirrors with a resolution defined by the motor step of 10 µm corresponding to a min-
imum adjustable delay step of 0.3 fs. The beam path can be varied from -0.45 mm
to 9 mm corresponding to a delay -1.5 ps to 30 ps between the two pulses. At the
exit side of the delay line chamber the two pulses are recombined. The spatial over-
lap between the two pulses has been monitored by using a YAG screen in the LDM
experimental chamber, with the screen located in the focal plane of a CCD camera.
The temporal overlap has been measured by using a Shack-Hartmann wavefront sen-
sors [76] located downstream of the LDM chamber. The LDM endstation is equipped
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5.2. Experiments at FERMI

Figure 5.21: Excitation scheme for a photon energy of 52.24 eV: 1) direct two photon (D2P) double
ionization, 2a) non-resonant two-photon ionization (NR2P), 2b) sequential three photon (S3P) double
ionization.

Figure 5.22: PADReS Delay Line conceptual scheme.

with the pulsed source described in 4.1.1 that provides a pulsed beam of helium gas
synchronized with the FEL shots. The LDM interaction chamber consists of a Velocity
Map Imaging focusing system coupled with a 2D detector (not used in this experiment)
and a Time-Of-Flight mass spectrometer (TOF) [49] used to extract the autocorrelation
signal described in the previous sections. The choice of using the TOF spectrometer
instead of the VMI has been adopted in this case in order to have a simpler and faster
detection and data analysis system with the purpose of characterizing the new delay
line setup performance. Then the TOF spectrum of the ionic species produced by pho-
toionization has been recorded. In Fig. 5.23 a typical TOF spectrum obtained with
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Chapter 5. Results

such a detector is shown. In order to extract the FEL pulse duration a series of TOF

Figure 5.23: TOF spectrum obtained at the LDM endstation.

spectra have been acquired while changing the delay between the two pulses and mon-
itoring the He doubly ionized signal rate. Since the signal of the helium singly ionized
species was too high and could saturate the detector, a fast HV switch (Behlke [77]) has
been used for gating the MCP to suppress the He` signal. In the TOF spectrum, noise
from the trigger start and trigger stop signal of the HV switching, the He doubly ion-
ized signal are clearly visible. In Fig. 5.24 a scan of the delay between the two pulses
was recorded when the seed laser pulse was nearly chirp compensated. A shot-to-shot
normalization to the incident flux was performed. Assuming a Gaussian-shaped pulse,

Figure 5.24: Auto-correlation signal of doubly charged helium vs time delay between the FEL pulses
(solid line + squares) and Gaussian fit (dashed line). Shot-to-shot normalization to incident flux was
performed.
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the experimental data was fitted with a FWHM of 36 fs (goodness of fit 91 % (Adj.
R-Square). Assuming that only the D2P process is dominant (as discussed in appendix
C) and dividing then by the

?
2 factor the pulse duration estimation is then about 25.4

fs. This result is clearly in contrast with the result obtained with the cross-correlation
method. For these reasons, it is believed that something was not working properly,
the newly built delay line was suspected. As a result of this measurements a thorough
investigation of the delay line system was performed and a problem with the splitting
mirrors was then found. A mechanical problem with the translation stage of one of the
mirrors was found. In particular, the spatial overlap between the two photon beams
coming from different arms could not be guaranteed for the whole range of delays at
the tight focusing conditions required for this experiment. This problem explained the
unrealistically short pulse duration measured. The experiment will be repeated after
factory mainteinance of the delay line.

5.3 Fast beam monitors based on diamond detectors

In new generation light sources, the use of devices able to measure the photon beam
characteristics (such as photon beam position, absolute intensity and temporal struc-
ture [78]) is fundamental for users and machine operation. Real time feedbacks are
necessary for optimal function of radiation sources, stability of the performance and
to deliver quantitative bunch to bunch informations to users [79]. The low frequency
readout system (see section 4.3) has been used to measure the homogeneity response
of the diamond detector as well as for Beam Position Monitoring purposes [32, 33].
In particular, the homogeneity test reported in Fig. 5.25 was carried out at the X-ray
Fluorescence bending-magnet beamline of Elettra [80]. After being generated by the
accelerator, broad-band radiation (ranging from infrared to hard X-rays) passes through
several absorption stages; since no monochromator was inserted in the light path, the
present experiments were performed with radiation showing a maximum estimated flux
of 7.30ˆ1010 ph{s{mrad2{0.1%BW at an energy of 20 keV and a spread of about 15
keV. At the end of the evacuated tubes, a double-slit collimator was used to obtain a
rectangular beam with adjustable cross section dimensions ranging from 75 µm to 2
mm. For the test a rectangular slit with a section of 70ˆ350 µm2 has been used in
combination with the stepper motors. The mesh scan in Fig. 5.25 a) has been obtained
where an inhomogeneity, defined as the standard deviation from the mean response, of
the order of 2% has been found.
In Fig. 5.25 b) the beam position on one axis (horizontal) was determined by mea-
suring separately the current from each front electrode and moving again the detector
with respect to the incident beam (as outlined in the inset of the figure). The difference-
over-sum technique (see section 3.3) can be used to calculate the beam centroid position
during the scans. The detectors proved to be capable of monitoring position in the cen-
tral linear region with a precision below 150 nm.

