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Abstract
In this thesis, the electronic structure and electrodynamical processes of
atomic mercury and potassium are studied experimentally and theoretically.
Experimental measurements were carried out by means of both conventional
photoelectron spectroscopy and multielectron coincidence technique utilizing
magnetic bottle time-of-flight electron spectrometer together with pulsed
synchrotron radiation. The thesis focuses on the theoretical modelling and
interpretation of the experimentally observed transitions and binding ener-
gies. The calculations were carried out with relativistic multiconfiguration
Dirac-Fock (MCDF) and non-relativistic Hartree-Fock (MCHF) methods.
Theoretical results were used to interpret the experimental data in order
to study the electron binding energy level structure and electron transition
dynamics of these atoms.

Key words: Synchrotron radiation, photoelectron spectroscopy, multicoinci-
dence spectroscopy, magnetic bottle, photoionization, Auger decay...
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Chapter 1

Introduction

Atoms consists of a dense positive charged core surrounded by a negatively
charged electron cloud. Wave functions describing the electronic states of an
atom are characterized by quantum numbers, which allow the energy states of
an atom to be classified into sets of a nearly equal energy, known as electron
shells. The electron configuration indicates how the electrons are grouped on
the subshells. However, it does not tell the exact electronic occupations of
the orbitals of the atom, which is why several electronic states can belong
to the same configuration. These possible electron states are described by
coupling the quantum numbers of the individual electrons in a certain way.
In this thesis, the necessary introduction to the theory of the structure of
atoms is covered in Chapter 2.

The most relevant dynamical processes taking place in the electron cloud
of an atom related to this work are photoionization and the decay of the
ionized states by the Auger transition, which are introduced in Chapter 3. In
ionization, a photon (or some other particle, for example an electron) detaches
an electron from an atom’s potential. If such an absorption of a photon creates
a vacancy in the inner shell, it is possible that this excitation state decays
through the Auger transition. The study of the photoionization and the
possible subsequent Auger transition can produce fundamental information
about the electronic structure of an atom.

Spectroscopy is used in many areas of science to explore how the intensity
of a certain physical property depends on for example frequency, mass or
energy. In photoelectron spectroscopy (PES) the energy distributions of
the electrons released in the ionization and possible subsequent relaxation
processes of the sample atoms are measured and investigated. These exper-
imental methods concerning the photoelectron spectroscopy are covered in
Chapter 4. Photoelectron spectroscopy together with the third generation
synchrotron radiation sources and free electron lasers provide a very versatile
tool for materials science research. In addition to the high intensity and
brilliance, synchrotron radiation has highly adjustable wavelength and pulsed

1



Chapter 1. Introduction

time structure, which together with the high detection efficiency magnetic
bottle time-of-flight (TOF) electron spectrometer enables the study of time
dependent processes and the processes involving multiple emitted electrons.

This thesis focuses on the interpretation of the measured atomic spectra
with the aid of theoretical simulations. The high efficiency of magnetic bottle
spectrometer of detecting multiple electrons emitted as a result of a single
photon absorption is demonstrated in article I where spectroscopy of Kn+ and
Rbn+ states with ionization degrees of n = 2, 3, 4 is performed. The obtained
experimental energies are compared to the results of theoretical calculations
to assign the previously unidentified peak in the K2+ electron spectrum. In
article II the photoionization and following decay in the inner valence K 3s
subshell were investigated. The main focus of the work included in this thesis
was to investigate and interpret the lifetime widths of the 3s−1(1S) and (3S)
states which were extracted from conventional photoelectron spectra. The
calculations demonstrated that the observed lifetimes are a consequence of
electron correlation effects. Furthermore, in this article the multicoincidence
electron spectroscopy is used to investigate the decay of the 3s−1(1S) and (3S)
states concentrating especially to the near threshold region where strong post
collision interaction effects are observed. Article III presents the theoretically
modelled decay of doubly ionized states of mercury atom by the Auger
transition. These results have further been used to determine the occupations
of the triply ionized states after the subsequent decay of the mercury doubly
ionized states. The calculated spectra have been compared with experimental
spectra obtained by multielectron coincidence measurements. Article IV
presents the study of photoionization and subsequent Auger decay of K 2s
subshell using multielectron coincidence spectroscopy together with theoretical
simulations. More detailed summaries of the included articles in addition
with a brief conclusion are provided in Chapter 5.
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Chapter 2

Electronic structure of atoms

The electronic structure of atoms is described by the theoretical concepts
presented below.

2.1 Quantum numbers and electronic configu-
ration

In quantum mechanics, a wave function Ψ(r, t) is used to mathematically
describe an atomic system. The eigenstates and eigenenergies of the system
are defined by the stationary Schrödinger equation [1] in time-dependent
position space:

HΨ(r, t) = EΨ(r, t), (2.1)

whereH is the Hamiltonian operator of the system and E as the corresponding
solution to this eigenvalue equation, is the total energy of the system. The
Hamiltonian operator H for an N electron atom with atomic number Z can
be written in (Hartree) atomic units 1

H =
N∑
i=1

(
−1

2
∇2

ri
− Z

ri

)
−

N∑
i<j

1

|ri − rj|
, (2.2)

where the first term describes the kinetic energy of the electrons, the second
term describes the Coulomb interaction between the electrons and the nuclear
charge, and the third term describes the Coulomb interaction between the
electrons i and j.

In the case of one electron atom, the potential V (r) = −1/r is spherically
symmetric, so the Schrödinger equation can be solved in spherical coordinates
and the wave function is separable into radial Rnl(r) and angular Y l

m parts

ψ(r)nlm = Rnl(r)Y
l
m(Θ, ϕ), (2.3)

3



Chapter 2. Electronic structure of atoms

where the solutions of the angular part are analytically known spherical
harmonic functions.

