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Abstract
The present thesis investigates the electronic structure of selected atoms and
molecules in vapor phase. Electron spectroscopy is applied for studying the
electronic transitions following excitation and ionization with electron and
photon bombardment. The work focuses on the photoionization and Auger
decay of selected noble gasses, and on the photoionization and Auger decay
of core ionized or resonant excited alkali halide molecules. The experimental
results are compared with theoretical predictions.
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For founding, great thanks to the Tauno Töning Foundation, to the Faculty of Science at the University of Oulu, to the National Graduate School
in Material Physics and to the European Community Access to Research
Infrastructure action of the Improving Human Potential Program.
I would like to thank Jussi Haapola and David Carrasco, two special
friends that father destiny put on my path, who much have given me in
many situations during these years.
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Chapter 1
Introduction
An atom consists of a positively charged nucleus and of a cloud of negatively
charged electrons orbiting around the nucleus. All molecules are an aggregation of two or more atoms, the molecular structure is determined by the
interaction between the electrons of diﬀerent atoms constituting the molecule
itself. It is therefore natural that the understanding of the electronic properties of atoms is very important for the understanding of the natural world
around us.
Electron spectroscopy analyzes the electrons emitted or scattered by the
studied sample when bombarded using excitation beams (electron or photon)
and it is based on two physical phenomena, the photoelectric eﬀect and the
Auger process. Both phenomena where discovered in the early 20th century,
when the theoretical foundation for the understanding of the atomic structure
was laid with the development of quantum mechanics. Electron spectroscopy,
because of the technology it required, had to wait until the second half of
the 20th century in order to become a practical research method.
This thesis consists of a short introduction (ch. 2–5) and a summary of
the included papers (ch. 6). Chapters 2 and 3 are a short introduction to
the basic theoretical concepts. Chapter 4 is an overview of the experimental
techniques and instrumentations. In chapter 5 the main concepts behind the
used computational methods are presented. Chapter 6 is a more in depth
summary of the included papers. The order in which topics are discussed
follows the order in which the articles are presented: a mainly chronological order in which papers investigating closely related topics are grouped
together.

Chapter 2
Electronic structure of atoms
and diatomic molecules
In this chapter a brief qualitative picture of the atomic and molecular electronic structure is given. Some of the concepts introduced here will be resumed in chapter 5 with a more accurate treatment of the computational
aspects. The discussion will be limited to atoms and diatomic molecules as
the treatment of more complex compounds goes beyond the scope of the
present thesis.

2.1

The electronic structure of atoms

The quantum mechanical description of the atom starts from the solution of
the time-independent Schrödinger equation (SE) [1, 2, 3, 4]
HΨ = EΨ.

(2.1)

The Hamiltonian operator H of the system in atomic units is
1  1 
1 2
∇i − Z
+
+
ξ(ri )li · si
H =−
2 i
r
r
i
ij
i
    
 i<j   i


H1

H2

H3

(2.2)

H4

where H1 and H2 include respectively the kinetic and the potential energy
components of the N electrons and it leads to a system of N uncoupled differential equations which, as it will be shown later, may be solved using a
one-electron wavefunction. H4 represents the spin-orbit (SO) interaction.
For atoms that are not too heavy, a non-relativistic approach (like in here)
is used, where the SO contribution can be treated as a perturbation (a more
detailed treatment of the SO interaction is presented in the next section).
For heavier atoms a full treatment of the relativistic eﬀect implies the replacement of the Schrödinger with the Dirac equation [5]. H3 includes the

4
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Figure 2.1: spherical coordinate system
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electron-electron interaction contributions and lead to N coupled diﬀerential equation. Unfortunately there are very few cases where the Schrödinger
equation can be analytically solved, and they all involve hydrogenic atoms
(i.e. one electron atom or ions of general atomic number Z). The SE form for
many-electron atoms is too complicated to be solved exactly and a number
of approximations are necessary on the path to ﬁnding a solution. In ﬁrst
approximation, H3 can be separated into two parts, one of which is spherically symmetric and can be included with H2 in equation (2.2). This is the so
called central ﬁeld approximation (CFA), which states that each electron in
the atom moves independently from the other electrons in a spherically symmetric average ﬁeld created by the stationary nuclear charge and its screening
due to the eﬀect of the other electrons. In this framework the Hamiltonian
(2.2) can be rewritten as the sum of one-electron operators
 
 1
2
H0 =
Hi
(2.3)
− ∇i + V (ri ) =
2
i
i
For each operator Hi , one-electron eigenfunction φi is determined and an
eigenvalue equation can be written:
Hi φi = Ei φi .

(2.4)

The atomic wavefunction Φ and the corresponding energy eigenvalue E0 of
H0 can then be obtained as product and sum, respectively, of the one-electron
wavefunctions and energies obtained from the solutions of the (2.4):

Φ=A
φi
E0 =
Ei .
(2.5)
i

i

where A is the antisymmetrization [6]. In the framework of the CFA, the
solution of the one electron wavefunction φi in (2.4) can be explicitly calculated expressing the SE in the spherical coordinates system (see ﬁgure 2.1)
and assuming a product wave function Φ(r, θ, ϕ) = R(r)Y (θ, ϕ).

2.1 The electronic structure of atoms
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Table 2.1: Atomic quantum numbers, their values and the corresponding
notation
Quantum Number
Principal
Angular momentum
Magnetic
Spin

symbol
n
l
ml
s

values
notation
1,2,3,...
K,L,M,...
0,1,...,n-1
s,p,d,...
-l,-l+1,...,l-1,l
± 12

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 2.3,
a schematic representation of the corresponding atomic orbitals is shown in
table 2.2.
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, corresponding 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 2(2l + 1) electrons. The
general notation for the electron conﬁguration of a N-electron atom is
n1 l1

x1

n2 l2

x2

... nN lN

xN

(2.6)

where n and l identify the occupied orbitals named using the symbols indicated in table 2.3 and where xi 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.

2.1.1

Coupling of angular momenta

As seen in the previous section, each electron in an atom has two kinds of
angular momenta: one due to the orbital motion around the nucleus and one
due to the spin. It is also possible to assign to an electron the total (orbital
+ spin) angular momentum and the associated quantum number j:
j = l + s

|l − s| ≤ j ≤ l + s.

(2.7)

The magnetic moments generated by the electrons’ angular momenta can be
thought of as small magnetic bars, and they interact just as magnetic bars

6
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Table 2.2: Isosurfaces of hydrogen atomic orbitals.
m

n
l

1
0

2
1

3
2

4
4

-3

-2

-1

0

+1

+2

+3

would (ﬁg. 2.2). The strength of the coupling strongly depends on the atom
considered, however, in some cases interactions are so weak that they can be
neglected. There are two main approaches in describing the coupling between
spin and orbital motions, and they are referred to as jj-coupling approximation, usually dedicated to heavy atoms, and LS-coupling approximation, used
for most of the atoms and the only one adopted throughout this work. In
the jj-coupling scheme it is assumed that the interaction between the spin
momenta of diﬀerent electrons, as well as the interaction between the orbital
momenta, are weak enough to be neglected. On the contrary, the coupling

2.1 The electronic structure of atoms
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Figure 2.2: Orbital and spin angular momenta l and s and their corresponding magnetic moments μl and μs
between the j’s for all the electrons is assumed to be strong.
In the LS-coupling scheme (known also as Russell-Saunders coupling approximation) the interaction between the spin of an electron and its orbital
momentum is neglected, and the coupling between the orbital momenta and
the coupling between spin momenta is assumed to be strong. This approach
leads to determine the total spin angular momentum S, the total orbital
angular momentum L and their sum J, that in the case of a two electron
system are given by:
 = s1 + s2
S

|s1 − s2 | ≤ S ≤ s1 + s2

 = l1 + l2
L

|l1 − l2 | ≤ L ≤ l1 + l2

 +S

J = L

|L − S| ≤ J ≤ L + S

(2.8)

Of course the spin of an electron can also interact with the orbital motion of
the other electrons, but this third kind of coupling is normally too small to
be taken into account.

2.1.2

Notation

A single atomic orbital is indicated by two numbers and a lower case letter
[7], e.g., 2p1/2 . The ﬁrst number represents the principal quantum number

8
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Table 2.3: Atomic quantum numbers, their values and the corresponding
notation
Quantum Number
Principal
Angular momentum
Magnetic
Spin

symbol
n
l
ml
s

values
notation
1,2,3,...
K,L,M,...
0,1,...,n-1
s,p,d,...
-l,-l+1,...,l-1,l
± 12

n, the lower case letter indicates the angular momentum quantum number
and the right-hand subscript fraction is one of the two possible values of the
total angular momentum j = l + s. Following the values of table 2.3 in the
considered example n = 2, l = 1 and j = 1/2.
The state of the atom is indicated using two numbers and a capital letter,
e.g., 2 P1/2 . The left hand superscript number indicates the multiplicity 2S+1,
the capital letter indicates the total angular momentum L and the right hand
subscript gives the total J. In the considered example then S = 1/2, L = 1
and J = 1/2.
In photoelectron and Auger spectroscopy (see chapter 3) the energy levels
for ionized atoms are denoted using a notation indicating the ionized orbitals:
a Latin capital letter and a number1 as right hand subscript as shown in table
2.4.

2.2

The electronic structure of diatomic
molecules

For molecules, concepts and methods are carried over directly from atoms.
In order to describe the electronic structure of molecules, the target is the
solution of the non-relativistic, time independent Schrödinger equation
 =E R
 Ψ r; R
 .
HΨ r; R

(2.9)

The Hamiltonian – in atomic units – is written
1  2  1   ZI  ZI ZJ
H =−
∇i +
−
+
.
2 i
r
r
R
ij
iI
AB
I
   i<j   i 
 I<J  
Hi

Hii

Hiii

(2.10)

Hiv

where Hi and Hii include respectively the kinetic energy and the electronelectron interaction contributions. Compared to the atomic case (eqs. (2.1)
1
X-ray spectroscopy notation uses Arabic numbers while the presented table 2.4 uses
roman numerals as in the Auger spectroscopy.

2.2 The electronic structure of diatomic molecules
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Table 2.4: X-ray level notation and corresponding electron conﬁguration.