With the high frequency readout system, it is possible to monitor the intensity and
temporal structure for SR light sources. For this purpose the Elettra synchrotron stor-
age ring was filled, upon our request, in Hybrid Mode (HM). In such a configuration
most of the 432 buckets (separated by 2 ns) are uniformly filled leaving an empty gap,
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Chapter 5. Results

Figure 5.25: a) Homogeneity mesh scan test of the detector. b) Horizontal beam position estimation,
measured by moving the detector at a motor step of 10 µm with respect to the incident beam.

called Dark Gap (DG) of about 40 buckets. In the middle of that gap a single electron
bunch (with about 4 mA) is injected. Such a bunch is called the Hybrid Peak (HP).
Since ELETTRA was in “Top-Up” operation mode the current for the bunches was not
decaying in time.
The characterization was carried out at the end station of the Circular Polarization
(CiPo) beamline of Elettra [81]. The insertion device of the beamline can provide radi-
ation between 40 eV and 1000 eV in which the energy can be selected with a Spherical
Grating Monochromator working in Padmore-type configuration and is equipped with
a variable angle plane mirror and four different spherical gratings. In order to max-
imize the signal on the detector the grating with higher efficiency was selected (G4,
centre energy 70 eV) and the slits of the beamline were adjusted in order to provide a
200ˆ200µm2 spot size at the device position. Figure 5.26 a) reports the data acquired
with the diamond detector for two synchrotron revolution periods that shows the time
structure of the beam in hybrid mode configuration. In fact we can clearly distinguish
the hybrid peaks in the middle of the dark gap separated by 864 ns which is exactly one
synchrotron period.
It is noteworthy that the baseline level of the signal is the same for the isolated peak in
the dark gap and the one in the multi peaks, which provides the possibility to separate
the contribution from single peaks. In b) an enlargement of the hybrid peak reveals the
presence of a small bunch probably due to some electrons injected into the adjacent
bucket. This is also confirmed by the electron beam position monitor presently used by
the control room as a diagnostic system and reported in Fig. 5.26 d).
Analysing the central peak of Fig. (5.26 b), it is evident that there is no signal reflection,
confirming the good quality of the 50 Ω matched system. A single Gauss curve (cor-
responding to the shape of the emitting electron bunch) was used to fit the peak. The
fit results are in agreement with the experimental data with a correlation coefficient of
0.988. Part of the mismatch between the fit and the data has to be attributed to a small
tail after the peak probably due to the relaxation of charge into the diamond device after
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5.3. Fast beam monitors based on diamond detectors

Figure 5.26: a) the hybrid mode temporal structure of Elettra with the dark gap and the single bunch in
the middle. b) zoom of the single bunch in the dark gap. c) The corresponding signal from the control
room diagnostic system. d) zoom of the single Hybrid Peak for response time estimation.

the incident pulse. The peak rise time is about 200 ps with a FWHM of 389 ps. The
latter has to be compared with the width of the electron bunches that is expected to be
180 ps. The difference can be attributed to the time required to inject the charge into
the diamond. By reducing the thickness of the detector we can expect to increase the
time resolution.
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Conclusions

The results presented in this thesis fall into two categories: the development of ad-
vanced methods for electron spectroscopy in the gas phase at modern accelerator based
light sources; the characterization of the light sources for such advanced spectroscopic
applications.
In particular the first category concerns the development of an experimental setup de-
voted to the analysis of energy and angular distribution of photoelectrons by means of
VUV spectroscopy for the GasPhase beamline of the Elettra Italian synchrotron labo-
ratory in Trieste. This experimental setup consists of a detection system built around
a time-of-flight mass spectrometer and a velocity map imaging electron spectrometer.
During my doctoral project, this system, including the position sensitive detector based
on a cross delay line detector, has been completely assembled and characterized (paper
8 submitted).
The experimental setup has also demonstrated the required flexibility for possible Free
Electron Laser applications, where the use of a different position sensitive detector is
needed to overcome problems due to the high rate of events per photon pulse. In fact by
replacing the last stage of the detection system with a position sensitive detector based
on a homemade phosphor screen, the use of this second expertimental setup has been
demostrated with a preliminary test performed at the Low Density Matter beamline of
the seeded FEL FERMI. This test has been done in parallel to the construction of the
current LDM endstation (a project involving several international institutions) where a
commercial phosphor screen as 2D detector has been used (paper 3 and 7). A complete
characterization of this detection system has been performed as well and reported in
this thesis.
By using these experimental setups interesting results concerning photoelectron tran-
sition processes in simple atomic species and rare gas clusters have been obtained. In
particular results on pure helium clusters and NeAr dimers (papers 1,2,10,11) by using
PhotoElectronPhotoIonCOincidence as well as PhotElectronPhotoIonPhotoIonCOinci-
dence spectroscopy at the Gasphase beamline have been reported. The results obtained
have revealed energy-loss processes by inelastic collisions of the photoelectrons with
He atoms in the droplets. Studies on NeAr dimers investigating in particular the kinetic
energy distribution of ICD electrons following photionization of 2s electrons, have re-
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vealed a good agreement with the calculations. Also a contribution to the spectrum due
to the population of the vibrational excited states v=1 and v=2 has been found.
In addition at the LDM beamline novel multiphoton processes occurring in helium clus-
ters have been investigated (papers 4, 5 and 15) and discussed in this thesis work. The
results obtained have revealed a novel collective ionization mechanism based on reso-
nant excitation of clusters.
If on the one hand these results have validated the experimental setup used, on the
other some limitations have also emerged. In fact the use of such a VMI system limits
its application to the kinetic energy ranges exploited in this thesis work (tens of eV).
For lower kinetic energy ranges (hundreds of meV) such a design is no more suitable,
since one should use very low extraction voltages heavily affecting the efficiency of the
detection system. To overcome this limitation, at the very end of this doctoral project,
the design for the VMI has been changed in order to include additional electrodes.
Then a new setup for the GasPhase beamline has been realized (to which I have con-
tributed with simulations, following the workshop job, pre-assembly, offline tests, final
assembly for the ensuing beamtime) but not presented in this thesis. This new system,
with additional electrostatic lenses, is capable of detecting low and high kinetic energy
ranges by only changing the voltage settings. The low energy setting can image parti-
cles with kinetic energy up to 300 meV (with a max resolution of 10 meV) while the
high energy one can collect particles up to 22 eV (with a max resolution of 1.1 eV).
More recent beamtimes have demonstrated the validity also of this new flexible design,
that could be also suitable for FEL application (provided that the 2D detector will be
changed accordingly).
The second category of results concerns the characterization of the light sources used.
In particular with the FEL setup an estimation of the FERMI pulse duration has been
discussed by means of cross-correlation measurements on helium sidebands, where a
pulse duration of about 100 fs has been found in agreement with the expected value.
A second experiment about the pulse duration has been performed on helium doubly
ionization, during the commissioning of the PADReS newly built delay line chamber
for auto-correlation measurements. The pulse duration obtained was suspiciously too
short. In fact an investigation performed at a later stage confirmed the newly built de-
lay line was not properly working, in particular parts of the mechanics needed to be
recommisioned after factory manteinance. However these experimental runs at FERMI
could also demonstrate the value of our experimental methods for probing the main
parameters of the FERMI light source (see also paper 6).
Finally, again with the aim of characterizing the incident light source, progresses done
in the development of novel diamond photon beam monitors have been reported. This
work has been done in collaboration with the Detector and Instrumentation group at
Elettra and the XUV_lab of the University of Firenze. The results reported in this the-
sis have demonstrated that this kind of detectors, with a high radiation hardness, are
well suited for the construction of beam position monitors (papers 12, 13, 14) with a
resolution of 150 nm and as temporal structure monitors for synchrotron radiation light
sources (paper 9). These investigations have recently resulted in the development of
the first permanent beam monitor system based on a diamond detector operating at a
bending magnet beamline at Elettra, continuously running since one year to present
day (see ref. [82] and [83]). Such a system could also be useful in the development of
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5.3. Fast beam monitors based on diamond detectors