These wavefunctions describe the energy eigenstates of one electron atom,
but they are also the eigenstates of the angular momentum operators L2 and
Lz as these operators act only in the angular part of the wave function

L2Y l
m(Θ, ϕ) = l(l + 1)h̄2Y l

m(Θ, ϕ)

LzY
l
m(Θ, ϕ) = mh̄Y l

m(Θ, ϕ).
(2.4)

For one electron atom, the physically significant wave function solutions
(2.3) are characterized by the quantum numbers n, l and ml. The radial or
principal quantum number n = 1, 2, 3, . . . is obtained from the radial part
of the solution and is related to the distance between the nucleus and the
electron, since the most probable distance of the electron from the nucleus
increases as the quantum number n increases. The solution of the angular
part is defined by an angular momentum quantum number, i.e. an orbital or
azimuthal quantum number l, which describes the rotational symmetry of the
atomic orbital and the spatial shape in where the electron is most likely to be
found. The possible values for l are 0 ≤ l ≤ n− 1. The magnetic quantum
number ml, appearing also in the angular part, characterizes the interaction
between the atom and the magnetic field. Its possible values are −l ≤ ml ≤ l.

In addition to these quantum numbers related to the spatial part of the
wave function, quantum numbers related to the inherent angular momentum
of an electron, spin, are needed to fully describe the electronic structure of
one electron atom. The only allowed value of a spin quantum number s for
an electron is s = 1/2, and the possible values of the corresponding magnetic
quantum number ms are ms = ±1/2. Additionally, the wave function can be
presented as the product of the spatial part and the spin part [4–8].

2.1.1 Central field approximation

The central field approximation assumes that each electron moves indepen-
dently at the average net potential formed by the Coulomb interaction of the
nucleus and the other (N − 1) electrons (independent particle approxima-
tion). Furthermore the potential of the other (N − 1) electrons shadows the
attraction between the nucleus and the electron so the inter-electronic repul-
sion term

∑
i<j 1/rij contains a significant spherically symmetric component∑

i S(ri). Thus, a good approximation to the potential experienced by each
individual electron is provided by the spherically symmetric potential

U(r) = −Z
r

+ S(r), (2.5)

1In atomic units the values of Bohr radius a0, elementary charge e, reduced Planck
constant h̄, electron mass me are a0 = e = h̄ = me = 1 and the speed of light is
c = 1/α ≈ 137, where α is the fine structure constant [2, 3]

4



2.1. Quantum numbers and electronic configuration

which allows the Hamiltonian operator (2.2) to be written in the form

H = HCF +H ′, (2.6)

where

HCF =
N∑
i=1

(
−1

2
∇2
ri

+ U(ri)

)
=

N∑
i=1

hi (2.7)

is the central field Hamiltonian and

H ′ =
N∑
i<j

1

rij
−
∑
i

(
−Z
ri

+ U(ri)

)

=
N∑
i<j

1

rij
−
∑
i

S(ri) (2.8)

is the remainder of the entire Hamiltonian (2.2), including the remaining
spherically symmetric and non-spherically symmetric part of the electronic
repulsion. Now the perturbation defined by H ′ is much smaller than the
perturbation caused by the whole inter-electronic repulsion term

∑
i<j 1/rij.

With the central-field Hamiltonian HCF , which, based on the equations
(2.5), (2.6) and (2.7), contains the kinetic energy, potential energy in the field
caused by the nucleus and potential energy due to the average spherically
symmetric inter-electronic potential, the N electron Schrödinger equations
for the spatial parts of the central field wave functions can be written

HCFψCF =
N∑
i=1

(
−1

2
∇2
ri

+ U(ri)

)
ψCF = ECFψCF . (2.9)

Since U(ri) is a one-electron operator the equation 2.9 is separable into N
equations of the form(

−∇2
ri
/2 + U(ri)

)
unlml

(r) = Enlunlml
(r). (2.10)

This equation resembles the Schrödinger equation for one electron atom
and the solutions of this equation are the (normalized) one-electron orbitals
uai(ri). The symbol ai refers to all three quantum numbers (nilimli) of the
electron i. Since U(r) is a central field potential, the one-electron or central
field orbitals are again products of the radial function and the spherical
harmonics i.e. unlml

(r) = Rnl(r)Ylml
(θ, ϕ).

The possible values of the quantum numbers n, l and ml are the same as
in the case of a one-electron atom, but nevertheless the central field orbitals
unlm(r) should not be confused with the hydrogenic wave functions ψnlm(r)
because the radial functions Rnl(r) differ from the radial parts of one electron
atom corresponding to a certain choice of the central field potential U(r) [5,7].
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Chapter 2. Electronic structure of atoms

2.1.2 The electronic wave function in the central field

In the central field model, the spin of the electrons can be taken into account
in the same way as in the case of a one electron atom, giving (normalized)
spin orbitals

unlmlms(q) = unlml
(r)χ1/2

ms

= Rnl(r)Ylml
(θ, ϕ)χ1/2

ms
, (2.11)

characterized by the quantum numbers n, l, ml and ms. As the potential
U(r) is spherically symmetric, the energy Enl doesn’t depend on the quantum
numbers ml and ms so the energy of each electron is 2(2l+ 1) fold degenerate.

Considering the N electron (central field) wave function consisting of one
electron spin orbitals Ψc(q1, q2, . . . , qN ), it must be taken into account that in
quantum mechanics particles cannot be identified. So for example the square
of a two particle wave function must be symmetric with respect to the particle
exchange |ψ(q, q′)|2 = |ψ(q′, q)|2 as the wave function itself is not measurable.
The wave function itself remains unchanged in the exchange except for the
sign ψ(q, q′) = ±ψ(q′, q).

Due to the linearity of the Schrödinger equation, the wave function of two
particles in the central field can be written ψ(q, q′) = ψ1(q)ψ2(q

′)±ψ1(q
′)ψ2(q)

and in the case of an antisymmetric wave function (i.e. the − sign) ψ(q, q) = 0,
which means that the particles cannot exist in the same state. Due to their
fermionic nature, the electrons have requirement of antisymmetric wave
function. This so-called Pauli exclusion principle along with the central field
approximation mainly determines the structure of atoms and molecules.