Level

Electron
Level
conﬁguration

Electron
conﬁguration

Level

Electron
conﬁguration

K

1s−1

NI

4s−1

OI

5s−1

LI

2s−1

NII

4p−1
1/2

OII

5p−1
1/2

LII

2p−1
1/2

NIII

4p−1
3/2

OIII

5p−1
3/2

LIII

2p−1
3/2

NIV

4d−1
3/2

OIV

5d−1
3/2

MI

3s−1

NV

4d−1
5/2

OV

5d−1
5/2

MII

3p−1
1/2

NV I

4f−1
5/2

OV I

5f−1
5/2

MIII

3p−1
3/2

NV II

4f−1
7/2

OV II

5f−1
7/2

MIV

3d−1
3/2

MV

3d−1
5/2

and (2.2)) the Hamiltonian of a molecular system includes also the interaction between nuclei and electrons belonging to diﬀerent atoms, Hiii , and the
nucleus-nucleus interaction components, Hiv . However, generally the central
ﬁeld model is not valid here and the resolution of the equation (2.9) becomes
a more complicated aﬀair.
A very useful method to evaluate the energy and approximate the wavefunction of a known Hamiltonian, is based on the so called variational theory
[8]. This method consists of ”guessing” the form of an initial wavefunction
Ψ0 and then optimizing it following a procedure based on the minimization
of the Rayleigh ratio
Ψ|H|Ψ
E=
.
(2.11)
Ψ|Ψ
The variational principle states that if an arbitrary wavefunction is used to
calculate the energy, the calculated value is never less than the true energy.
In facing the task to determine the electronic wavefunction, because of
the same limitations met for the atomic case, it is required the adoption of a

10

2 Electronic structure of atoms and diatomic molecules

series of approximations. The Born-Oppenheimer approximation is based on
the assumption that the nuclear motion is so much slower than the electronic
motion that the nuclei can be considered ﬁxed in space and their energy
added at the end of the calculations a as ﬁxed parameter. This implies
that nuclear and electronic motions can be considered separately, leading to
wave functions that can be described in terms of electronic positions ri and,
 i:
parametrically, from nuclear positions R
i .
 i Ψnuclei R
Ψmolecule = Ψelectrons ri ; R

(2.12)

The electron clouds of the atoms in a molecule spatially overlap and this
leads to an interaction between them. Similarly to what happens in the
atomic case, the total electronic wave function can be written as product of
one-electron wavefunctions called molecular orbitals (MOs), which can host
no more than two electrons of opposite spin, in agreement with the Pauli’s
principle. The product of a one-electron wavefunction by a spin function is
denoted as molecular spin-orbital (MSO). The diﬀerences with the AOs are
due to the facts that they extend over any number of atoms and that they
reﬂect the basic symmetry of the molecule.
The problem of the representation of MOs can be enormously simpliﬁed
adopting the Roothan method, also known as linear combination of atomic
orbitals - self consistent ﬁeld (LCAO-SCF) method. The MOs are built as
linear combinations of atomic orbitals:

Ψmolecule =
ci ϕ i
(2.13)
i

where ci are coeﬃcients optimized in order to minimize the energy. In this
framework, the minimization of (2.11) brings us to the solution of the so
called secular equation:
Haa − E Hab − ES
Hab − ES Hbb − E

=0

(2.14)

where
Haa = ϕa |H|ϕa

Hbb = ϕb |H|ϕb

Hab = ϕa |H|ϕb 

S = ϕa |ϕb 

are the so called Coulomb, resonance and overlap integrals respectively. The
Coulomb integral can be understood as the energy of the electron that occupies a certain orbital and it is negative. The interpretation of the resonance
integral is not so intuitive: it vanishes for not overlapping orbitals and for
equilibrium internuclear distances it is usually negative. The overlap integral, as the name implies, is a measure of the extent to which the atomic
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Figure 2.3: Schematic representation of the angular
momentum for a diatomic
molecule
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orbitals of diﬀerent atoms overlap. From the solution of the secular equation (2.14) two molecular energy levels arise, one with lower energy and one
with higher energy, referred to as bonding and antibonding molecular orbitals,
respectively.
For an homonuclear molecule (i.e. the atoms are equivalent), we get
Ebond/antibond =

Haa ± Hab
.
1±S

(2.15)

For a heteronuclear molecule (i.e. not equivalent atoms) the solution of
(2.14) leads to more complicated expressions:
Ebond = Haa −

2.2.1

2
Hab
Hbb − Haa

Eantibond = Hbb +

2
Hab
.
Hbb − Haa

(2.16)

Coupling in diatomic molecules

Analogously to the atomic case, the interaction between the electrons’ angular momenta needs to be addressed [7]. The coupling scheme that better
describes the electronic states for diatomic molecules is the equivalent of the
LS-coupling scheme presented in section 2.1.1. The spherical symmetry of
the atoms is now reduced to a rotational (or cylindrical) symmetry with respect to the molecule internuclear axis, with the main consequence that the
total angular momentum L no longer provides a constant of motion, i.e., it
does not represent a suitable quantum number. Within the framework of the
cylindrical symmetry, the projection of the total orbital angular momentum
along the internuclear axes does represent a constant of motion (ﬁg. 2.3) and
it is indicated with Λ where
|Λ| = 0, 1, 2, . . .
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When |Λ| > 0, the corresponding states are doubly degenerate. Analogously
to the atomic cases, they can be thought of as being due to electrons orbiting
clockwise or anticlockwise. The projection of the total spin angular momentum S, that is still a valid quantum number, is indicated with Σ (ﬁg. 2.3)
where Σ is the molecular equivalent of ms and it can take the values
Σ = −S, −S + 1, . . . , S.
The projection of the total (orbital+spin) angular momentum is indicated as
Ω where
 =Σ
 + Λ.

Ω

2.2.2

Notation

A common qualitative description of the MOs uses the so called molecular
orbitals diagrams (ﬁg. 2.4) as a tool to explain the chemical bonding in
diatomic molecules. The MOs are indicated with lower case Greek letters that
recall the atomic notation: σ, π, δ, . . . (in analogy with the atomic notation

N

N

C
6V *

6V *
5V

2p

2p

2p

5V

2p

1S

1S

4V *

2s

O
2S *

2S *

4V *

2s

2s

2s

3V

3V

(a) N2 molecular diagram

(b) CO molecular diagram

Figure 2.4: Examples of molecular orbital diagram of (a) homonuclear and
(b) heteronuclear molecules
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s, p, d . . .). In most of the cases, only σ and π type of MOs are needed to
fully describe the molecular electronic structure. Furthermore, each orbital
is indicated with the letter indicating the parity, u (from the German word
ungerade, odd) if there is a change in the sign of the wavefunction with respect
to the plane perpendicular to the internuclear axis, or with the letter g (from
the German word gerade, even) if there is no change in the sign. An asterisk is
used to indicate the antibonding character of the orbital. Sometimes, in order
to underline where the molecular orbital originates, the corresponding atomic
orbital is indicated. Orbitals are indicated with numbers that correspond to
the order in which they occur, starting from the inner one. For example the
ground state conﬁguration for the O2 molecule is
(1σg 1s)2 (1σu∗ 1s)2 (2σg 2s)2 (2σu∗ 2s)2 (3σg 2p)2 (1πu 2p)4 (1πg∗ 2p)2

(2.17)

The principal symbol for the state of the molecule is a capital Greek letter
corresponding to the resultant angular momentum of all the electrons with
respect to the internuclear axis Λ. When |Λ| = 0, 1, 2 the used letters are
Σ, Π, Δ in analogy with the S, P, D notation of atoms2 . The multiplicity
is denoted by a superscript number to the left side of the letter. A closed
molecular group, whether σ or π, must give a 1 Σ term, as the resultant angular momentum and the multiplicity must both be zero. A + or − superscript
on the right side indicates whether the total wave function is symmetric
or antisymmetric – respectively – with respect to the reﬂection in a plane
containing the principal axis. A subscript g or u on the right side is given
corresponding to the gerade or ungerade molecular symmetry (the product
of any number of g functions or an even number of u functions results in a g
function). Sometimes, before the main letter, a capital letter is placed X, A,
B, etc., indicating the ground state, ﬁrst excited state, second excited state,
etc. The notation for the conﬁguration described in (2.17) for the ground
state of the O2 molecule is therefore X 3 Σ−
g.

2
In this case the symbol Σ is not to be confused with the same symbol that indicates
the projection of the total spin angular momentum on the internuclear axes Σ (ﬁg. 2.3).

Chapter 3
Electronic transitions
3.1

Primary processes

In the so called primary processes, the atom (or molecule) is provided additional energy which causes the transition from the ground state to an energetically higher state.

3.1.1

Photoexcitation

A certain minimum of photon energy, known as ionization threshold, is required to remove an electron from an atom or a molecule. Photons with
energy below the ionization threshold can still be absorbed, but in this case
a bounded electron is moved to an empty orbital and the atom or molecule
is left in a neutral excited state (ﬁg 3.1(a)):
hν + A → A∗ .

(3.1)

This process is called resonant photoexcitation or resonant photoabsorption.

3.1.2

Photoionization

Photoionization involves the ejection of electrons from atoms or molecules
following bombardment by monochromatic photons (ﬁg 3.1(b)):
hν + A → A+ + e−
ph .

(3.2)

The ejected electrons e−
ph are called photoelectrons. The photon bombardment
does not produce any photoelectrons until the ionization threshold is reached.
As the photon energy increases, the kinetic energy of the ejected electrons
also increases, linearly with the photon energy:
1
hν = I + me ve2
2

(3.3)
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(a) photoexcitation

(b) photoionization

Figure 3.1: Primary processes
where I indicates the ionization threshold, me the electron mass and ve the
velocity of the ejected photoelectron.

3.1.3

Excitation and ionization by electron bombardment

Atoms and molecules can also be excited or ionized using electron bombardment:
∗
−
(3.4)
e−
pr + A → A + esc
+
−
−
e−
pr + A → A + esc + eej .

(3.5)

−
−
where e−
pr is the primary electron, esc is the scattered electron and eej is
the ejected electron. An important diﬀerence between ionization of atoms
and molecules using photon or electron bombardment is that in the latter
case the electron loses only part of its energy in the impact. Even if the
primary electrons have well-deﬁned kinetic energy, we cannot anticipate how
the energy is shared between the scattered and the ejected electrons.

3.2

Secondary processes

Depending on the energy used in the photon or electron bombardment, the
electron can be removed from either an outer or an inner shell. In case of
excitation or ionization of an inner shell, atoms and molecules are left in a
so called core hole state. These are very unstable high-energy states, which
decay very rapidly (≈ 10−15 s) through a relaxation process into a lower
energy state. The relaxation processes can be divided in two main groups:

3.2 Secondary processes
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(a) spectator Auger

(b) participator Auger

(c) normal Auger

Figure 3.2: Secondary processes
radiative decays, where the core hole is ﬁlled by an electron from an outer
shell and the released energy is emitted as electromagnetic radiation, and
non-radiative decays, where the released energy is given to another electron
that is ejected from the atom. Electron spectroscopy focuses its interest on
the non-radiative decays, known as Auger 1 decays [9] from Pierre Auger who
ﬁrst explained the phenomenon in 19252.

3.2.1

Auger decay

The Auger decay is dominant in the lighter elements (Z < 30 for K-shells
and Z < 90 for L-shells). According to the nature of the core-hole production – core-excitation or core-ionization – we can distinguish between two
categories, resonant Auger and normal Auger decay.
Resonant Auger decay
Resonant Auger decay is the non-radiative decay following the core-hole excitation:
hν + A → A∗ → A+ + e−
(3.6)
A
−
∗
−
∗
−
e−
pr + A → A + esc → A + esc + eA .