the new Elettra2.0 project, where an upgrade of the existing storage ring for a higher
brilliance is expected.
Finally preliminary tests (not presented in this thesis work, see paper 13) have been also
performed with a 50 µm diamond with the FERMI FEL source. In particular, a preci-
sion of 85 µm in the beam position encoding has been found. The reduced resolution
is due to the fact that the experiment has been performed out-of-focus, with a consid-
erable spot size dimension of about 1 mm. However intensity and position monitoring
capabilities for FEL light have been demonstrated as well.
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APPENDIXA
Image inversion

In a Velocity Map Imaging spectrometer the image of photoelectrons (or in general
charged particles) consists of a projection of the original 3D distribution of electrons
emitted from the target onto a 2D position sensitive detector, shown in figure A.1.

Figure A.1: Mapping 3D distributions onto a 2D image. (a) Sphere in 3 dimensions representing the
photoelectrons given by the ionisation event. The 3D sphere is mapped onto a 2D image (b) by the ion
optics. (b) A 2D image of the 3D sphere expressed in polar co-ordinates. The 2D image is inverted
by means of an inverse Abel transform, to recover the original distribution; the photoelectron kinetic
energy is proportional to the square of the sphere radius.

The photoelectron velocity is linearly proportional to the radius from the centre of
the detector in the image plane. From this relationship the electron kinetic energy
is obtained as discussed in section 3. When using an excitation pulse polarised in
the image plane, orbital angular momentum information of the emitted photoelectron
can be obtained from the anisotropic distribution of the image. In order to gain the
photoelectron spectrum of the ionisation event the 3D sphere must be retrieved from
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Appendix A. Image inversion

the 2D image that is projected onto the detector. The photoelectron angular distribution
of electrons emitted in an n-photon process involving linearly polarized light, when
the polarization of all photons is parallel, is completely described within the dipole
approximation by the formula discussed in section 1.2.1 and reported here:

dσ

dΩ
“

σ

4π

„ n
ÿ

j“0

pβ2jP2jpcos θqq



(A.1)

where dσ{dΩ is the differential photoionization cross-section, n is the numer of pho-
tons inveloved in the process, σ the total (angle-integrated) cross section, θ is the angle
between the photon’s polarization vector and the photoelectron’s momentum direction,
P2jpxq are the Legendre polynomials of order l “ 2j, and β2j is the asymmetry param-
eter.

A.1 The Method

The goal of a measurement of angular distribution of charged particles emitted from a
photoionization process is to extract these asymmetry parameters. One of the fastest
and most accurate approaches to the numerical solution is the use of the polar basis set
expansion Abel transform (pBasex) method, introduced by Garcia et al in [84]. The
inversion problem can be divided into 2 sections. These are the inverse Abel transform
that must be solved and the form chosen to represent the image to be transformed. The
pBasex method tries to solve the inverse Abel transform integral using a set of forward
basis functions with analytical inverse Abel transforms fitted to the image. The image is
effectively modelled with these basis functions that are computationally easy to inverse
Abel transform. The inverse Abel transform expressed in polar coordinates for a system
that is cylindrically symmetric, as is the case in velocity mapping of electrons, is:

T pR1, θ1q “ 2

ż 8

|x|

rF pR, θq
?
r2 ´ x2

dr

x “ R1 sin θ1

r “ R sin θ

(A.2)

The original distribution T pR1, θ1q and projected distribution of the 3D sphere, F pR, θq
are shown in figure A.1, where R is the radius and θ, the angle from the axis of sym-
metry. To solve this integral directly for a raw image is numerically challenging due to
singularities, when r “ x, instead a basis set is used to fit to the data which does not
suffer from this problem. An expansion in Legendre polynomials in spherical coordi-
nates is used as the basis set to describe the angular distributions of the photoelectrons
with respect to the polarisation vector of the light. The energy distribution of the par-
ticles is then modelled using a discrete number of Gaussian functions with a width, η,
which is set as the width of a pixel to give the expression:

F pR, θq “
k“kmax
ÿ

k“0

k“kmax
ÿ

l“0

cklfklpR, θq (A.3)
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with
fklpR, θq “ e´pR´Rkq