The spin orbitals may be organized into an antisymmetric N-electron wave
function that conveniently fulfills the requirements of the Pauli principle

Ψ(q1, q2, . . . , qN) =
1√
N !

∣∣∣∣∣∣∣∣∣
ua1(q1) ua2(q1) · · · uaN (q1)
ua1(q2) ua2(q2) · · · uaN (q2)

...
... . . . ...

ua1(qN) ua2(qN) · · · uaN (qN)

∣∣∣∣∣∣∣∣∣ , (2.12)

which is known as a Slater determinant after John Slater [9]. The determinant
(2.12) is clearly antisymmetric as the interchange of two electrons’ coordinates
denotes the exchange of two horizontal rows in the wave function (2.12), which
changes the sign of the determinant. The determinant wave function also
takes into account Pauli exclusion principle, because the two electrons in the
same spin-orbital would imply two identical horizontal rows so that the value
of the determinant would be zero. The electron coordinates q1, q2, . . . qN have
N ! permutations, and this must be taken into account by the normalization
factor 1/

√
N ! which guarantees that when integrating the product of the

6



2.1. Quantum numbers and electronic configuration

determinant and its complex conjugate over the whole multielectron space,
the result is one [5, 7].

2.1.3 Shell model

Within the framework of the central field approximation, the energy levels Ec
of the N electron atom (or ion) are obtained by summing the energies of the
individual electrons Enl, while the functions (many electron wave functions)
are obtained by forming a Slater determinant (or linear combination of multiple
Slater determinants) from individual spin orbitals unlmlms . Therefore, the
problem of solving the specific energies and specific functions of the central
field Hamiltonian HCF is reduced to the determination of individual energy
states Enl and spin orbitals. Thus, the eigenstate of the electron moving
in the central field can be described by the four quantum numbers n, l, ml

and ms. The specific energy of the electron depends only on the quantum
numbers n and l. The electrons with the same quantum numbers n and l are
called equivalent electrons and are said to belong to the same sub-shell. The
electrons are organized into the atom according to the so-called ”build-up”
principle of atomic structure, which states that in the ground state of an atom
the electrons occupy orbitals that are allowed by the Pauli principle and which
result in lowest energy. The electron distribution with respect to nl states is
known as the electron configuration of the atom, which is usually represented
so that x number of electrons in the sub-shell nl are denoted by nlx. The
angular quantum numbers l in the electron configuration are denoted with
the letters s, p, d, f,. . . corresponding to values of l = 0, 1, 2, 3, . . . . Also each
value of angular quantum number l is associated with 2l+ 1 values of magnetic
quantum number ml, and each of these is associated with two different spin
states. Thus, the maximum number of electrons that can be placed in states
with the same principal quantum number and the same angular quantum
number is 2(2l + 1). Electrons with the same values of principal quantum
number n are said to form an electron shell. The shells can also be designated
by the letters K, L, M, N, . . . corresponding to values of n = 1, 2, 3, 4, . . ..
The maximum number of electrons per shell is 2n2, which is considered as a
full shell. For example, the electronic configuration for a sodium atom in its
ground state is

1s22s22p63s1,

which means that the 1s (n = 1, l = 0) and 2s (n = 2, l = 0) subshells
contain two electrons each, 2p (n = 2, l = 1) subshell contains six electrons,
and the 3s (n = 3, l = 0) subshell contains one electron.

The Pauli principle does not only concern the ground state but it must
be obeyed also if one or more electrons are excited to higher energy orbitals
and the electronic configuration is correspondingly altered [5, 7].

7



Chapter 2. Electronic structure of atoms

2.2 Angular momentum coupling

In multi-particle systems, not only the angular momenta of individual particles
are quantized but also the total angular momentum is quantized. It is often
practical to move from the basis spanned by the individual product functions
to a basis spanned by the eigenstates of the total angular momentum. For
the total angular momentum and eigenstates of its z-component {|JM〉}, the
following relations hold

J2 |JM〉 = J(J + 1)h̄2 |JM〉 (2.13)

Jz |JM〉 = Mh̄ |JM〉 . (2.14)

Since the uncoupled states of the two quantum numbers j1 and j2 span a
complete basis, the states of the total angular momentum can be represented
as

|(j1j2)JM〉 =

j1∑
m1=−j1

j2∑
m2=−j2

〈j1m1j2m2 | JM〉 |j1m1j2m2〉 , (2.15)

where the coefficients 〈j1m1j2m2 | JM〉 are so called Clebsch–Gordan coeffi-
cients and |j1 − j2| ≤ J ≤ j1 + j2, M = m1 +m2. The coupling of multiple
particles is done by coupling a new angular momentum eigenstate to the state
obtained by coupling the first two angular momentum states.

2.2.1 LS-coupling

The electronic configuration of an atom indicates how many electronic states
of the subshells are filled. It does not, however, show the exact occupations
of the orbitals if the subshell is not completely full. Thus, the electron
configuration alone is not sufficient to fully represent the electron state of an
atom, and the same configuration may include several different states. Each
electronic state of an atom also has its own energy, which is why they are
often referred to as energy states of an atom. All these possible electronic
states of an atom are found out by connecting the quantum numbers of the
individual electrons in a certain way.

Generally an electron has two magnetic moments: a magnetic moment
related to the orbital angular momentum of the electron and a magnetic
moment related to the spin. The interaction between these two magnetic
moments is called the spin-orbit interaction. The LS-coupling (Russel —
Saunders coupling) assumes that the Coulomb interaction between electrons
is significantly greater than the spin-orbit interaction. Then the spins of the
electrons si interact with each other to form the total spin S. The electron
orbital angular moments li are coupled in the same way to form the total

8



2.2. Angular momentum coupling

angular momentum L. The total momentum J is obtained as the sum of
these two J = L + S, where L =

∑
i li and S =

∑
i si. Quantum number J

can have values L+S, L+S− 1, . . . |L−S|. Angular momenta of full orbitals
add up to zero due to the spherical symmetry and so the structure of the
energy levels is a result of the interactions between open shell electrons.