(3.7)

As shown in ﬁgure 3.2 the bombarded atom or molecule is left in a singly
ionized state. The resonant Auger process can be further separated in spectator (ﬁg. 3.2(a)) or participator (known also as autoionization) decay (ﬁg.
3.2(b)).
1

pronounced (”)O-’zhAThough the discovery was made and reported by the Austrian physicist – Lise Meitner
– in 1923 in the journal Zeitschrift für Physik two years before Auger.
2
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Figure 3.3: Primary (many-particles) processess
Normal Auger decay
In this case the non-radiative decay follows the core-hole ionization process:
2+
−
+ e−
hν + A → A+ + e−
ph → A
ph + eA

(3.8)

+
−
−
2+
−
−
+ e−
e−
pr + A → A + esc + eej → A
sc + eej + eA .

(3.9)

The electron transfer within the atom releases a very well-deﬁned energy
that is used to eject the Auger electron 3.2(c). Therefore, each Auger transition can in principle be fully described knowing in which orbital the core hole
occurs in the initial Auger state, and in which orbitals the two holes occur
in the ﬁnal Auger state. The general notation for the Auger process consists
of three capital letters following the scheme reported in table 2.4 indicating
in which orbitals the core hole and the ﬁnal two holes occur, i.e.:
Ne 1s−1 → 2p−2

NeKLL

In ﬁrst approximation the Auger electron kinetic energy can be obtained as
KEAu ≈ BEcore − BEhole1 − BEhole2
where BEcore , BEhole1 and BEhole2 are the binding energies of the orbitals
where the core and the ﬁnal two holes (respectively) occur. In order to completely and properly describe the Auger electron spectra, relaxation eﬀects,
relativistic corrections and electron-electron interactions have to be taken
into account.

3.3 Satellite transitions
e A
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Figure 3.4: Secondary (many-particle) processes or Shake processes

3.3

Satellite transitions

In photoionization and photoexcitation processes, photons operate on only
one particle. However, many-particle processes are often present in photoelectron spectra. These processes can be explained within the so called
sudden approximation model : the sudden change in the central potential,
felt by the other electrons due to the initial hole, moves electrons to higher
orbitals or into continuum. Some of the many particle processes and their
denominations are schematically described in ﬁgures 3.3 and 3.4.

3.4

Selection Rules

The wavefunctions described in section 2.1 can be used to calculate the transition rate between two states A and B following the so called Fermi’s golden
rule [6]:
2π
WA→B =
(3.10)
|ΨB |O| ΨA |2 .

In this equation, ΨA and ΨB represent the initial and the ﬁnal states (respectively) wavefunctions, and O is the operator describing the perturbation
causing the transition . The exponential part of the electromagnetic operator [6] that causes the photoexcitation and photoionization processes, can be
represented with the series:
ik·
r

e

=

∞

(ik · r)n
n=0

n!

(3.11)

20

3 Electronic transitions

Table 3.1: Selection rules for photoexcitation, photoionization and Auger
decay processes in atoms.
ΔS

ΔL

ΔJ

Paritya

Photoexcitation
Photoionization

0

0, ±1

0, ±1

ΠA = ΠB

Auger

0

0

0

ΠA = ΠB


a

ΠX is the parity of the atom in the state X, deﬁned as (−1) i li where the index li
indicates the ith -electron orbital angular momentum in the atomic state X.

where k 2 = ωc and r 2 = x2 + y 2 + z 2 . In the so called dipole approximation,
only the ﬁrst term (n = 1) is considered signiﬁcant and the higher terms
(n > 1) are neglected.
The Auger transitions can be described as a Coulombic process where the
interaction operator can be represented as k 2 = r1ij .
Applying the electromagnetic operator (within the dipole approximation)
and the Auger transition Coulombic operator to the eq. (3.10) produces the
selection rules summarized in the table below.
Table 3.2: Selection rules for photoexcitation and photoionization processes
in molecules.

a

ΔS

ΔΣ

ΔΛ

ΔΩ

0

0

0,±1

0,±1

Paritya .
g→u
u→g

See section 2.2.2

3.5

Photoionization angular distribution

Within the dipole approximation, for randomly oriented targets, the diﬀerential cross section of the emitted photoelectron is given by [9]
dσ
σt
= i [1 + βP2 (cos θ)]
(3.12)
dΩ
4π
where β is the angular distribution parameter (or angular anisotropy parameter ), P2 is the second order Legendre polynomial
P2 (cos θ) =

1
3 cos2 θ − 1
2

(3.13)

3.6 Transitions in molecules
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Figure 3.5: Coordinate system for the photoionization cross section.

and θ is the angle between the polarization direction and the emitted electron
momentum.

3.6

Transitions in molecules

As for atoms, photon induced transitions between allowed states of a (diatomic) molecule answer to a number of selection rules summarized in the
table 3.2.
Furthermore, for Σ states, only Σ+ → Σ+ or Σ− → Σ− transitions are
allowed.
For molecules, transitions to an electronic excited state imply a transition
to a diﬀerent vibrational state. This can be explained by the nuclei, react-

Figure 3.6: Franck-Condon
principle energy diagram.
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ing to the change in the electronic density, due to the electronic transition,
beginning to vibrate. How the ﬁnal vibrational states are populated (i.e.
the intensity of the vibrionic transitions) can be explained with the FranckCondon (FC) principle [10, 11]: the probability of a transition between two
states is proportional to the overlap between the initial and ﬁnal vibrational
wavefunctions (ﬁg. 3.6). According to the semiclassical interpretation of the
FC principle, electronic transitions can be considered instantaneous when
compared to the timescale of the nuclear motions. This implies that if the
molecule is excited to a certain vibrational level during the electronic transition, this new vibrational level must be compatible with the nuclear positions
and momenta of the initial state. In the quantum mechanical picture, the
molecular vibrational states, and the corresponding wavefunctions, are those
obtained for a quantum harmonic oscillator (or for a more sophisticated approximation, see ch. 5) of the potential energy, which is represented by a
multidimensional surface3 with the position of the atoms as variables.

3
A M -atoms system (M ≥ 3), leads to a 3M −6 dimensional surface; diatomic molecules
have only one degree of freedom (the internuclear distance), consequently the potential
energy surface becomes a potential energy curve.

Chapter 4
Experiment
The experimental work on which electron and ion spectroscopy is based can
be roughly divided into a few main components: an excitation beam (particles or photons) irradiates the target sample; the products (electrons or
ions) of the interaction between the excitation beam and the target sample
are then separated according to their kinetic energy or momentum in the
analyzer; subsequently they strike a detector, they are counted and the data
are stored. Following this same order, in this chapter a brief summary of
the experimental work behind this thesis is presented. A more complete and
comprehensive review of the experimental techniques can be found in [7, 12].

4.1
4.1.1

Excitation sources
Electron gun

An electron gun produces an electron beam with a precise kinetic energy.
Its main components are the cathode, which is heated in order to create the
electron beam via thermionic emission, the electrodes, generating the electron
ﬁeld necessary to focus the beam, and one or more anodes which accelerate
and further focuses the electrons.

4.1.2

Synchrotron radiation

Synchrotron radiation consists of electromagnetic radiation that is emitted
by charged particles (usually electrons) forced in a curved trajectory and
moving at relativistic velocities (i.e. v ≈ c).
A synchrotron radiation source consists of a storage ring where the charged
particles are accelerated and kept on a well-deﬁned orbit by using a series
of magnetic ﬁelds. A charged particle moving in a uniform magnetic ﬁeld is
subject to a centripetal acceleration due to the Lorentzian force [13]. When

24

4 Experiment

Electron orbit

&
F

Figure 4.1: Emission pattern of
the synchrotron radiation emitted
when a charged particle is moving
at relativistic velocity. F indicates
the direction of the Lorentzian
force.

1

J

the charged particle is moving at relativistic speed, part of the kinetic energy of the particle is transformed in electromagnetic radiation known as
synchrotron radiation.
In the third generation storage rings, the energy emitted from the particle
beams and their intensities are optimized using three types of magnetic structures: bending magnets, undulators and wigglers. Bending magnets provide a
uniform magnetic ﬁeld that forces the particle on a single curved trajectory.
The resulting emitted radiation consists of a fan around the bend (ﬁg.4.1)
similar to a ”sweeping searchlight”. The radiation spectrum is very broad

(a) bending magnet

(b) undulator

(c) wiggler

Figure 4.2: Radiation spectra (Fluxes as function of photon energy) generated by three types of magnetic structures to be found in a third generation
storage ring.

4.1 Excitation sources
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Figure 4.3: Undulator synchrotron radiation emission pattern.

1

J N

N periods

(ﬁg. 4.2(a)) and the emission angle is typically 1/γ where γ is the Lorentz
contraction factor. Undulators consist of a periodic sequence of magnetic
structures with relatively weak magnetic ﬁelds (ﬁg. 4.3). The charged particles are forced into an oscillating motion across the axial direction. Depending on the circumstances, the emitted undulator radiation can present
a very narrow frequency spread and be very intense (4.2(b)). Compared to
the radiation
√ emitted by a bending magnet, the emission angle is narrowed
by a factor N where N is the number of the magnets used in the undulator. Wigglers are very similar to the undulators but with stronger magnetic
ﬁelds. The corresponding radiation spectrum is very broad and resembles the
bending magnet radiation spectrum (4.2(c)). The wiggler radiation is characterized by a signiﬁcantly higher power but a smaller brightness1 because
of the increased radiation angle.

4.1.3

Beamlines

Beamline 52
The beamline uses synchrotron radiation emitted from a bending magnet
of the 550 MeV storage ring MAX-I. A more detailed description of this
beamline is reported in [14]. Brieﬂy, the radiation frequency is selected using a normal incidence monochromator with 1200 l/mm spherical grating.
The monochromatized light is then refocused with a toroidal mirror. The
beamline photon energy range goes from 5 to 30 eV. Beamlines with these
technical characteristics have the typical property of strong contributions of
radiation from higher diﬀraction orders (i.e. ≥ 2) of the monochromator.
For this reason a series of selectable ﬁlters are installed after the refocusing
1

Brightness is deﬁned as the radiated power per unit area and per unit solid angle.
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mirrors.
Beamline I411
This beamline uses synchrotron radiation emitted from an undulator of the
1.5 GeV third generation storage ring MAX-II. A more detailed description
of the beamline is reported in [15, 16]. Brieﬂy, the beamline provides linearly
polarized radiation (polarization estimated to be 98%) eﬀectively in the 601500 eV energy range. The photoenergy is selected using a SX-700 type
monochromator with 1221 l/mm plane grating. A series of focussing mirrors
are installed before and after the monochromator.

4.2

Analyzers

During the experiments, the common measurable quantities are the kinetic
energy of the electrons, and the mass and charge distribution of the ions.