2{η

Plpcos θq (A.4)

Here, θ is measured with respect to the polarisation direction (linearly polarised) of
the light, Pl is the Legendre polynomial of order l and Rk represents the centre of the
k-th Gaussian. R represents the ejection energy and is taken as related to the radius
within the image as explained earlier. The basis function used to model the detector, as
shown below, is obtained by combining equations A.3 and A.4:

gklpR
1, θ1q “ 2

ż 8

|x|

rfklpR, θq
?
r2 ´ x2

dr (A.5)

This integral of the inverse Abel transform of the basis functions corresponding to the
image can be expressed now as a linear expansion:

T pR1, θ1q “
ÿ

k

ÿ

l

cklgklpR
1, θ1q (A.6)

From this equation the coefficients ckl can be taken and substituted into equation A.3
to reconstruct the original distribution. Equation A.6 describes a case in which the
distribution in the detector is continuous while an image is a discrete matrix of Cartesian
pixels. For that reason the width of the Gaussian is set to be the width of a pixel and
the linear expansion can be converted into terms relating to the pixels:

Tij “
ÿ

k

ÿ

l

cklgij,kl (A.7)

where i, j are the detector radial and angular pixels respectively, and Tij is obtained
by converting the initial Cartesian coordinates of the detector to polar coordinates. Us-
ing Legendre polynomials has the benefit of allowing terms in the expansion to be elim-
inated depending on the distribution expected from the photoionisation event. When the
light is linearly polarised the odd Legendre terms are eliminated. The more general rule
for number of terms in the polynomial, lmax, is lmax “ 2n, where n is the number of
photons.
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APPENDIXB
SIMIONr simulation software

SIMIONr is a software package used primarily to calculate electric fields, when given a
configuration of electrodes with voltages, and calculate trajectories of charged particles
in those fields, and given particle initial conditions, including optional RF, magnetic
field, and collisional effects. In this, SIMION provides extensive supporting function-
ality in defining system geometry and conditions, recording and visualizing results,
and extending the simulation capabilities with user programming [28]. A SIMION ge-
ometry file (GEM) defines electrode geometries, is a text file and has the file name
extension ‘.GEM’. SIMION can convert a GEM file to a Potential Array (PA) file. A
PA is a 2D or 3D rectangular grid (sometimes called a ‘mesh’) of points in space. Its
purpose is to store electrode geometries and/or potentials. Each point defines a po-
tential (electrostatic or scalar magnetic potential) and/or a flag marking the point as an
electrode or non-electrode point [28]. SIMION’s methods are fairly direct via finite dif-
ference methods (optimized over-relaxation and multimesh methods) and Runge-Kutta
for solving the required partial differential equations (PDEs), particularly the Laplace
Equation, and ordinary differential equations (ODEs) respectively [28].

B.1 Potential optimization example

Once the geometry .GEM (text) file has been created and converted into a PA (in this
first example the VMI and PSD detector geometry has been created) one can assign po-
tentials to the electrodes, calculate and visualize the potential energy surfaces, calculate
and visualize charged particles trajectories (to "fly" particles, in SIMION terminology).
When dealing with a VMI spectrometer one seeks to find the potentials such that VMI
conditions hold (particles with the same kinetic energy momentum arrive in the same
spatial region of the PSD even if the particle’ source dimension is not a point but an
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Appendix B. SIMIONr simulation software

extended volume) To do so let us first define the geometry and the frame of reference
as in figure B.1.

Figure B.1: Geometry file of the electrodes for the VMI spectrometer and coordinate system used in
SIMION.

Where the X-axis is the detector axis, the Z-axis is the light propagation axis, the Z
and Y define the plane of the PSD where the image of the arriving particles is collected.
Usally in order to check the VMI conditions a source volume of 3 mm in the Z direction,
and 0.5 mm in the Y and X directions is set. Then the potentials are set in the ‘Fast
Adjust’ SIMION’s panel for each electrodes, and clicking on the Potential Energy ‘PE’
panel it is possible to view the potential energy surfaces and equipotential lines (in blue
in figure B.2).

Figure B.2: Potential Energy surfaces in SIMION.

Then 3 groups of particles (blue, red and green in fig.B.3) with the same kinetic
energy but different directions are flown (each group with 3 particles spaced along the
Z-axis by 1 mm): In a) potentials are set so that VMI conditions holds and the particles
are indeed focussed. In b) VMI conditions do not hold and indeed the particles are
spread out at the detector plane.
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B.2. Energy calibration simulation

Figure B.3: Particle’s trajectory for two different extraction voltages.In a) potentials optimized for VMI
conditions in b) potentials non optimized.

B.2 Energy calibration simulation

SIMION has been also used, once the potential optimization is done, to estabilish what
maximum kinetic energy of the particles (i.e. electrons) is possible to collect with
such a detector, for a fixed potential configuration. Assuming a certain MCP effective
diameter, particle with incresing kinetic energy are flown until they fall off the detector.
A typical simulation is reported in fig.B.4, with 100000 electrons with 35 eV of kinetic
energy having an uniform direction distribution. The data are binned into a 200ˆ200
pixel image with a side lenght of 40 mm.

Figure B.4: Typical particle’s trajectory simulation. 100000 electrons with 35 eV of KE randomly
distributed.

In addition, in order to have an idea of the energy calibration, a simulation has been
performed (voltage settings: Vextractor “ ´1472V and Vrepeller “ ´2000V ) by flying
12 groups of electrons (for a total of 420000 electrons). With the aim of simulating the
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Appendix B. SIMIONr simulation software

measurement that has been performed to extract the real energy calibration (as reported
in 5.1.1), the 12 groups of electrons are flown with kinetic energies of: 0.2 eV, 1.5
eV, 3.5 eV, 6 eV, 7.3 eV, 8.5 eV, 9.3 eV, 13.5, 14.3 eV, 18.5 eV, 19.3 eV and 24.3 eV
respectively. The results have been binned into a 200ˆ200 pixel image and reported in
figure B.5 a), while the pBasex (see section A) inverted image is reported in figure B.5
b).