LS-coupled angular momenta are usually represented in a form of spectral
terms. In the spectral term L is indicated in capital letters so that the
numerical values 0, 1, 2, 3 . . . are denoted by the letters S, P, D, F, . . . The
multiplicity in the form 2S + 1 is denoted in the upper left corner and J is
denoted in the lower right corner. For example, in the ground state of sodium
atom L = 0, J = 1/2, S = 1/2, so the spectral term of the ground state is
2S1/2.

The LS coupling is particularly suitable for description of light atoms
(atomic number less than 30) where the assumption of the small role of the
spin-orbit interaction holds true. The energy order of LS-coupled states of
the same electron configuration can be deduced from the Hund’s rules.

2.2.2 jj-coupling

The spin-orbit interaction energy increases rapidly with the atomic number
(it is proportional to the Z4 in the one-electron case) while the inter-electronic
repulsion energy varies much more slowly as a function of Z. So for the
heavy atoms, the spin-orbit interaction may be more significant than the
Coulomb interaction between electrons, in which case it may be better to use
the jj-coupling scheme. Spin-orbit interaction couples the orbital li and spin
angular momentum si making them no longer independent. In this case the
quantum numbers L and S are not ”good quantum numbers”. In jj-coupling,
the spin of a single electron si is coupled to the orbital angular momentum
of the same electron li, forming the total angular momentum ji. The total
angular momentum of an atom is obtained as the sum of the total moments
of these individual electrons J =

∑
i ji, where ji = li + si. The jj-coupling is

commonly labeled as (j1, j2)J or alternatively J .
It should also be noted that both LS-coupling and jj-coupling provide

exactly the same values for quantum number J and none of the measurable
quantities obtained from calculations depend on the selected coupling. So
the coupling is only used for the interpretation of the electronic states of an
atom.

2.2.3 Intermediate coupling and configuration interac-
tion

In practice, neither of these coupling schemes can describe many situations
precisely so instead the so called intermediate coupling scheme should be

9



Chapter 2. Electronic structure of atoms

used. Intermediate coupling takes into account the fact that the states with
the same angular momentum can mix. Instead of representing the atomic
energy level as any single configuration, in configuration interaction model,
the energy levels are considered to being described as a linear combination of
different LS- or jj-coupled states of the same J value [5, 7, 10].

2.3 Relativistic atomic theory
P. A. M. Dirac (1902–1984) introduced the relativistic quantum theory of
electron [11, 12], which not only satisfies the requirements of the special
theory of relativity [13] but also takes into account the electron spin without
additional (ad-hoc) assumptions about the existence of the spin. It also takes
into account the spin-orbit interaction and the relativistic effects more inher-
ently than the mere corrections and adjustments used in the non-relativistic
approach.

In relativistic theory the operator corresponding nonrelativistic Hamilto-
nian is

HD = cα · p+ c2β + V (r). (2.16)

Here p = −i∇ is the momentum operator, V (r) is the spherically symmetric
Coulomb potential induced by the nuclear charge and

α =

(
0 σp

σp 0

)
ja β =

(
I 0
0 −I

)
, (2.17)

where I is a 2 × 2 unit matrix and σp =
(
σpx, σ

p
y , σ

p
z

)
consists of Pauli spin

matrices

σpx =

(
0 1
1 0

)
, σpy =

(
0 −i
i 0

)
ja σpz =

(
1 0
0 −1

)
. (2.18)

In Dirac’s relativistic theory, the position space representation of all operators
is a 4 × 4 matrix and the wave function is a 4-component vector (Dirac’s
bispinor). Usually the state wave function ψ is represented in a two-component
form

ψ =

(
ψA
ψB

)
; ψA =

(
ψ1

ψ2

)
ja ψB =

(
ψ3

ψ4

)
. (2.19)

None of the components of the electron angular momentum related opera-
tors L and L2 commutes with the Dirac Hamiltonian operator HD, so the
eigenfunctions of L2:n and Lz are not simultaneously eigenfunctions of HD

and the quantum numbers l and ml cannot be considered good quantum
numbers. Instead, all Cartesian components of the total angular momentum
operator J commute with HD. Additionally J2 also commutes with HD,
so the eigenfunction ψ of HD is also an eigenfunction of J2 and Jz with
eigenvalues j(j + 1) and m.

10



2.3. Relativistic atomic theory

By defining

σ =

(
σp 0
0 σp

)
, (2.20)

the operator
K = β(I + σ ·L) (2.21)

is a constant of motion i.e. it commutes with HD. The eigenvalues of K are
κ = −2(j − l)(j + 1

2
).

The wave function can be written as the product of the radial and angular
part, but now in a two-component form

ψnκm =
1

2

(
Pnκ(r)χκm(θ, φ)
iQnκ(r)χ−κm(θ, φ)

)
, (2.22)

where both Pnκ(r) and Qnκ(r) are radial functions and the angular part

χκm(θ, φ) =
∑
ms

= Y m−ms
l (θ, φ)ϕms

〈
l(m−ms)

1

2
ms

∣∣∣∣ l12; jm

〉
(2.23)

includes spin and angular parts. The spinors ϕms are eigenvectors of the Pauli
matrix σz

ϕ 1
2

=

(
1
0

)
ja ϕ− 1

2
=

(
0
1

)
. (2.24)

The radial functions depend on the potential V (r), and in the case of one
electron atom they can be determined from the equations

dPnκ
dr

+
κPnκ
r
−
(

2c+
V − εnκ

c

)
Qnκ = 0 (2.25)

dQnκ

dr
− κQnκ

r
+

(
V − εnκ

c

)
Pnκ = 0, (2.26)

where εnκ is the energy of an electron without rest energy c2. At the non-
relativistic limit (c→∞), Pnκ approaches the non-relativistic radial function
and the Qnκ approaches zero. Therefore P is called the large and Q is called
the small component of the wave function.