4.2.1

Hemispherical electron analyzers

The hemispherical electron analyzers SES-100 and SES-200 used in this work
belong to the family of the so called dispersive analyzers. In this kind of
analyzer, electrons with diﬀerent velocities (kinetic energies) run on diﬀerent
paths and can be separated in space. The path separation is achieved using
a deﬂecting electrostatic ﬁeld created between two charged half-spheres with
a common center (ﬁg. 4.4).
An electron lens system collects the electrons emitted in the interaction
zone and carries them to the entrance slit of the analyzer. The collected
electrons are focused and accelerated (or retarded) to a ﬁxed energy (commonly referred to as pass energy). Once separated according to their kinetic
energy, the electrons are detected by a position sensitive detector followed by
a multichannel plate (MCP) placed after the analyzer exit slit. Two common
methods used to determine the actual position of the electrons coordinates
– and used throughout this work – are:
• CCD camera detector : a layer of ﬂuorescent material is placed behind
the MCP where the ampliﬁed electron signal generated by the MCP
produces a bright spot. These spots are subsequently detected using a
CCD video camera.
• Resistive anode detector : a layer of resistive material is placed behind
the MCP. The electron pulse is collected on the anode and the generated
charge pulse collected from the corners of the anode. Comparing the
four pulses it is then possible to backtrack the position where the pulse
was generated.

4.2 Analyzers
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Hemispherical electron analyzer
Entrance slit
Electron lens system

CCD video camera

Position sensitive detector and MCP
Exit slit

Figure 4.4: Layout of the SES-100 hemispherical electron analyzer.

4.2.2

Ion time-of-ﬂight (TOF) analyzers

The primary information provided by the ion time-of-ﬂight (TOF) analyzers
is the ratio between the mass and the charge of the detected ions. With
the proper instrumentation and some extra data analysis the initial kinetic
energy of the ions can be estimated. The main diﬀerence with respect to the
previously described hemispherical analyzers is that in this case the ions are
not separated in space but in time. The main parts of a TOF analyzer (ﬁg.
4.5) are the extraction region, the acceleration region, the ﬁeld-free drift tube
and the position sensitive detector. In the extraction region a voltage is applied between two grids, pushing the ions toward the detector. Subsequently
the ions receive the ﬁnal acceleration toward the detector in the acceleration
region. In the ﬁeld-free drift tube the ions with diﬀerent velocities can be
suﬃciently separated in time before reaching the detector and the MCP. The
TOF analyzers can be operated in either pulsed or continuous modes. The
pulsed mode is used for the time of ﬂight (TOF) ion mass spectra measurements. Each pulse serves as ﬂight-time start signal and multiple stop signals
are given by the MCP detector. In this way also the so called partial ion yield
(PIY) spectra are measured, where TOF measurements of several selected
ions can be performed at the same time as function of the photon energy.
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In the continuous mode the voltages in the instrument are kept constant.
The so called total ion yield (TIY) measurements are recorded, where the
ion intensity is measured as a function of the photon energy. The ion TOF
spectrometer used in the studies presented in this work is a Wiley-McLaren
[17] type, the schematics of which are showed in the picture below:

Figure 4.5: Layout of the used Wiley-McLaren TOF analyzer.

4.3
4.3.1

The observed signals
Electron spectra

The signals detected in the photoionization spectra are broadened by a series
of physical and instrumental factors:
• the natural broadening Γnat
A quantum mechanical system in a non-stable (i.e. an excited) state
decays in a certain lifetime τ . According to the Heisenberg’s uncerh
tainty principle [19], ΔE · Δt ≥ 2 (where  = 2π
and h is the Planck’s
constant). Therefore the energy of the decaying state cannot be known
exactly but there is an uncertainty known as natural width Γnat . The

4.3 The observed signals
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natural broadening of a quantum mechanical state is given by the
Lorentzian proﬁle. The natural width can be then represented by the
proﬁle’s full width at half maximum, which is deﬁned as the distance
between the points on the curve at which the function reaches half its
maximum value (see ﬁgure 4.6).
• the photon bandwidth Γhν
The photon energy used to excite the system is never absolutely monochromatic but has a certain band with a bandwidth ΔE. The photon
bandwidth depends on the used experimental set up.
• the Doppler broadening (or thermal broadening) ΓDopp
In gaseous samples, atoms (or molecules) are in thermal motion. The
velocity of the atoms (or molecules) relative to the detector can vary
the velocity of the emitted electrons. From the thermal velocity distribution, described by the Maxwell-Boltzmann distribution [20] it is
possible to obtain the Doppler broadening ΓDopp :

E(eV )T (K)
ΓDopp = 0.724
.
(4.1)
M(a.m.u.)
• the spectrometer broadening Γsp
The analyzer also modiﬁes the spectrum. In this case the contribution
Γsp strongly depends on the used experimental set up.

Figure 4.6: FWHM of a
Lorentzian curve.
In a
quantum mechanical system it represents the natural broadening.

FWHM

The resulting line proﬁle Γobs is a convolution of all these contributions. The
convolution of two functions f (E) and g(E), is written as (f ∗ g(E)) and it
is deﬁned as:
 max
(f ∗ g)(E) =
f ()g(E − )d.
(4.2)
min
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f(x)

f(x)

f(x)
f3

f1

f2

x

x

x

Figure 4.7: Example of convolution (f3 ) of two functions (f1 and f2 )

In the case of non-continuous functions such as the measured electron spectra,
the integration in (4.2) is replaced by a summation over the channels:
Γobs = Γnat ∗ Γhν ∗ ΓDopp ∗ Γsp .

(4.3)

While the natural lifetime proﬁle can be described by a Lorentzian-shaped
proﬁle, the experimental contributions can usually be described by a Gaussian function. The resulting line proﬁle is a Voigt function shaped proﬁle.
In the case of normal Auger decay, the observed line proﬁle is considered
to be independent of the ionization source signal while the initial core-ionized
ΓnatI and the ﬁnal double-ionized ΓnatF states natural lifetime need to be
taken in consideration:
Γobs = ΓnatI ∗ ΓnatF ∗ ΓDopp ∗ Γsp .

(4.4)

In case of resonant Auger decay the used bandwidth contribution needs
to be calculated as a product with the initial (core excited) state:
Γobs = Γhν × ΓnatI ∗ ΓnatF ∗ ΓDopp ∗ Γsp .

4.3.2

(4.5)

Ion yield spectra

In the TIY and PIY spectra, the observed line proﬁle Γabs is determined only
by the photon bandwidth Γhν and the natural lifetime Γnat :
Γobs = Γhν ∗ Γnat .

(4.6)

The lineshape observed in the ion TOF spectra is deﬁned by the spectrometer
function ΓT OF that depends on the analyzer design. However, with the proper
setting, the lineshape may be chosen to reﬂect the initial kinetic energy and
the momentum of the ions [21].

Chapter 5
Calculations
As previously mentioned (see ch. 2) the primary objective of the description
of the molecular electronic structure is the solution of the non-relativistic,
time-independent SE (2.1). There are two main approaches to the solution of
this equation, the ab initio 1 and the semiempirical methods. In the ab initio
calculations a model is chosen for the wavefunctions and for the equations
(2.9) and (2.10) using as input the values from the fundamental constants
and the atomic numbers. As it will be better shown later in this chapter, the
accuracy of this approach heavily depends on the model chosen for the wavefunction. On the other hand this model becomes computationally extremely
expensive for large molecules.
In calculations based on a semiempirical method, a simpliﬁed form of a
hamiltonian operator is used, as well as parameters obtained from experimental observations. The advantage of this approach is that it can deal
with a wider variety of chemical species, while the challenging task is to obtain ”chemically accurate” values from the experimental observations. The
semiempirical approach will not be discussed further as it goes beyond the
scope of the present thesis.
In this chapter we recall some of the concepts brieﬂy anticipated in chapter 2 summarizing the main ideas and techniques behind the computational
work used in the included papers (III, IV, VII, VIII). A more in-depth treatment of the subject can be found in [22, 23]. For the sake of simplicity,
the common practice of referring to the atomic case ﬁrst while transferring
concepts and results to the diatomic molecules will be followed, where the
presented topics will be based on the BO approximation (i.e. ﬁxed location
of the nuclei).

1

From latin: ”from the beginning”.
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Hartree-Fock self-consistent ﬁeld method

A key point in the resolution of the eq. (2.1) is the treatment of the electronelectron repulsion in the hamiltonian (2.2). It is initially assumed that the
system can be approximated by the so called core hamiltonian H ◦ where
the electron-electron interaction is neglected. It follows then that the corresponding total wavefunction Ψ◦ can be obtained from the solution of
H ◦ Ψ◦ = E ◦ Ψ◦ .

(5.1)

Recalling the concepts introduced in chapter 2, the equation (5.1) can be
reduced to n one-electron equations
hi ψa◦ (i) = Ea◦ ψa◦ (i).

(5.2)

where hi is the core hamiltonian of the ith electron. Ea◦ is the corresponding
energy associated to the ath orbital and
◦

H =

n


Ψ◦ = ψa◦ (1)ψb◦ (2)...ψz◦ (n)

hi

(5.3)

i=1

An accurate description of the electronic structure requires at least two more
steps: the inclusion of the restrictions indicated by the Pauli principle (sec.
2.1) and the inclusion of electron-electron repulsion. The respect of the Pauli
principle can be achieved describing the overall wavefunction using the so
called Slater determinant:
⎛
⎞
ψa (1) ψb (1) . . . ψz (1)
⎜ ψa (2) ψb (2) · · · ψz (2) ⎟
1
⎜
⎟
◦

2
Ψ (x; R) = (n) det ⎜ ..
(5.4)
.. ⎟ .
..
.
.
⎝ .
.
. ⎠
.
ψa (n) ψb (n) . . . ψz (n)
In (5.4) the wavefunctions ψ represent the atomic spinorbitals (ASOs),
analogous to the MSOs mentioned in section 2.2, described as the product
of the one electron wavefunction ψ and a spin function. In the Hartree-Fock
(HF) approach, the electron-electron repulsion is calculated in an average
way: each electron is considered to be moving in the ﬁeld of the nuclei and
the average ﬁeld of the other n−1 electrons. The hamiltonian of such system
can then be written as:
H=

n

i=1

hi +


i<j

e2
4π0 rij

(5.5)

The ASOs that better represent the n-electron wavefunction (5.4) are
then found using a variational approach that imply the minimization of the

5.2 HF calculations
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Rayleigh ratio (2.11). This process leads to the solution of the so called
Hartree-Fock equation for each ASO:
fi φa (i) = εa φa (i)

(5.6)

where εa is the energy of the ath -spinorbital and fi is the corresponding so
called Fock operator:
n

fi = hi +
[Jl (i) − Kl (i)].
(5.7)
l=1

Jl (i) and Kl (i) in (5.7) represent the Coulomb and the exchange operators (respectively). The Coulomb operator takes into account the electron-electron
Coulombic repulsion and the exchange operator includes the eﬀects of the
spin correlation. It should be noticed that in being Jl (i) = Kl (i), (5.6) and
(5.7) include the contribution from all n − 1 spinorbitals except for ψ(i). As
each ASO is obtained by (5.6) and the corresponding Fock operator (5.7)
depends on the other n − 1 spinorbitals, it seems that in order to obtain
the complete set of n one-electron HF equations one must already know the
solution beforehand. This problem is commonly solved adopting an iterative
style of computation, stopping the process once a pre-determined convergence
criteria has been satisﬁed (sec. 5.3).