Figure B.5: In a) VMI image simulation for photoelectrons with 0.2 eV, 1.5 eV, 3.5 eV, 6 eV, 7.3 eV, 8.5
eV, 9.3 eV, 13.5, 14.3 eV, 18.5 eV, 19.3 eV and 24.3 eV kinetic energy. In b) Transformed image with
pBasex inversion software.

After the image inversion, it is then possible to analyze the PES as reported in in
figure B.6 a). The peak centers are plotted on the x-axis in the graph of figure B.6 b)
while on the y-axis the nominal kinetic energies have been reported.

Figure B.6: In a) PES after pBasex inversion. b) Energy calibration simulation.
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The curve can be fitted with a 2nd order polynomial (red curve in figure B.6 b)), as
expected : KE “ A ` Bx ` Cx2, here x represents the pixel position of the peak
center in the PES obtained with pBasex. The fitted curve gave the following result for
the coefficients: A “ 0, B “ 0.72ˆ10´2, C “ 1.11ˆ10´3 with an agreement of 99.9%
(Adj. R-square). The goodness of the fit can be evaluated by rescaling the x-axis of fig.
B.6 a) according to the fitting parameters just calculated. The rescaled graph is reported
in B.7.

Figure B.7: Energy calibrated PES of fig. B.6.

The resolutions obtained, by fitting the outer and inner peaks (24.3 eV and 1.5 eV
respectively) with a gaussian curve and evaluating the FWHM (∆E), are: for the outer
peak ∆E= 730 meV and thus a resolution of ∆E{E= 3%, while for the inner peak a
∆E= 260 meV and thus a resolution of ∆E{E= 7%.
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APPENDIXC
Helium multiphoton double ionization

C.1 Theoretical Background

In the FEL intensity regime of „ 1014 W/cm2 and at the photon energy of 52.24 eV
(23.73 nm), not only the double two photon ionization process, but also the sequen-
tial three photon (S3P) ionization channel contributes to the total He2` ion yield. The
excitation scheme is shown in figure C.1: 1) and 2) denote the two processes (chan-
nels) which lead to doubly ionized He species at this wavelength. Those processes are
described by:

1. He 1s2 ` 2hν Ñ He2` ` 2e´

2. He 1s2 ` hν Ñ He` 1s` e´

He` 1s` hν Ñ He` 5p
He` 5p` hν Ñ He2` ` e´

The first process (1) is the direct two photon two electron process (D2P), while the
second process (2) is the sequential three photon process (S3P) through the 5p state of
He` which is a very long lived state (of the order of tens of ps) compared to the pulse
duration.
Since the photon energy is resonant with the 1s Ñ 5p transition in He`, the non-
resonant two-photon ionization of He` is not considered. In fact, by using the hydro-
genic scaling laws [85] for the cross-section considering also the energy scaling:

σ̂Npµ, Z, ωq “
´ µ

me

¯´3N`1

Z´4N`2 σ̂N

´

me, Z “ 1,
ω

pµ{meqZ2

¯ (C.1)
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Appendix C. Helium multiphoton double ionization

Figure C.1: Excitation scheme for the photon energy of 52.24 eV: 1) the direct two photon (D2P) double
ionization and 2) the sequential three photon (S3P) double ionization.

The cross section for the non-resonant process is found to be σ “ 5.4 ˆ 10´54 cm4s
and its contribution to the total ion yield calculated latter is expected to be of the order
of 0.6 %, thus negligible in comparison with the resonant contribution. The interaction
of an atom with a classical monochromatic field can be described by the following
Hamiltonian operator [16]:

H “ HA
` VAF ptq, (C.2)

where HA is the atomic term and the VAF ptq is the interaction term:

HA
“
ÿ

i

Ei|iyxi|, (C.3)

VAF “ ´~d ¨ ~Eptq “ ´dEptq. (C.4)

The energies of the atomic eigenstates |iy are denoted by Ei “ ~ωi, and d “ ~D ¨ ê
is the electric dipole operator which describes the interaction of the atom with linearly
polarized light with polarization ê. The amplitude of the electric field is:

Eptq “
ξ

2
e´iωt `

ξ˚

2
e`iωt “ |ξ| cospωt´ ϕq. (C.5)

The time evolution of the system |Ψptqy is described by the Schrödinger equation:

B|Ψptqy

Bt
“ ´

i

~
H|Ψptqy. (C.6)
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C.1. Theoretical Background

Using Eq. (C.6), we can also take into account the spontaneous decay of the states
(through their decay widths Γi) if the energiesEi are replaced withEi´iΓi{2. Thus, the
FEL-induced coupling between a pair of selected states is represented by the following
matrix:

H “

˜

E1 ´ i
Γ1

2
VAF12

VAF21 E2 ´ i
Γ2

2

¸

. (C.7)

C.1.1 Process 1: Direct Two Photon process (D2P)

The creation of He2` due to the D2P process can be described by the following set of
rate equations:

Bρ00ptq

Bt
“ ´Γ0ρ00ptq, (C.8)

Bρ33ptq

Bt
“ Γ0ρ00ptq, (C.9)

where N0 ” ρ00ptq and N3 ” ρ33ptq represent the time-dependent population of the
ground state He atoms and the population of He2` ions, respectively. The two-photon
ionization rate is:

Γ0 “ σ
p2q
0 Φ2, (C.10)

where σ
p2q
0 is the (direct) two-photon double ionization (D2P) cross section of the

ground state He atom, Φptq “ Iptq{p~ωq is the photon flux (in cm´2s´1), and Iptq
is the intensity (in W cm´2). Since we assume that at the beginning (i.e., at t “ 0)
all the atoms are in the ground state, the initial conditions are: ρ00p´8q “ 1 and
ρ33p´8q “ 0, where the limit tÑ ´8 corresponds to times long before the arrival of
the light pulse(s) to the interaction region.