The aforementioned solutions of the Dirac equation also determine the
principal quantum number n, which gets the same values as in the nonrela-
tivistic case. It is also noted that the relativistic spinorbital can be described
by both quantum numbers (nljm) and (nκm) [6, 14–16].

2.3.1 Many electron atom

Relativistic Dirac theory along with quantum electrodynamics (QED) cor-
rections (for example, Lamb’s shift) gives a very accurate description of a

11



Chapter 2. Electronic structure of atoms

single-electron atom, but extending the theory to multi-electron atoms is not
straightforward. Due to the electron correlation in a many electron atom, it
is not possible to write down a Lorentz invariant Hamiltonian involving all
interactions between electrons. A good approximation for a multi-electron
atom Hamiltonian is the Dirac - Coulomb - Breit operator, which takes into
account the Coulomb interaction and the so-called Breit interaction between
the electrons.

H = H0 +HB, (2.27)

where
H0 =

∑
i

HD(i) +
1

2

∑
i<j

1

rij
(2.28)

and

HB = −
∑
i<j

1

2rij

[
αi ·αj +

(αi · rij)(αj · rij)
r2ij

]
. (2.29)

The first term HD(i) in equation (2.28) corresponds to the Dirac Hamilto-
nian as in equation (2.16) and the second term describes the classical Coulomb
interaction between electrons, which is the most significant interaction between
the electrons. Breit interaction consists of two parts: magnetic interactions
(spin-spin interaction and orbit-orbit interactions) and retardation effects due
to finite transmission speed of the interactions.

In central field approximation scheme each electron wave function ψi in a
many electron atom is similar to the one electron atom wave function (2.22).
Then the total wave function of the atom can be represented as a linear
combination of the product functions formed from the single-electron wave
functions i.e. as a Slater determinant.

The Hamiltonian operator (2.27) with the aid of the relativistic central
field Hamiltonian

HCF =
∑
i

[
cαi · pi + βic

2 + U(ri)
]

(2.30)

can be written as
H = HCF +Hp +HB (2.31)

where
Hp =

∑
i<j

1

rij
−
∑
i

U(ri) (2.32)

and U is an appropriately selected central potential.
In practice, wave functions are generally solved as eigenfunctions of HCF ,

and the effects of the operators (2.29) and (2.32) are taken into account as
perturbation theory corrections [15–17].
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2.4. Multiconfiguration and configuration interaction methods

2.3.2 Hartree-Fock and Dirac-Fock approaches

In the nonrelativistic Hartree-Fock (HF) approach, proposed by Douglas
Hartree in 1927, it is assumed that the wave function is an antisymmetric
product of the individual electron spin orbitals i.e. Slater determinant [2].
The optimum Slater determinant is then obtained by applying the variational
principle to derive the HF equations for the radial parts of the one electron
spin orbitals. The final individual spin orbitals are then obtained by solving
the HF-equations through iterative process.

The Dirac-Fock (DF) method is the relativistic generalization of the
nonrelativistic HF-method. In the DF approach, the radial parts Pa and
Qa of one electron wave functions are solved by applying the variational
principle so that the total energy of the atom i.e. the expectation value of
the Hamiltonian operator

〈Ψ |H |Ψ〉 ≥ E0 (2.33)

is minimized. The exact solution |Ψ0〉 gives the corresponding energy E0.
Additionally, the orthogonality condition of single-particle states 〈ψi |ψj〉 =

δij can be taken into account using the Lagrange coefficients λij , as according
to the variational principle, the first variation vanishes at the minimum

δ

(
〈Ψ |H |Ψ〉 −

∑
ij

λij 〈ψi |ψj〉

)
= 0. (2.34)

According to equation (2.34), the matrix λij is hermitian, and in fact its
eigenvalues are the energies of the single particle states.

These conditions can be used to derive the so-called Dirac-Fock equations
for one-electron radial wave functions, which are solved iteratively as each of
these radial DF-equations requires prior knowledge of all the other orbitals
[5, 15,16].

2.4 Multiconfiguration and configuration inter-
action methods

In a many electron atom, the interactions between the electrons break the
spherical symmetry of the electron cloud, which means that the potential
experienced by the electrons is not exactly a spherically symmetric cen-
tral potential. This electron correlation can be approximated in numerical
computations using the so-called multiconfiguration (MC) or configuration
interaction (CI) methods.

A closed-shell atom has a single total angular momentum J =
∑

i ji
eigenstate so it can be described using a single Slater determinant. In the
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Chapter 2. Electronic structure of atoms

multiconfiguration method, the idea is to form configuration state functions
(CSFs) as linear combinations of antisymmetric Slater determinants. These
differently occupied configurations span a complete and symmetrically con-
venient basis set suitable for constructing a correlated total wave function.
Atomic state functions (ASFs) are obtained as linear combinations of the
CSFs

(H0 − EαI)cα = 0, (2.35)

where cα is the eigenvector ofH0 with the eigenvalue Eα. From equation (2.35)
the eigenvalues Eα can be solved by diagonalizing the matrix H0 − EαI with
non-diagonal matrix elements containing interactions between configurations.