5.2

HF calculations

Building the Fock operator (5.7) one can ﬁnd an inﬁnite number of spinorbitals φa of energy a . For practical calculations, of course, a ﬁnite number m
of spinorbitals are chosen (m ≥ n). The m optimized spinorbitals are then arranged in order of increasing energy. The ﬁrst n lower energy spinorbitals are
called occupied orbitals. The remaining m − n spinorbitals are called virtual
orbitals. The Slater determinant (5.4), built using the occupied spinorbital,
provides the HF ground-state wavefunction.

5.2.1

Closed-shell states

In calculations of closed-shell states, it is common practice to adopt the so
called restricted Hartree-Fock approach (RHF) where it is assumed that the
spatial component of the spinorbital wavefunctions is the same for each pair
of electron. Consequently, in (5.4) there are n2 spatial orbitals multiplied by
the proper spin function α or β:
⎛ α
⎞
ψa (1) ψaβ (1) ψbα (1) ψbβ (1) . . .
⎜ ψ α (2) ψ β (2) ψ α (2) ψ β (2) . . . ⎟
1
⎜ a
⎟
a
b
b
◦

2
Ψ (x; R) = (n) det ⎜
(5.8)
⎟
..
..
..
..
.
.
⎝
. ⎠
.
.
.
.
ψaα (n) ψaβ (n) ψbα (n) ψbβ (n) . . .
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Open-shell states

For open shell states there are two commonly used approaches. In the so
called restricted open-shell Hartree-Fock (ROHF) approach, a restraint on
the spatial component, as previously described for the RHF calculations, is
only imposed on the doubly occupied spinorbital. In the unrestricted HartreeFock (UHF) approach, all the constraints regarding the spinorbit spatial
components are relaxed. If the relaxation of the constraints in the UHF
calculations provides a lower (therefore ”better”) variational energy than the
ROHF formalism, on the other hand the total spin angular momentum is not
a well-deﬁned quantity in the UHF wavefunction.

5.3

Molecular calculations

As mentioned earlier, major computational problems arise for molecules
where, compared with the atomic case, the spherical symmetry-based consideration no longer apply. In 1951 a C.C.J. Roothan and G. G. Hall [24, 25]
independently proposed a solution based on the use of a known set of basis
functions to expand the spatial part of the spinorbitals. A more accurate
theoretical description of the Roothan and Hall falls outside the scope of this
thesis and can be found in [8]. In this section the discussion will be limited
to a number of aspects regarding the RHF formalism.
Each wavefunction ψi is expanded using a set of M basis functions θi
centered on the diﬀerent atoms:
ψi =

M


cji θi

(5.9)

j=1

where cji are coeﬃcients whose values have to be determined. The use of a
set of basis functions therefore transforms the HF approach from a problem
of determining the wavefunctions ψi to a problem of computing the coeﬃcients cji. Considering – for sake of simplicity – only the spinorbit spatial
components ψi , substituting (5.9) in (5.6), some matrix manipulation leads
to the solution of the matrix equation
M

j=1

Fij cja = εa

M


Sij cja

(5.10)

j=1

where Sij and Fij are known as the overlap and the Fock matrices respectively:


∗
Sij = θi (1)θj (1)dr1
Fij = θi∗ (1)f1 θj (1)dr1 .
(5.11)
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The equation (5.10), known as Roothan equation, is usually written in matrix
form:
Fc = Scε

(5.12)

where c is the M × M matrix of the cja coeﬃcients and ε is the M × M
diagonal matrix of the orbital energies. The SCF can then be summarized
in a series of steps schematically represented in the ﬁgure 5.1.

5.4

Basis sets

As shown in ﬁgure 5.1, the ﬁrst step is the choice of the basis set. In principle
it requires a basis set of an inﬁnite number of basis functions to exactly
describe a spinorbital. The corresponding (limiting) energy is known as HF
limit. In practice, of course, a limited number of basis functions is used, and
the energy diﬀerence with the HF limit known as basis set truncation error
(ﬁg. 5.2).
One of the most common choices of basis function are the Gaussian-type
orbitals (GTO). Cartesian GTOs can be written as
2

θi,j,k(
r1 − 
rc) = (x1 − xc)i(y1 − yc)j (z1 − zc)keα|r1 −rc | .

(5.13)

r1 are the coordinates of

rc are the coordinates of the center of the GTO, 
an electron, α is a positive exponent and i, j, k are the non-negative integer
exponents whose sum determine the type of orbital: i + j + k = 0 gives
s-type orbitals, i + j + k = 1 gives p-type orbitals, etc.2 . A key advantage
of the GTO is that they are easy to handle (i.e. a product of two GTOs
is a GTO centered between them). A disadvantage is the relatively poorer
representation of the orbitals that they provide [23] that implies a use of
a larger number of functions in order to achieve the necessary accuracy.
This, in turn, implies more expensive (in term of both, computational time
and necessary memory) calculations. This problem can be alleviated by
using basis sets where several functions, called primitive GTO functions,
are grouped together to form what are known as contracted GTO functions,
with the eﬀect of reducing the number of unknown cij coeﬃcients to be
determined. The type and criteria of the contraction schemes is far too wide
to be properly discussed, a more exhaustive treatment can be found in [22]
and references therein.
2
The expression i + j + k = 2 provides six d-type orbitals. It is usual practice in cases
like this to use only ﬁve linear combinations of the GTOs while the sixth spinorbital, that
provide a s-type orbital, is eliminated.

36

5 Calculations

Choose a basis set

Build the
overlap matrix S
(eq. 5.11)

Build a (new) set of
coefficients c
cji
(eq. 5.9)

S

Build the
Fock matrix F
(eq. 5.11)

Solve the
Roothan equation
(eq. 5.12)

Energies εaa (eq. 5.6)

Convergence?

Output
Data

YES

YES

NO

NO

Figure 5.1: Flow chart of the HF–SCF procedure.

F

5.5 Electron correlation

”Exact”

( Correlation energy )

Number of configuration state

Full CI
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( Truncation error )

Figure 5.2: Schematic representation of how, increasing
the number of the basis function and/or the number of
CSF, the calculated energy approaches the ”‘exact”’ system
energy.

HF
limit

Number of basis functions

5.5

Electron correlation

The HF approach considered so far is based on averages, i.e., it does not include the instantaneous electrostatic interactions between the electrons. The
eﬀects of these interactions are known as electron correlation eﬀects and they
can be included into the electronic structure modeling, taking in consideration all the other Slater determinants that can be built from (5.4) using
the virtual orbitals. Using the HF ground state determinant as reference,
it is possible to classify all the other determinants according to how many
electrons are promoted from an occupied orbital to a virtual orbital. Following this scheme it is then possible to identify singly excited determinants,
double excited determinants, etc. The determinants, or linear combination
of a small number of them, built following the proper electronic symmetry,
are called conﬁguration state functions (CSFs)3 .
3
A CSF is more properly an eigenfunction of an operator that commutes with the
hamiltonian
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5.5.1

CI calculations

In principle it is possible to exactly describe the electronic wavefunction Ψ
with a linear combination of all the possible n-electrons Slater determinants
(5.4) built using a complete set of spinorbitals [26].
φ = C0 Ψ0 +


a,p

CapΨpa +



pq pq
Cab
Ψab +

a<b
(p<q)



pqr pqr
Cabc
Ψabc + . . . (5.14)

a<b<c
(p<q<r)

where Cij are the expansion coeﬃcients of the Slater determinants, and the
subscripts and superscripts (and their number) indicate the occupied and virtual orbitals (respectively) involved in the considered excited conﬁguration.
The energy of the ground-state wavefunction calculated using the equation
(5.14) is referred to as the exact nonrelativistic ground-state energy. The difference with the HF limit is called correlation energy (ﬁg. 5.2). In practical
calculations, of course, not only a ﬁnite basis set, but also a ﬁnite number of
determinants has to be used. This leads to the identiﬁcation of a single conﬁguration interaction (SCI), double conﬁguration interaction (SDCI), triple
conﬁguration interaction (SDTCI), etc., depending on the level of excited
conﬁgurations included in the calculations. A calculations is classiﬁed as
full CI if all the possible Slater determinants for a given ﬁnite basis set are
included in 5.14.

5.5.2

MCSCF calculations

In the so called multiconﬁguration self-consistent ﬁeld calculations, not only
the expansion coeﬃcients C in (5.14) but also the expansion coeﬃcients c
in (5.9) are optimized. This simultaneous optimization makes this approach
computationally demanding, however it can potentially lead to accurate results with a relatively small number of CFSs. One of the more known schemes
for the application of this method is the so called complete active space selfconsistent ﬁeld (CASSCF). In this approach the spinorbitals (which are
optimized during the calculations) and the electrons are divided in groups
according to their role in the building process of Slater determinants:
• inactive orbitals, lowest energy spinorbitals, doubly occupied in all the
determinants
• virtual orbitals, highest energy spinorbitals, always unoccupied in all
the determinants
• active orbitals, energetically between the inactive and the virtual orbitals are the actual spinorbitals used to build the excited state conﬁgurations

5.6 Potential Energy Curves
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• active electrons, electrons that are not in the inactive orbitals and that
are distributed in the active orbitals to build the excited state conﬁgurations

5.6

Potential Energy Curves

As mentioned in the beginning, the topics discussed in this chapter are based
on the BO approximation. This means that the performed calculations imply
a ﬁxed position of the nuclei. Diﬀerent internuclear distances can be therefore adopted and the calculations performed again. The set of the obtained
solutions provides the so called potential energy curve (PEC) for a diatomic
molecule, where the lowest point identiﬁes the equilibrium internuclear distance.
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Figure 5.3: Morse potential energy curve (left); comparing the between the
Morse (full line) and the harmonic oscillator (dashed line) functions (right)
it is possible to notice how the two approximations provide similar results
for the internuclear distance region next to the equilibrium.