C.1.2 Process 2: Sequential Three Photon process (S3P)

For a rigorous treatment of the S3P process and in order to correctly take into account
the Rabi oscillations between the two states of He`, it is convenient to use the density
matrix formalism. Denoting the He` 1s state with |1y and the He` 5p state with |2y, the
time-dependent wave function of the system can be expressed as:

|Ψptqy “
2
ÿ

i“1

ciptq|iy, (C.11)

where ciptq are the time-dependent amplitudes of the atomic eigenstates |iy. In the case
of a “pure” ensemble [16], the density operator ρ is defined as:

ρ “ |ΨptqyxΨptq|, (C.12)

and using the expansion for |Ψptqy defined in Eq. (C.11), follows that:

ρ “
ÿ

n

ÿ

m

cnc
˚
m|nyxm| “

ÿ

n,m

ρnm|nyxm|, (C.13)

where ρnm “ xn|ρ|my “ cnc
˚
m are the matrix elements of the density operator. The

diagonal elements ρnnptq, also called populations, represent the probability of finding
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Appendix C. Helium multiphoton double ionization

the system in the states |ny at time t. The off-diagonal matrix elements are called co-
herences because they depend on the phase difference of cn and cm. The time evolution
of the system [see Eq. (C.6)] in terms of the density operator is then described by the
following equation:

Bρ

Bt
“ ´

i

~
pHρ´ ρH:

q, (C.14)

or in matrix form:

Bρnm
Bt

“ ´
i

~
ÿ

a

pHnaρam ´ ρnaH:
amq (C.15)

“ ´
i

~
ÿ

a

pHnaρam ´ ρnaH˚
maq. (C.16)

Denoting the decay width of the upper state by Γ2 and using Eq. (C.15), one obtains
the following set of equations:

Bρ11ptq

Bt
“ ´i

Ω

2
ρ21 ` i

Ω˚

2
ρ˚21, (C.17)

Bρ22ptq

Bt
“ ´Γ2ρ22 ´ i

Ω˚

2
ρ˚21 ` i

Ω

2
ρ21, (C.18)

Bρ21ptq

Bt
“

´

i∆´
Γ2

2

¯

ρ21 ´ i
Ω˚

2
ρ22 ` i

Ω

2
ρ11. (C.19)

Used Ω “ Ω21 “ d5pÐ1sEptq to denote the Rabi frequency associated with the He` 1sÑ
5p transition and introduced the detuning ∆ “ ω ´ pE2 ´ E1q, where ω is the pho-
ton energy. Contrary to the simple two-state system described by these equations, the
complete system under consideration is not closed. Simultaneously with the driving
described by Eqs. (C.17)–(C.18), excitations due to the D2P process also take place.
Thus modifing Eqs. (C.17)–(C.18) to also account for the D2P process:

|0y :
Bρ00ptq

Bt
“ ´pΓ0 ` Γ1qρ00ptq, (C.20)

|1y :
Bρ11ptq

Bt
“ Γ1ρ00ptq ´ i

Ω

2
ρ21 ` i

Ω˚

2
ρ˚21, (C.21)

|2y :
Bρ22ptq

Bt
“ ´Γ3ρ22ptq ´ i

Ω˚

2
ρ˚21 ` i

Ω

2
ρ21, (C.22)

Bρ21ptq

Bt
“ pi∆´

Γ3

2
qρ21 ´ i

Ω˚

2
ρ˚22 ` i

Ω

2
ρ11, (C.23)

|3y :
Bρ33ptq

Bt
“ Γ0ρ00ptq ` Γ3ρ22ptq. (C.24)

Again used Γ0 for the D2P rate, Ω for the Rabi frequency, and ∆ for the detuning. The
other quantities are: (i) Γ1 “ σ

p1q
2a Φ the decay rate of the ground state due to one-photon

one-electron ionization process; (ii) Γ3 “ σ
p1q
2b Φ the He` 5p Ñ He2` ionization rate.

The single-photon single-electron ionization cross sections of the ground state He atom
and the ground state He` ion are denoted with σp1q2a and σp1q2b , respectively. The initial
conditions are: ρ00p´8q “ 1, ρ11p´8q “ ρ22p´8q “ ρ33p´8q “ ρ21p´8q “ 0.
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C.1. Theoretical Background

C.1.3 Photon flux

In the case of a single incident pulse (i.e., when the delay line is not used) the photon
flux may be written as:

Φptq “ Φ0 e
´4 ln 2 pt{T q2 , (C.25)

where it is assumed that the temporal profile of the pulse is Gaussian. The peak ampli-
tude of the flux is defined as Φ0 “ I0{p~ωq ” N{pS T q, I0 is the peak intensity, N is
the number of photons incident on the focal spot with the surface area equal to S, and
T is the FWHM of the pulse duration. The number of photons N is obtained from the
measured total energy Etot (in units of µJ) using N « Etot{p1.2 ~ωq, which takes into
account the numerical factors due to the Gaussian shape. Taking into account the 50%
beamline transmission, the spot size measured by a wavefront sensor was S “ 15ˆ 15
µm2. Setting the pulse duration to T “ 50 fs, we obtain the peak amplitude of the flux:

Φ0 “ 1.3ˆ 1031cm´2s´1. (C.26)

This corresponds to the peak intensity:

I0 “ 1.3ˆ 1014W{cm2. (C.27)

The electric field in Hartree atomic units is given by

Eptq “
a

8παωΦptq, (C.28)

where α is the fine structure constant, and both Φptq and ω should be given in a.u. Note
that the atomic unit of energy is

Ea.u. “ EH « 27.2 eV (C.29)

and the atomic unit of flux is

Φa.u. “
1

a2
0 ta.u.