In practice, every single spin-orbital (2.22) large component Pnκ and the
small component Qnκ are solved iteratively from the many electron atom
Dirac-Fock equations through the self consistent field (SCF) procedure. The
SCF process starts from solving the DF equations using a set of suitable trial
wave functions (for example screened hydrogenic orbitals). By solving the
DF equations using this potential new estimates for the radial functions P new

nκ

and Qnew
nκ are obtained. An improved set of radial wavefunctions are then

obtained as a linear combination of the old and new wavefunctions. After that
the mixing coefficients and energies can be calculated from equation (2.35)
and an improved set of mixing coefficients is obtained as a linear combination
cimpα = (1 − ηc)cnewα + ηcc

old
α , where 0 ≤ ηc < 1 is the damping factor. This

iteration is continued until the wave functions, mixing coefficients (and
the potential field) no longer alternate substantially between the successive
iterations, i.e. the self-consistency is achieved. When the desired accuracy
is obtained for the wave functions and mixing coefficients, the final energy
value for state α is obtained by solving the eigenvalue equation once more.

The method described above is called the multiconfiguration Dirac-Fock
method (MCDF method). The configuration interaction (CI) method differs
from the MCDF method so that only the mixing coefficients are optimized
by diagonalizing the Hamiltonian for a fixed set of wave functions.

In the MCDF method, it is possible to optimize the configuration energy
for the average energy of all states (average level, AL), which gives relatively
good accuracy to all the states, especially if the states are energetically close to
each other. Another possibility is to determine the wave functions and mixing
coefficients so that they are optimized for a selected single state (Optimal
Level, OL) or for the average energy of a selected group of states (Extended
Optimal Level, EOAL) [15,18–20].

The atomic calculations in all the included articles were carried out
using the Grasp2K code package [18–20], which is based on the inherently
relativistic multiconfiguration Dirac-(Hartree)-Fock method. In addition,
some of the atomic energy level calculations in article II were also carried
out using nonrelativistic Hartree-Fock-based (HF) Cowan’s code [21].
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Chapter 3

Dynamical processes in an
electron cloud

3.1 Photoionization and photoexcitation
A process in which electromagnetic radiation, such as light, removes electrons
from a solid surface is called a photoelectric effect and the emitted electrons
are called photoelectrons. Heinrich Hertz made the first observation of this
in 1887 [22] and in 1905 Albert Einstein presented a theoretical explanation
for the phenomenon [23] for which he received the Nobel Prize in 1921.

In order that photoionization occurs, the energy of the photon must be
higher than the binding energy of the electron. The emission of a single
photoelectron by a single photon from an atom in its ground state can be
described by a reaction equation

A+ hν → A+ + e−, (3.1)

where h is Planck’s constant and ν is the frequency of the photon.
The kinetic energy of the emitted photoelectron from a free atom is

Ek = hν − Eb, (3.2)

where Eb is the binding energy of the electron.
On the other hand, if the energy of the photon is less than the electron

binding energy, it is not enough to completely remove the electron from the
potential of the atom, but it may still be sufficient to excite the electron for
the energetically upper, unoccupied bound state orbital often called Rydberg
state. This process is called resonant excitation [5]. Schematic illustrations of
photoionization and photoexcitation processes are presented in figure 3.1.

When the energy of the photon exceeds the binding energy of two electrons,
double ionization can occur. The reaction equation describing the double
photoionization of an atom in its ground state is
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Chapter 3. Dynamical processes in an electron cloud

Con�nuum Photoelectron

Photon

(a) Photoionization

Rydberg level

Photon

(b) Photoexcitation

Figure 3.1: Schematic illustrations of photoionization and photoexcitation
processes.

A+ hν → A2+ + e− + e−. (3.3)

3.1.1 Photoexcitation probability

In a system that initially is in an eigenstate |Ψi〉 of an unperturbed Hamilto-
nian H0, the transition probability from an initial state |Ψi〉 to a set of final
states |Ψf〉 is described by the Fermi’s golden rule [24]

Wi→f =
2π

h̄
|Mi→f |2ρ(Ef ) =

2π

h̄
| 〈Ψf |V |Ψi〉 |2ρ(Ef ), (3.4)

where ρ(Ef ) is the density of final states and V is the perturbation operator.
In photoexcitation and ionization the perturbation operator is the photon-
electron interaction operator and in the case of Auger transition the electron-
electron interaction operator.

The photon-electron operator written in atomic units is

Vp−e = e(ik·r)ε · p, (3.5)

where k is the wave vector, p is the momentum operator and ε is the
polarization of the incident photon [4]. When the radiation field is weak,
the pulse length is long enough and the wavelength is much longer than the
spatial dimensions of an atom i.e. k · r << 1, the dipole approximation is
applicable and the photon-electron operator can be written as

Vp−e = e(ik·r)ε · p = (1 + ik · r− . . .)ε · p ≈ ε · p, (3.6)

where the exponent is expanded into Taylor series at r = 0 since the state of
the bound electron has relevant amplitude only around the origin.
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3.2. Decay of the excited states

3.1.2 Selection rules

Under the LS-coupling conditions, the following selection rules hold for
quantum numbers of dipole transitions

∆J = 0,±1,∆L = 0,±1,∆S = 0,Πi = −Πf (3.7)

with the exception that the transitions J = 0 ↔ 0 and L = 0 ↔ 0 are
forbidden. The parity also changes i.e. Πi = −Πf . So for example a transition
from 1s state to 2p is allowed while 1s→ 2s is not. In the case of a strongly
jj-coupled atom, selection rules for L and S can be ignored [4, 8, 25,26].

3.2 Decay of the excited states
Absorption of the photon yielding a vacancy in the subshell can leave an
atom in an unstable and short-living state. According to the minimum energy
principle, the excited state of the atom (or ion) continues to decay until all
the vacancies in the lower energy subshells are filled. Decay processes are
divided into two categories: radiative and non-radiative processes.