Diﬀerent functions can be used to ﬁt the calculation results. The simplest approximation is provided by the quantum harmonic oscillator function
(ﬁg. 5.3). However, except for the area next to the equilibrium point, the
harmonic oscillator function fails to properly represent the potential trend.
A better approximation is provided by the Morse potential model4 which includes the eﬀects of the bond breaking and the anharmonicity 5 of the bond
(ﬁg. 5.3). The form of the Morse PEC function is
2

D(r) = De(1 − e−α(r−re ) )
4

(5.15)

Named after the physicist P. M. Morse.
The anharmonicity is deﬁned as the deviation of a system from behaving as an harmonic oscillator.
5
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where r is the internuclear distance, re is the equilibrium bond distance, De
is the dissociation energy (i.e. the depth of the well) and α is a parameter
that controls the width of the PEC. Unlike the evenly spaced energy levels of
the harmonic oscillator potential, the Morse potential energy levels’ spacing
decreases as the energy approaches the dissociation energy De:
E(n + 1) − E(n) = hν0 −

(n + 1)(hν0 )2
2De

(5.16)

where hν0 is the quantum harmonic oscillator spacing between two vibrational energy levels. It should be noticed that the ”real” dissociation energy
D0 is the quantum harmonic oscillator spacing between two vibrational levels.

Chapter 6
Summary of the original papers
and the included leading ideas
6.1

Post Collision Interaction eﬀect (Papers
I and II)

The post collision interaction (PCI) eﬀect, ﬁrst observed by Barker and Berry
[27] in 1966, is generally regarded as a threshold eﬀect. It is due to the interaction between the charged particles after Auger decay following inner
shell ionization. As shown in section 3.2, in case of inner shell photoionization, the decay ﬁnal state may have three charged particles (ﬁg. 6.3(b)), the
−
2+
photoelectron e−
:
ph, the Auger electron eAu and the target ion A
−
2+
+ e−
hν + A → A+ + e−
ph → A
ph + eAu.

(6.1)

In case of Auger decay following electron impact ionization, the decay ﬁnal
state may have four charged particles (ﬁg. 6.3(a)), the scattered electron e−
sc ,
−
2+
the ejected electron e−
,
the
Auger
electron
e
and
the
target
ion
A
:
ej
Au
−
−
−
2+
+ e−
e− + A → A+ + e−
sc + eej → A
sc + eej + eAu.

(6.2)

In the simple classical picture, the PCI eﬀect can be described as a change
in the mutual shielding of the Auger electron and the ionized electron: close
to the threshold, when the faster Auger electron passes the slow ionized
electron, the ionized electron shields the doubly charged ion. As result the
Auger electron gains kinetic energy and the ionized electron loses the same
amount of energy (ﬁg. 6.1). The strength of the interaction depends on the
mutual directions of the escaping electrons, being strongest when electrons
go into the same direction and smallest when they go in opposite directions.
This energy exchange has two consequences on the kinetic energy distribution: ﬁrst, the maximum is shifted in energy, second, the energy distribution
is asymmetric and broadened, producing the so called PCI proﬁle (ﬁg. 6.2).
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hQ
A+
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e ph
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(b)


e Au

A2+
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e ph

e ph
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Figure 6.1: Schematic representation of the PCI eﬀect in the simple classical
picture: after photoionization (a-b), the ejected photoelectron is slower than
the Auger electron (c). After the overcome, the Auger electron gain kinetic
energy while the photoelectron looses the same amount of energy (d). This is
considered a near threshold eﬀect since, in order for the PCI to take place, the
Auger electron - whose energy does not depend from the used photoenergy
(sec. 4.3.1) - has be faster than the emitted photoelectron.
In coincidence experiments, i.e., when all the emitted electrons are collected, and their kinetic energies and emission angles measured, the collision
kinematics are well deﬁned. Assuming that the velocities of the electrons
(in the laboratory frame and respect to each other) are not too small, the
distorted line shape can be described on the basis of the eikonal approach
[29]:
0
yC (ε) = yC

k(ξ, ε)
1 + ε2

(6.3)

where
ε =

(E − E0 )
0.5ΓL

k(ξ, ε) =

πξ
sinh(πξ)

e2ξ·arctan(ε) .

6.1 Papers I and II
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The previous equation describes the electron intensity yC (ε) at relative en0
is a constant for a given kinematics, ΓL is the natural width
ergy ε, yC
of the ionic state, E is the kinetic energy of the Auger electron and E0 is
the unperturbed value. The k(ξ, ε) function represents the distortion of the
Auger peak, and ξ is the so called asymmetry parameter, determined by the
collision kinematics: in case of electron impact (ﬁg. 6.3(a)) ξ is
ξ =

1
vejAu

−

1
vej

+

1
vscAu

−

1
vsc

,

(6.4)

and in case of photoionization (ﬁg. 6.3(b)) is
ξ =

1
vejAu

−

1
.
vej

(6.5)

In the previous equations, vej and vsc are the velocity of the ejected electron
(or photoelectron in (6.5)) and the velocity of the scattered electron (respectively) measured in the laboratory frame, vejAu and vscAu are the velocity
of the ejected and the scattered electron (respectively) with respect to the
Auger electrons.
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Figure 6.2: Direct comparison
between the two Ne spectra
measured with 872.9 eV and
1200 eV photon energy. It is
easy to notice that the kinetic
energy peak of the spectrum
measured at the near threshold
energy (Ne 1s ionization energies 870.2 eV [28]) is shifted
and presents a more evident
PCI proﬁle.

One important diﬀerence between the PCI following electron and photon
impact ionization is the fact that the latter one present a cut oﬀ behavior
for high energies. In the simple classical picture it can be explained as the
photoelectron, for too high photon energies, is too fast and it cannot be
overcome by the Auger electron. In case of electron impact, as mentioned in
section 3.1.3, is not possible to uniquely determine how the energy is shared
between the scattered and the expected electron. Consequently the PCI
eﬀect is also present for high energy electron beams.
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Angular dependence of the post collision interaction eﬀect in photoionized Ne-KLL and Ar-LMM
Auger transitions (Paper I)

The experimental data presented in the paper I are Auger electron spectra
on Ne and Ar measured in a non-coincidence experiment. In this case the
mathematical relations presented in the previous section cannot be directly
applied as the kinetic energy and the emission angle of the ejected photoelectrons. The theoretical analysis can be made using the weighted average of the
possible line shapes [29] [30], obtained by integration over the non-measured
quantities, weighting by the corresponding diﬀerential cross-section and normalizing by the total cross-sections. Following this approach it turns out
that the asymmetry parameter can be assessed using the average asymmetry
parameter ξa:
 π  2π
d2 σi
1
ξa = T
ξ sin ϑej dϕej dϑej
(6.6)
σi
dϑej dϕej
0
0
dσ
is the
where σiT is the total cross section for the inner-shell ionic state, sΩ
diﬀerential cross section that describes the photoelectrons’ angular distribution, and ϑej and ϕej are the emission angles of the ejected photoelectrons
as shown in ﬁgure 6.3(b).
It also should be noticed that for the ﬁtting of the experimental data, the
numerical average distortion function is not a suitable tool. For this reason
the experimental data were ﬁtted using a distortion function of the form
presented in the equation (6.3) where the asymmetry parameter ξ is replaced
0
by an adjustable parameter ξfit, similar to yNC
, ΓL and E0 . Obviously ξfit
no longer retain the direct physical meaning of ξ in (6.3).
The obtained results showed a good agreement between the measured
and the calculated peak asymmetries. The Auger lines asymmetry resulted
greater for lower photon energies, closer to the ionization threshold, but the
angular dependence had the maximum for higher photon energies, when the
photoelectron and the Auger electron have approximately the same kinetic
energy. Furthermore it was shown that for certain angles the PCI eﬀect
vanishes (ξa=0) even when the photoelectron is still slower than the Auger
electron.

6.1.2

Comparison of the PCI distortion eﬀects on the
Auger lineshape for electron and photon impact
ionization (Paper II)

The concepts behind theoretical and experimental analysis of the PCI distortion following electron impact ionization are the same as those presented

6.1 Papers I and II
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(a)

(b)

Figure 6.3: Collision kinematics for electron impact (a) and photon impact
(b) ionization.

for the photoionization case and the few diﬀerences in the mathematical
formulation are due to the presence of the scattered electron. The average
asymmetry parameter ξa – deﬁned in equation (6.6) – is now replaced by the
following one:

ξa

1
= T
σi



Ei
0



π
0


0

π


0

2π



2π
0

d4 σi
×
dϑscdϑej dΔϕdEej

× ξ sin ϑsc sin ϑej dΔϕdϕej dϑscdϑej dEej

(6.7)

where, in addition to the emission angle of the ejected electron, the integration over the emission angle of the scattered electron is also included – ϕej
and ϑsc – and the integration over the kinetic energy of the ejected electron
Eej , with Ei is the primary electron beam energy.
In the work presented in the paper II, a comparison between the PCI
energy and the angular dependence in electron impact ionization and photoionization was carried out. This work is directly connected to the work
presented in I, comparing the results presented on that occasion with those
obtained from an analogous previous work [30] that included electron impact
ionization.
In both cases the theoretical results generally ﬁt well with the experimental one, and in both cases, in addition to the excess energy, the PCI distortion
was found to be dependent on the emission angle. For ﬁxed excess energies,
electron impact ionization shows larger asymmetry. On the other hand, similarly to the photoionization case, the asymmetry was found negligible close
to threshold.
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Normal Auger spectrum of bromine and
iodine in gas phase XBr and XI (X=H,
Li, Na, K, Rb) (Papers III and IV)

Auger electron spectroscopy (AES) has (already) been proved to be a powerful tool to study the electronic structure of atoms and molecules [39, 40, 41].
The AES has also been used to investigate alkali halide molecules. The interesting peculiarity of these compounds is that on one hand they are ionic
molecules in which each element largely holds the character of its equivalent
ion. On the other hand, molecular ﬁeld (MF) and spin-orbit (SO) interactions
in both core-hole and ﬁnal states of high ionicity, make the corresponding
spectra more complex and play an important role in the interpretation of
the spectra. The work presented in papers III and IV is a continuation of
the study of alkali halides where series such as ﬂuorides and chlorides have
already been investigated [42, 43], comparing experiments with multiconﬁguration self-consistent-ﬁeld (MCSCF) calculations.

Figure 6.4: Experimental bromine
M4,5 N N AES of XBr molecules
in the gas-phase.

Figure 6.5: Experimental bromine
N4,5OO AES of XI molecules in
the gas-phase.

In the works presented in the papers III and IV, the normal Auger electron spectra following the bromine 3d and the iodine 4d ionization (respectively) in gas phase alkali halides were investigated both experimentally and
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theoretically. Results from III and IV are presented in ﬁgures 6.4 and 6.5.
In both series a number of common features where noticed. The measured
spectra present an energy shift toward high kinetic energy and a narrowing
of the linewidth along with the increasing length of the ionic character of the
chemical bond on going from lithium halides to cesium halides. In the simple
ionic model, these shifts are due to the lengthening of the molecular bond as
the size of the positive ion increases. A positive charge at distance r from the
negative ion, decreases the energy of an electron (ejected from the ion) by 1r
(in atomic units) [44]. The linewidth changes are partially due to the varying
percentage of the dimer contribution in the alkali halide vapors [45]. In contrast to the M4,5 N2,3 N2,3 group in the XBr AES and the N4,5 O2,3 O2,3
group in the XI AES in the high kinetic energy region in ﬁgures 6.4 and 6.5,
there are clear structural diﬀerences in the lower kinetic energy part of the
spectra. These diﬀerences are mainly due to the strong correlation eﬀects
between the (ns)−2 and the (ns)−1 (np)−1 conﬁgurations, with n = 4 and
5 for Br− and I−, respectively. The molecular ﬁeld (MF) splitting eﬀect
becomes weaker in the heavier alkali halides, but the SO interaction becomes
important. Moreover, from LiBr to CsBr and from LiI to CsI, the spectra
approach the calculated spectra of the free Br− and I− ions, respectively.