« 1.48ˆ 1033 cm´2s´1, (C.30)

where a0 is the Bohr radius and ta.u. “ ~{EH « 2.4189ˆ 10´17 s is the atomic unit of
time.

It is possible now to generalize these results to the case where the delay line is used.
Assuming that the total electric field may be written as:

Ept; τq “ E1ptq ` E2pt; τq (C.31)

“
ξ1ptq

2
e´iωt `

ξ2pt´ τq

2
e´iωpt´τq ` c.c., (C.32)

where E1ptq describes the part of the field at time t and E2pt, τq the part which is de-
layed by time τ . The time-dependent amplitudes ξ1ptq and ξ2ptq describe the envelopes
of the two fields and c.c. stands for complex conjugation. In the case of the D2P pro-
cess, we are interested in absorption of two photons, so only the terms associated with
the positive frequency in (C.32) will be considered:

Ept; τq “
ξ1ptq

2
e´iωt `

ξ2pt´ τq

2
e´iωpt´τq. (C.33)
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Appendix C. Helium multiphoton double ionization

Taking the envelopes ξiptq to be Gaussian

ξ1ptq “ ξ10 e
´t2{p2T 2q, (C.34)

ξ2pt´ τq “ ξ20 e
´pt´τq2{p2T 2q. (C.35)

Here ξ10 and ξ20 are the time-independent peak amplitudes. Is assumed that ξ1ptq and
ξ2ptq do not vary appreciably on the time scale of the period of oscillations of the field,
i.e., we assume that T " 2π{ω.

The quantity we are interested in is the two-photon rate, e.g., the rate Γ0 introduced
in (C.10), which describes a second order process, and is thus proportional to the square
of the flux. Neglecting other processes for the moment, the corresponding ion yield Y p2q

will thus be proportional to:

Y p2q9σp2q
ż 8

´8

|Ept; τq|4 dt, (C.36)

where the two-photon ionization cross section σp2q is time-independent. Due to the
finite temporal resolution of the delay line (e.g., due to mechanical constraints), the
measured yield Ym is proportional to:

Y p2qm “
1

?
2π s

ż 8

´8

dτ Y p2qpτq e´pτ0´τq
2{p2s2q (C.37)

“
σp2q
?

2π s

ż 8

´8

dt

ż 8

´8

dτ |Ept; τq|4ˆ

e´pτ0´τq
2{p2s2q, (C.38)

where a Gaussian response function has been assumed, where the width s is directly
proportional to the delay line resolution. The nominal delay has been denoted by τ0. In
this particular case, the resolution of the delay line („ 0.3 fs) is large in comparison with
the period of the oscillations, so s " 2π{ω. This means that the oscillations of the field
will be smeared out because of the finite resolution. Since this is the case and since the
envelopes vary slowly as well, |Ept; τq|4 may be replaced by its average |Eavgpt; τq|

4

where the harmonic factors are replaced by their averages over τ . Formally, this is
achieved by evaluating the inner integral in (C.38) by assuming the envelopes to be
constant, i.e., ξ2pt´ τq « ξ2pt´ τ0q, and taking the limit s2ω2 Ñ 8:1

|Eavgpt; τ0q|
4
“

1

16

!

|ξ1ptq|
4
` |ξ2pt´ τ0q|

4

` 4|ξ1ptq|
2
|ξ2pt´ τ0q|

2
)

.
(C.39)

The measured yield is thus proportional to:

Y p2qm “
p2πq3{2α2ω2σp2q

s

ż 8

´8

dt
 

Φ2
1ptq ` Φ2

2pt´ τq

` 4Φ1ptqΦ2pt´ τq
(

.

(C.40)

1Note that this implies that T " s.
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C.2. Simulation Results and Discussion

The same procedure can be used in the case of a single-photon process, where the yield
is seen to be proportional to

Y p1qm 9σp1q
ż 8

´8

 

Φ1ptq ` Φ2pt´ τq
(

. (C.41)

C.2 Simulation Results and Discussion

The D2P cross-section and the single-photon one-electron cross section of the ground
state He atom can be found in Ref. [86]: σp2q0 “ 2.0ˆ10´52 cm4s and σp1q2a “ 1.9ˆ10´18

cm2. By means of the LANL web interface [87] we get the He` 5p ionization cross
section: σ

p1q
2b “ 2.6 ˆ 10´21 cm2. The dipole matrix element has been calculated

d21 “ d5pÐ1s using the Z “ 2 (real) hydrogenic wave functions: d12 “ d21 “ 0.060
a.u.

By varying the FEL intensity from 108 W/cm2 up to 1016 W/cm2, we have calculated
the dependence of the He2` yield on the peak intensity shown in Fig. C.2.

Figure C.3 shows a detail from Fig. C.2. To be noticed that at intensities of about

Figure C.2: The He2` yield dependence on the FEL peak intensity for the D2P (crosses) and S3P
(triangles) processes seperately and combined (diamonds).

1014 W/cm2, the D2P is the dominating process accounting for approximately 63% of
the total He2` signal. In order to take into account the effects of the beam focusing,
a Gaussian spatial profile has been assumed. The dependence of the peak intensity I0

(which now depends on the spatial coordinates inside the interaction volume) is:

I0pr, zq “ If exp
!