3.2.1 Auger decay

The excited atom can move to the lower energy state by emitting an electron.
In this case, the electron of the outer shell of the singly, or possibly multiply,
charged ion fills the hole in the inner shell caused by ionization, leading to the
release of the second electron from the atom. The decay of a singly ionized
atom by Auger transition is represented by the reaction equation

A+ → A2+ + e−A. (3.8)

In 1923, this relaxation via non-radiative process was first postulated by
Svein Rosseland [27] and observed independently by Lise Meitner [28, 29]
and Pierre Auger [30]. It is a very common decay process of the core hole
sates, especially in light and medium atoms [8]. The kinetic energy of Auger
electrons EA = Ef − Ei depends on the energy difference between the initial
and final states and thus it is a unique feature of every atom of a certain
chemical element. In addition, it is independent of the energies of the particles
used in the initial ionization process of the core hole state, if the energy of
the ionizing particles is well above the ionization threshold. Therefore, the
energies of the particles used for excitation do not interfere with the formation
of the Auger spectrum. These properties have made Auger spectroscopy a
widely used method for examining electronic states of the atoms [31].

In addition, it is independent of the energies of the particles used in the
initial ionization process of the core hole state, if the energy of the ionizing
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Chapter 3. Dynamical processes in an electron cloud

particles is well above the ionization threshold. Therefore the energies of the
particles used for excitation do not interfere with the formation of the Auger
spectrum.

The three-letter combination XiYjZk X-ray notation [32] is commonly used
for naming a specific Auger transition. The first letter Xi indicates the orbital
of the initial state vacancy, and Yj and Zk indicate the orbitals of the final state
holes. Letters X, Y and Z indicate the shells which are assigned with letters
K,L,M,N... corresponding to the principal quantum numbers n = 1, 2, 3, 4...,
respectively. The numbers i, j and k indicate the subshell and the total
quantum number j. The relativistic orbitals lj = s1/2, p1/2, p3/2, d3/2, d5/2...
are referred with numbers 1, 2, 3, 4, 5... Thus, for example the Auger transition
of atomic potassium with initial state hole in the 2s subshell and the final
state holes on the 2p1/2,3/2 and 3p1/2,3/2 orbitals is assigned as L1L2,3M2,3.

Resonant Auger transitions can occur after resonant excitation and are
divided into two categories: participator and spectator Auger transitions.
The difference between them is that the excited electron can either participate
in the transition process or stay as a spectator in the upper Rydberg orbital.
These different Auger transitions are illustrated in figure 3.2.

Con�nuum
Auger electron

(a) Normal Auger

Con�nuum Auger electron

Rydberg level

(b) Participator Auger

Con�nuum Auger electron

Rydberg level

(c) Spectator Auger

Figure 3.2: Schematic illustrations of normal Auger, participator Auger and
spectator Auger processes.

The transition in which the initial vacancy is filled with electron from the
higher subshell of the same shell, is called Coster-Kronig transition. In the
case of super-Coster-Kronig transition, both final state holes are in the same
shell as the initial state hole [33].

3.2.2 Satellite transitions

Photoionization may be accompanied by simultaneous excitation of another
valence electron to higher energy Rydberg level. In this, so called shake-up
process, the emitted photoelectron can interact with a valence electron exciting
it. Part of photoelectrons’ kinetic energy is transferred to the excited electron,
which is why the emitted photoelectron is detected with lower kinetic energy.
This can also occur simultaneously with the Auger decay, likewise lowering
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3.2. Decay of the excited states

the kinetic energy of the emitted electron. If the electron receives enough
energy to excite it to the ionization limit and thus leave the electron cloud
completely, it is called a shake-off process. Simultaneous shake-off transition
during photoionization is also known as direct double photoionization (DPI).
In this case, the total excess energy of the process is shared by the two
ejected electrons. Similarly, if the shake-off process occurs during an Auger
decay, the process is called double Auger decay. In that case the constant
sum of the kinetic energies of the two emitted electrons equals the energy
released in the Auger process. In the shake-down process, the already excited
electron decays simultaneously to an energetically lower level thus increasing
the kinetic energy of the emitted electron. [3]. Shake-up, shake-down and
shake-off processes are illustrated in figure 3.3.

Rydberg level

Photon

Con�nuum

(a) Shake-up

Auger electron

Rydberg level

Con�nuum

(b) Shake-down

Auger electron
Con�nuum

(c) Shake-off

Figure 3.3: Schematic illustrations of shake-up, shake-down and shake-off
processes.

3.2.3 Auger transition probability

A general theoretical model for ionization and subsequent Auger decay can
be derived from time-independent scattering theory. In this model the Auger
transition is treated as a double photoionization resonance where the in-
termediate state involves one electron and the final state two electrons in
continuum. However, when the kinetic energy of the photoelectron is large
enough (larger than the Auger electron), a simpler two-step model may be
utilized. In the two-step model, the initial excitation and subsequent decay
of the metastable intermediate state are treated as two separate processes.
The interaction between the metastable intermediate state |Ψβ〉 and the final
state |Ψf〉 is mediated by the electron-electron operator (Coulomb operator)
Ve−e = 1/rjk between the participating electrons. Therefore, the probability
of an Auger transition is proportional to the product of the square of the
excitation probability and the decay amplitude, where Mi→f = |D −E|2 (see
Eq. 3.4), in which D and E are the terms for direct and exchanged transitions,
respectively
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D =
〈
ψf (rj)ψε(rk)

∣∣ r−1jk ∣∣ψi(rj)ψi′(rk)〉
E =

〈
ψf (rk)ψε(rj)

∣∣ r−1jk ∣∣ψi(rj)ψi′(rk)〉 , (3.9)

where |ψf〉 is the filled hole, |ψε〉 is continuum state of the ejected electron
and |ψi〉 as well as |ψi′〉 describe the initial states of electrons εj and εk. These
terms originate from the fact that the same final state is reached even if the
positions of the emitted electron and the electron that fills the lower level
hole are exchanged.

This two-step model is accurate enough for describing the Auger transitions
in most of the cases and it has also been utilized in all the articles included
in this thesis. However, this model doesn’t take into account for example
the interaction between the photoelectron and the Auger electron and so it
cannot describe for example the post-collision interaction.