6.3

The Kr valence photoelectron satellite lines
in the photon energy region below the 3d
threshold (Paper V)

Rare gas atoms provide a stringent test for theoretical models describing the
satellite structures and their nature. For example, in the case of krypton,
a rich CI satellite structure accompanying the 4s ionization is created as
the ionic state 4s−1 (2 S1/2 ) mixes very strongly with 4p−2 (1 D)nd(2 S1/2 )
(n > 3) states [31].
The aim of the work presented in the paper V was to identify the Kr
valence photoelectron satellite lines in the energy range below the Kr 3d
threshold.
The satellite lines included in the analysis of the spectra can be roughly
divided into 4 groups:
• Shake-up satellites (SU)
They can be described as a dipole ionization accompanied by a monopole
excitation. The SU satellite lines obey the same behavior as the main
line, whether it is 4s or 4p, above the photon energies of the so called
”sudden approximation” limit [32] where they get a constant fraction
of the main line intensity. The monopole shake-up transitions related
to 4s or 4p ionization end up to ﬁnal states 4s−1 4p−1 np, J = 1/2 of
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positive parity, or to states 4p−2 np, J = 1/2, 3/2 of negative parity,
respectively.
• Conjugated shake-up satellites (CSU)
They can be described as a monopole ionization accompanied by a
dipole excitation. The CSU satellites creating ionic states 4s−1 4p−1 ns/nd
and 4p−2 ns/nd, in case of 4s or 4p ionization, respectively, are usually intense only very close to their threshold [32, 33].
• Conﬁguration interaction satellites (CI)
These structures are explained by a very strong Coulombic interaction
between the bound states of single-hole and two-hole-one-electron conﬁgurations. A rich CI satellite structure follows the 4s ionization as the
ionic state 4s−1 (2 S1/2 ) mixes very strongly with 4p−2 (1 D)nd(2 S1/2 )
(n > 3) states [31]. The total angular momentum J of the ionic state
of the CI satellites is deﬁnite as J is limited to the values of the 4s−1
ionic state, i.e., J = 1/2. The CI satellites follow the behavior of the
main line both in cross section and angular distribution.
• Interchannel coupling satellites (IC)
This term refers to satellites caused by the mixing between ionization
channels (i.e. ionic state + continuum electron) [32]. The IC satellite
states, characterized by J > 3/2, typically do not follow the behavior
of the main valence photoelectron lines even below the 3d ionization
threshold, and around the threshold new changes are expected when
additional channels participate in mixing.

The identiﬁcation process was made combining diﬀerent sources of information and data analysis:
• Earlier assignment: information about Kr satellite spectra could be
obtained from earlier studies [18, 31, 33, 34, 35].
• Cross section behavior in the 60–125 eV energy range. The photon
energies selected exceed the binding energies of the satellites by a factor
of from 2 to 3. Far from the 4s and 4p ionization threshold of 27.5 eV
and 14.1 eV, respectively, their ionization cross sections are small but
display a very diﬀerent photon energy dependence.
• β values measured at hν = 88eV . The choice of the photon energy
was motivated by the fact that at this energy the diﬀerence between
the angular distribution asymmetry parameters for the 4s and the 4p
subshells is the biggest, being β(4s)≈2 and β(4p)≈0 [36]. The β parameter values have then been determined using the method described
in references [37, 38]. Brieﬂy, in the framework of the dipole approximation, photoelectrons are emitted at the angle θ with intensity described

6.4 Papers VI and VII

49

by the equation (sec. 3.5). If the intensity of the transition is measured
at two angles θ1 and θ2 , it is possible to deduce that
β12 =

4[1 − R(θ1 , θ2 )]
R(θ1 , θ2 )ρ2 − ρ1

where R(θ1 , θ2 ) is the ratio of the transition intensities measured at
the angles θ1 and θ2 and ρi = 1 + 3cos(2θi). The β parameters for
each satellite line have then been calculated as average an between the
diﬀerent βij values that were possible to obtain.
• Parity and total J value of the states.
Combining all these sources of information allowed the identiﬁcation of
most of the satellite lines, conﬁrming earlier assignments and assigning new
lines. Furthermore the method used and the obtained results have been
proved to be useful tools for detailed studies of satellite structures and can
be used as a reference in spectroscopy of ionic compounds. Atomic models
are indeed commonly used for modeling the properties of ionic molecules.

6.4

Molecular rubidium halides: analysis of
VUV excitation, electronic decay and fragmentation processes (Papers VI and VII)

In previous publications it was reported that an inter-ionic type of Auger
decay follows the VUV resonant excitations of the metal atom in the alkali
halide molecule [46]. The presence of possible electronic decay pathways –
participator and/or spectator Auger decay – resulting in a strong modiﬁcation of the lineshape of the ionization spectra, was found to be strongly
related with the electronic decay lifetime and the nuclear vibrational motion
period. Furthermore, the studies of the fragmentation of vacuum ultraviolet
(VUV) excited KCl [46] and CsCl [47] showed that the excited molecules
followed diﬀerent electronic decay channels with a speciﬁc molecular fragmentation pattern. In KCl, the resonant excitation of a K+ (3p) electron
is followed by cross-ionic participator or spectator decay (sec. 3.2.1) where
the spectator is the dominant decay. In CsCl the resonant excitation of a
Cs+ (5p) electron is followed only by cross ionic participator decay as the
spectator channel is energetically forbidden. In the papers VI and VII the
electronic decay of rubidium halide RbX (X=F, Cl, Br, I) molecules following
VUV excitation (paper VII) and the following fragmentation process (paper
VI) are studied.
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In the simple ionic model the rubidium halide molecules can be described
as a positive Rb+ ion and a negative halogen ion: RbX (Rb+ 4p6 , X−nX p6 ).
In this model the resonant photoexcitation process (ﬁg. 6.6(a)) can be
schematically described as
RbX(Rb+ 4p6 , X−nX p6 ) + hν −→ RbX∗(Rb+ 4p5 nl, X−nX p6 )

(6.8)

where an electron from the Rb 4p-like orbital is promoted to a higher Rb-like
Rydberg orbital. The non-radiative electronic decay is energetically forbidden in Rb. The excited neutral molecule can then decay only if the decay
involves an electron on the halide side of the molecule. The cross-ionic decay
may take place through two possible pathways: participator Auger decay
(autoionization) or spectator Auger decay. In the autoionization case (ﬁg.
6.6(b)), the decaying process can schematically be described as follows:
RbX∗(Rb+ 4p5 nl, X−nX p6 ) −→ RbX+ (Rb+ 4p6 , X0 nX p5 ) + e− (6.9)
This process involves a cross-ionic electronic decay, where the core hole of the
Rb 4p-like orbital is ﬁlled with an electron from the more external halogenlike orbital. The initially excited electron is emitted as Auger electron. In this
process the ﬁnal state is the same as in the direct valence photoionization:
RbX(Rb+ 4p6 , X−nX p6 )+hν −→ RbX+ (Rb+ 4p6 , X0 nX p5 )+e− (6.10)
Still in the framework of the ionic model, the spectator Auger decay (ﬁg.
6.6(c)) can be schematically described as:
RbX∗(Rb+ 4p5 nl, X−nX p6 ) −→ RbX+ (Rb0 4p6 nl, X+ nX p4 ) + e−
(6.11)
Compared to the autoionization decay, this process also involves a crossionic decay, the main diﬀerence being in the emission of the Auger electron
from the halogen atom. As shown in ﬁgure 6.7, the spectator decay leads to
a ﬁnal ionic state the energy of which is higher compared to the ﬁnal state of
the autoionization. Consequently, the neutral molecule has to be excited to a
higher-energy state, in order to make the spectator Auger decay possible. The
ﬁnal (valence-ionized) state energy, on the other hand, is largely determined
by the halide atom, since the valence orbital is of halide np character. It is
then reasonable to expect the activation energy for the spectator process to be
strongly inﬂuenced by the halide atom substitutions in the rubidium salts. As
it will be shown in section 6.4.1, the opening of the second decay pathway can
have remarkable consequences on the shape of the resulting electron spectra
and the changes in the line shape correlate with the activation energies for
the diﬀerent molecules.
Both the participator and spectator decays lead to a ﬁnal ionic states that
are likely to dissociate producing detectable ions. Considering equations (6.9)
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Figure 6.6: Resonant excitation of RbX molecule (a) followed by the interionic participator (b) or spectator (c) Auger decay
and (6.11) one would expect emission of Rb+ ions and positive halogen ions as
dissociation product of the participator and the spectator decay, respectively.

6.4.1

Photofragmentation of molecular rubidium
halides (Paper VI)

In the work presented in paper IV, the total ion yield (TIY) and the partial
ion yield (PIY) (sec. 4.2.2) spectra of VUV excited rubidium halide RbX
molecules in gas phase were studied. The measurements were performed
at beamline 52 at MAX-I storage ring (sec. 4.1.3) in Lund, Sweden. The
experimental results from the TIY revealed a series of strong photoexcited
resonances above 15 eV photon energy. These structures are due to excitation
on the metal side of the molecule as shown in (6.8). Comparison with the
PIY showed (ﬁg. 6.8) the same kind of resonances for Rb+ ions while the
spectator from the X+ ions behave diﬀerently: as the ionic model predicted,
the opening of the spectator channel (i.e. the ”production” of X+ ions)
shifts across the spectrum by substituting diﬀerent halides in the molecule.
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Figure 6.7: Energy level
diagram (at ground state
geometries) schematically
representing photoexcitation, direct photoionization, spectator and participator Auger processes in
RbX molecules.

This explains why F+ ions are missing in the PIY spectra of RbF, the I+
spectrum is similar to the Rb+ spectrum in the PIY of RbI, and the Cl+ and
Br+ spectra show partially the same structure of Rb+ in the respective PIY
spectra.