´ 2
´ r

wpzq

¯2)

, (C.42)

where r and z are coordinates perpendicular and parallel to the beam direction, respec-
tively, wpzq is the beam waist and If is the maximum intensity, i.e., the intensity in the
focus. The dependence of wpzq is:

wpzq “ w0r1` pz{z0q
2
s
1{2, (C.43)

where w0 is related to the FWHM (the spatial extent of the beam in the focus)2 and
z0 is called the Rayleigh range defined as z0 “ πw2

0{λ. In the present case, for λ “
2The relation is: w0 “ 0.84932ˆ FWHM.
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Appendix C. Helium multiphoton double ionization

23.73 nm, the FEL spot size of 15 µm, and taking the dimension of the interaction
volume to be of about 1 mm in the z direction, z ! z0 for any point of the interaction
volume. As a consequence, wpzq « wp0q may be assumed to hold, and the integration
over z becomes trivial. Looking at fig. C.2, the volume integration should result in
an autocorrelation peak (due to the D2P process) which is even more pronounced (it
is higher in comparison with the background due to the S3P process) than the peak
calculated without taking care of the volume effects: the relative contribution of the
D2P process to the total yield is higher when the peak intensity is lower. Indeed, our
calculations have shown that upon volume integration, a relative increase of about 1.5%
of the D2P peak occurs. Considering the volume integration, the D2P process accounts
for 64.5%, while the S3P process accounts for 35.5% of the total He2` signal.

Up to now monochromatic pulses has been considered, i.e., pulses with a well de-
fined carrier frequency ω. Nevertheless, the results are valid also for realistic FEL
pulses with a finite bandwidth. In fact, by using the density matrix formalism [see
equations (C.21), (C.22), and (C.23)], the signal broadening due to the Fourier width
of the pulse has been already taken into account. The effect of a non-monochromatic
beam must be considered explicitly only for the non-resonant processes, so for the D2P
process and the single-photon single ionization. For those processes, the correspond-
ing cross sections are seen to be smooth functions of the photon energy [86, 88], and
the finite bandwidth (i.e., the convolution with the spectral function) does not affect
the width of the temporal correlation signal. By changing the time delay between the
two pulses in the range between ´300 fs and 300 fs and calculating the He2` yield,
the plot shown in Fig. C.4 has been obtained. Fitting those results with a Gaussian
distribution an agreement of 99.8 % (Adjusted R2) has been found. By changing the

Figure C.3: The dependence of the He2` signal on the FEL intensity (single pulse) for the D2P and S3P
processes.

assumed temporal width (FWHM) of the FEL pulse from 50 fs to 30 fs, 80 fs, and 100
fs, the autocorrelation signal width (FWHM) has been simulated and reported in figure
C.5. The width of the calculated autocorrelation signal due to both processes (D2P and
S3P) differs from the width due to the D2P process alone by about 4%. This difference
is negligible in comparison with the experimental uncertainties (intensity fluctuations,
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Figure C.4: The He2` yield signal for the D2P and S3P processes dependence on the time delay between
the two FEL pulses with a peak intensity of 1014 W/cm2. D2P (crosses) and S3P (triangles) processes,
D2P + S3P (diamonds). Also a Gaussian fit curve is shown.

Figure C.5: The FWHM autocorrelation signal for the D2P + S3P and for the pure D2P processes
versus FEL pulses (5 ˆ 1013 W/cm2 each) with different nominal FWHM width (30 fs, 50 fs, 80 fs,
and 100 fs). D2P + S3P (black squares) and D2P (empty circles).

spot size uncertainty, etc.). By dividing the widths of the signals obtained in this sim-
ulation by a factor of

?
2, we obtain an estimation of the real pulse length as expected

by the D2P process alone. In conclusion, the contribution of the S3P process results
in an increase of the baseline level, as can be inferred from figure C.4. The effect on
the width of autocorrelation signal on the He2` yield is about 4% (see C.5) and is thus
negligible because for sure lower than the experimental errors. The fact that the corre-
lation signal is still clearly detectable despite the presence of the S3P process is due to
the fact that the lifetime of the resonant process is much longer than the pulse duration,
resulting primarily in a baseline level increase.
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List of Symbols and Acronyms

α fine structure constant

γ Lorentz’s factor: γ “ 1?
1´p v

c
q2

.

λ wavelenght

ν radiation frequency

ωc Critical frequency parameter in storage rings

Φpr, tq scalar potential of the field

σif photoionization cross-section for transition from initial state i to final state f

Eptq Electric Field

ε0 dielectric constant

~β speed relative to the light speed in vacuum c: ~β “ v{c

~B magnetic field

Apr, tq vector potential of the field

a0 Bohr radius

c speed of light in vacuum

h Planck constant

HA Atomic term of the Hamiltonian

J total angular momentum: J=L+S

k wave vector

L´ S spin-orbit coupling

me electron mass
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V AF Interaction term of the Hamiltonian

AD Angular Distribution

ADC analog-to-digital converter

CAI Collective AutoIonization

CVD Chemical Vapor Deposited

D2P Direct Two Photon

DPI Direct PhotoIonization

eBPM electron Beam Position Monitor

FEL Free Electron Laser

FOFB Fast Orbit FeedBack

FWHM Full Width Half Maximum

HA Hemispherical Analyzer

HGHG High-Gain Harmonic-Generation

ICD Interatomic Coulombic Decay process

IP Ionization Potential

K Undulator strength parameter

KB Kirkpatrick-Baez Mirror pairs

KE Kinetic Energy

LDM Low density Matter beamline

MBES Magnetic Bottle Electron Spectrometer

MCP Micro Channel Plate

NIR Near Infra-Red

NR2P Non-Resonant Two Photon

pBPM photon Beam Position Monitor

PEPICO PhotoElectron-PhotoIon COincidence spectroscopy

PEPIPICO PhotoElectron-PhotoIon-PhotoIon COincidence spectroscopy

PES Photoelectron Energy Spectrum

PSD Position Sensitive Detector

R2PI Resonant Two PhotoIonization

RF Radio Frequency
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S3P Sequential Three Photon

SASE Self Amplified Spontaneous Emission

SR Synchrotron Radiation

TDC Time-to-digital converter

TOF Time-of-Flight

UV UltraViolet

VMI Velocity Map Imaging

XUV Extreme UltraViolet

YAG Yttrium Aluminium Garnet
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