6.4.2

The electronic decay of VUV excited resonant
states of RbX (Paper VII)

The presence of possible electronic decay pathways – participator and/or
spectator Auger decay – resulting in a strong modiﬁcation of the lineshape
of the ionization spectra, was found to be strongly related with the electronic
decay lifetime and the nuclear vibrational motion period.
If the photoabsorption spectrum shows that the peaks corresponding to
diﬀerent vibrational states strongly overlap, considering the core excitation
and the following Auger decay as two separated events does not provide an
accurate description of the process. In these cases a treatment based on a
one-step model (excitation and Auger decay) is required and the so called
lifetime vibrational interference (LVI) [48] eﬀect needs to be considered. The
theoretical background of the LVI eﬀect has been thoroughly discussed in
previous studies [48, 49, 50] and give here only a brief summary as a useful
background information.
If the photoexcitation process would be immediately followed by the
Auger decay (i.e. the lifetime of the intermediate core excited state would
be much shorter than the period of the nuclear vibrational motion), then all
processes could be properly described as a single scattering event [51]. If this

6.4 Papers VI and VII

53

Figure 6.8: Partial ion
yield spectra of Rb+ and
X+ ions of RbF, RbCl,
RbBr and RbI molecules.

is the case, the intermediate excited state would have virtually no inﬂuence
on the lineshape of the RAS, which would be identical to the direct photoionization line. If this is not the case, and the lifetime of the intermediate
excited state is comparable to the period of the nuclear vibrational motion,
then the LVI eﬀect would come into play (ﬁg. 6.9). The neutral core excited molecule would have time to relax and the Auger decay would occur
at diﬀerent internuclear distances, resulting in a distortion of the lineshape,
a possible shift of the peak position and a diﬀerent intensity distribution
among the vibrational peaks in the resonant Auger spectra. In the case-limit
in which the intermediate state lifetime is much longer than the nuclear vibrational motion, the two processes would be eﬀectively decoupled (i.e. the
neutral core excited molecule would have time to undergo several vibrations
before decaying). In this case a theoretical approach based on the two step
model and the Franck-Condon factors calculated on the time independent
nuclear wavefunctions would be able to properly describe the RAS lineshape
with the resulting spectrum reﬂecting the nodal structure of the vibrational
excited state wavefunction.
In this framework one anticipates that the increase of the photoexcitation
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energy, and the consequent opening of the spectator Auger decay channel,
can have a direct eﬀect on the shape of the RAS lines. With a second
decay pathway available, one expects the intermediate excited state lifetime
to be shorter and consequently the LVI modiﬁcation of the lineshape could
be detectable. As already suggested by Thomas and Carroll [52] and later
discussed by Sorensen et al [53], the LVI eﬀect can then be used for the
estimation of the intermediate excited state lifetime.
In the work presented in paper VII, the experimental absorption spectra for RbX (X=F, Cl, Br, I) series has been measured and described by
theoretical calculations, which conﬁrmed the atomic rubidium nature of the

Figure 6.9: Diagram showing the RbCl PECs involved in the resonant excitation and Auger decay (participator or spectator) processes.
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observed excitation. Subsequently, the resonant Auger spectra (RAS) following the excitation were measured and compared with theoretical spectra
produced using Morse potential energy curves (sec. 5.6), with the intermediate state lifetime as an adjustable parameter.
The comparison shows a clear lifetime shortening above the indicated
activation energy of the spectator Auger decay. This work not only tested
the limit of the ionic model for this kind of molecules, but it showed how
the LVI eﬀect was able to describe the changes of the excited state lifetime,
which is not directly observable from the experimental line shapes dominated
by the vibrational broadening.

6.5

Valence photoelectron spectrum of potassium bromide (Paper VIII)

In the study of the bromine normal Auger (MNN ) spectra in the alkali halide
series (paper III) the experimental results were compared with the results of
single conﬁguration calculations for Br− decay spectrum [54, 55, 56]. In that
occasion it was noticed that the molecular Auger decay resembles in great
extent the decay of Br− ions when the ﬁnal state of the Auger transition
involves electrons from the outermost (4p in Br−) molecular orbitals (MOs).
However, great diﬀerences between the spectrum of the Br− ion and the
alkali bromide spectra were seen in the Auger groups involving the inner valence (Br 4s) MO. Single conﬁguration calculations for Br− failed completely
in describing the features of these Auger groups. It is known that electron
correlation plays a dramatic role in the same Auger group of Kr, shifting
the energies and redistributing the intensity between the main and satellite
lines [57]. The valence photoelectron spectrum of Kr is also accompanied
by a rich satellite structure, due to the many-electron eﬀects related to the
valence ionization (paper V and references therein). The study of the inner
valence photoelectron spectra of the alkali bromides was thus assumed to
provide information not only on the structure of the molecular orbitals but
also on the Br M N N Auger ﬁnal states. The outer valence spectrum of
KBr was recorded earlier [58, 59] covering the spectral range of Br−4p and
K+ 3p orbitals. However, the existing data did not show any indications of
the Br−4s or the K+ 3s orbitals. In the work presented in VIII the synchrotron radiation excited molecular KBr valence photoelectron spectrum
including the 4p and 4s orbitals of Br− and also the 3p and 3s orbitals of
K+ was measured (ﬁg. 6.10); it was also investigated whether the valence
photoelectron spectrum of Br− reﬂects a similar satellite structure as seen
in the spectra of the isoelectronic Kr atom (see V).
Experimental results were compared with theoretical results from ab initio
calculations based on molecular orbital conﬁguration interaction and mul-
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Figure 6.10: Experimental photoelectron spectrum of KBr. The magniﬁcation of the 16-23 eV binding energy region is shown in the top-right corner
show some of the satellite and the background (mainly CO2 structures).
ticonﬁguration interaction approaches. The main valence photolines were
measured and identiﬁed.
The study conﬁrmed the prevalent atomic-like character, including the
previously unreported K+ 3s-like 1σ −1 and the Br−3d-like photolines (the
latter arising from a small second order contribution of the monochromator).
As calculations including the spin-orbit (SO) interaction were not performed,
both CI and MCSCF methods failed in correctly reproducing the splitting
for the Br−4p−1 states. Using model calculations similar to [60], and SO
splitting of Br 4p−1 states [61], it was possible to explain the double-peak
structure visible in the low binding energy range in ﬁgure 6.10.
Based on comparison between experiment and theory, it was possible to
conclude that a similar two-hole-one-electron CI satellite stricture as in the
Kr 4s photoelectron spectrum (V) also appears in the KBr spectrum. Actually, the whole binding energy range of 17-40 eV of ﬁgure 6.10 displays a
background due to a multitude of weak structures, most probably created
by satellite transitions. In Kr, the CI satellites with pronounced 4p−2 nl
character were seen to cover a long energy range as the nl electron occupies
a long ranging set of Rydberg orbitals ns and (n − 1)d (n=5, 6 ...). In
analogy to the Kr case presented in paper V, these kinds of structures –
monopole shake up satellites – were expected to be much weaker compared
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to the CI satellites structures also in KBr. The results obtained in this work
reﬂected the diﬀerent capabilities of the used CI and MCSCF calculations in
describing the highly excited molecular states, with the MCSCF calculations
proving to be more eﬀective in the description of the main valence photolines while the CI calculations where better in describing the excited MO
characterizing the satellite structures. In this regard the ionic description of
the KBr molecule turned out to be no longer appropriate for the two-holeone-electron conﬁgurations with the outermost electron on a high Rydberg
orbital.

Chapter 7
Conclusions
In this thesis, in addition to the short introduction, eight studies in the ﬁeld of
electrons spectroscopy are presented. They investigate diﬀerent subjects and
make use of diﬀerent techniques that allowed the author to familiarize with
diﬀerent aspects of the research work on the ﬁeld of electron spectroscopy.
Papers I and II investigate the angular dependence of the PCI line shape
in Ne and Ar, comparing electron and photon impact ionization cases. It
is shown how the line distortion is stronger near threshold but its angular
dependence is larger at higher excitation energies, with the electron impact
providing, for the same ionization energy, a larger peak asymmetry.
Papers III and IV present a study of Br M V V and I N V V normal
Auger spectra in XBr (X=H, Li, Na, K, Cs) and XI (X=H, Li, Na, K, Rb),
comparing experimental and computational results. In these studies it is
observed how, with the increase of the ionic character of the chemical bond,
the molecular ﬁeld becomes weaker and the spin-orbit interaction becomes
more important.
Paper V is a study identifying the Kr valence photoelectron satellite lines
below the 3d threshold. This paper shows how the combination of the crosssection behavior and the angular anysotropy parameter can be an eﬃcient
tool for distinguishing the satellite lines and to determine their nature.
Papers VI and VII investigate the photoenergy dependence of the photoabsorption path of photoexcited molecular RbX (X=F, Cl, Br, I). This
dependence is observed in terms of photodissiociation products (Paper VI),
and as lineshape distortion of the Auger lines reﬂecting the average shorter
lifetime of higher photoexcited states (Paper VII).
Paper VIII is dedicated to the valence photoelectron spectrum of KBr,
showing the diﬀerent capabilities of the used computational methods in describing the main valence photolines and the satellite states. Previously
unreported K 3s and Br 3d valence photolines have also been identiﬁed.
The acquired experience, especially in the ﬁeld of computational analysis
of molecular structures, can be applied to larger and more sophisticated sys-
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tems in the future. Direct applications in environmentally-related projects
make further development of computational and experimental means potentially very important not only under a pure scientiﬁc point of view, but,
collaborating with other – complementary – research communities, very interesting results can be achieved in ﬁelds with direct applications such as
environmental analysis.
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[15] M. Bässler, J-.O. Forsell, O. Björneholm, R. Feifel, M. Jurvansuu, S. Aksela, S. Sundin, S.L. Sorensen, R. Nyholm, A. Ausmees, and S. Svensson,
J. Electron Spectrosc. Relat. Phenom. 101-103, 953 (1999).
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Tarso Fonseca, A. Kivimäki, S. Sundin, S.L. Sorensen, R. Nyholm, O.
Björneholm, S. Aksela, and S. Svensson, Nucl. Instr. Meth. A. 469, 382
(2001).

62

Bibliography

[17] W.C. Wiley and I.H. McLaren, Rev. Sci. Instrum 26, 1150 (1950).
[18] M.O. Krause and C.D. Caldwell, High-resolution Electron Spectrometry
of Atoms, in VUV and Soft X-ray Photoionization, edited by U. Becker
and D. A. Shirley, Plenum Press (1996).
[19] W. Heisenberg, Z. für Phys. 43, 172-198 (1927).
[20] P. Atkins, J. de Paula, Atkins’ Physical Chemistry, Oxford University
Press, (2002)
[21] J. Rius i Riu, M. Stankiewicz, A. Karawajczyk, P. Winiarczyk, Nucl.
Instr. Meth. A 477(1-3),360-364 (2002).
[22] C. J. Cramer, Essentials of Computational Chemistry (Second Edition)
– Theories and models, John Wiley & Sons (2004).
[23] P. W. Atkins and R. S. Friedman, Molecular Quantum Mechanics (Third
Edition), Oxford University Press (2001).
[24] G. G. Hall , Proc. Roy. Soc. (London), A343 541-552 (1951).
[25] C. C. J. Roothan , Rev. Mod. Phys., 23 69-89 (1951).
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[38] A. Kivimäki, E. Kukk, J. Karvonen, J. Mursu, E. Nõmmiste, H. Aksela
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