Under the LS-coupling scheme, as the Coulomb operator is a scalar
operator, the selection rules for Auger transitions are

∆J = ∆L = ∆S = 0,Πi = Πf . (3.10)

The quantum numbers for the final state system include the ionic final state
coupled with the emitted Auger electron [26,34,35].

3.3 Calculations
Atomic (and ionic) bound-state wave functions were generated in an average
level optimization scheme using MCDF based Grasp2K (General purpose
Relativistic Atomic Structure Program) code package [18–20]. In addition, the
Relci program of the Ratip (Relativistic Atomic Transition and Ionization
Properties) code package [36,37] was used to calculate atomic level energies
and atomic state functions. This is carried out by diagonalizing a Dirac-
Coulomb Hamiltonian matrix in a basis spanned by the configuration state
functions (CSFs) obtained from Grasp. Transition energies were acquired
as a difference between separately calculated initial and final state energies.
The acquired ASFs, CSFs and orbitals were used to calculate Auger and
photoionization transition amplitudes with the Auger and Photo programs
of the Ratip code package. These programs require the representation of the
bound state atomic functions (generated with the Grasp, for example) for
the initial and final state functions involved in the ionization process. The
continuum orbitals of the outgoing electron and the final scattering states for
the ion and emitted electron are generated internally by the programs. The
binding energies of the K2+ states as a difference between the total energies
of the K ground state and the K2+ states in article I were also calculated
using the MCHF based code of Cowan [21].
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Experiment

4.1 Electron spectroscopy

Kai Siegbahn received a Nobel Prize in 1981 for his development of a spectro-
scopic technique called electron spectroscopy for chemical analysis (ESCA),
which is based on the utilization of the photoelectric effect [38]. This spectro-
scopic technique more generally known as photoelectron spectroscopy (PES) is
a method of investigating the electronic structure of the matter by measuring
the kinetic energies and intensity distributions of the electrons emitted from
the sample. Excitations or ionizations in the sample atoms (or molecules)
are induced by bombarding the target with electromagnetic radiation (or
other electrons). The photons as massless particles get fully absorbed in
the photoionization process and the kinetic energy of the emitted electrons
is given by Eq. 3.1. The bombardment with other electrons can be seen
as an elastic collision leading to energy sharing between the incident and
emitted electron. Information about the electronic structure of the sample is
obtained by analyzing the energy distribution of the emitted electrons. This
is based on the fact that the spectral lines found in the electron spectrum
correspond to the energy difference of states and so the binding energies can
be determined from the positions of the spectral lines. On the other hand,
the relative intensities of the spectral lines provide information about the
transition probabilities of the electrons. Of course, experimental information
alone is not able to completely reveal the behavior and the nature of the
electronic structure but more complementary information is obtained by
comparing experimental and theoretical results.

Experiments, where more than one particle from the same ionization event
are detected, are called coincidence measurements. For example, two electrons
are detected in the electron-electron-coincidence measurement. Similarly, the
coincidence of several electrons is known as multi-electron coincidence.
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4.2 Synchrotron radiation

Synchrotron radiation can be used as a tool to disturb the electronic structure
of the sample. Synchrotron radiation refers to electromagnetic radiation
emitted by accelerating particles moving at velocities near to the speed of
light. The generation of this radiation can be explained by an electromagnetic
theory according to which a charged particle undergoing accelerating motion
emits some of its kinetic energy as electromagnetic radiation. The wavelength
range of the synchrotron radiation is very wide ranging from far infrared
through visible light to the x-ray region [39–41].

The heart of the synchrotron radiation laboratory is its storage ring where
electrons (or positrons) accelerated close to the speed of light are stored.
During each orbit in a storage ring, the particles are accelerated so that they
receive energy to replenish the energy they emitted as a form of electromagnetic
radiation. The acceleration is done by the oscillating electric field of the radio
frequency cavity. This electric field is synchronized so that it accelerates slower
and decelerates faster electrons, collecting electrons into bunches circulating
in the storage ring. Thus, the particles can circulate at constant speed for
several hours without colliding to the ultra-high vacuum chamber walls. The
storage ring may be operated in multi- or single bunch modes, depending on
the amount of electron bunches circulating the ring [39–41].

The form of a storage ring is a polygon consisting of straight sections and
dipole bending magnets at the corners, which curve the path of the circulating
particles and provide a source for synchrotron radiation. Besides the bending
magnets there are also so-called magnetic line sources or insertion devices,
where electrons are forced into oscillating motion by periodic arrays of strong
magnets. There are two different types of insertion devices, wigglers and
undulators, in use and their radiation spectra differ from each other. In
wiggler, the magnetic field is strong, so the electron trajectory deviates a
lot, and the continuous radiation spectrum created by the wiggler has larger
photon energies and more flux than the radiation of the bending magnet. In
an undulator, there are periodic arrays of magnets as in the wiggler, but the
magnetic field is not as strong as in the wiggler. As a result, the electron
flight paths oscillate less. The radiation generated in the different phases
of the oscillation in the undulator interfere with each other, resulting in
interference seen as several sharp and intense peaks in the radiation spectrum.
By adjusting the distance between the magnets, the strength of the magnetic
field experienced by the electron can be altered providing a way to choose the
desired photon energy [39–41]. A schematic illustration of a working principle
of an undulator can be observed in figure 4.1.

In addition, the synchrotron laboratory requires an electron gun where the
electrons are created and a linear accelerator (LINAC) where the electrons
are rapidly accelerated before they are injected into the storage ring [39–41].
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Figure 4.1: A schematic illustration of the working principle of an undulator.
The static alternating magnetic field with a characteristic wavelength of λU
forces the electrons into an oscillating motion and high radial acceleration
resulting in sharp cones of electromagnetic radiation. Picture adapted from
[42] under CC BY-SA 3.0 license.

In some SR facilities (e.g SOLEIL in France), a separate booster ring is used
to further accelerate the electrons before their injection to the storage ring.
Injecting the electrons directly from LINAC to the storage ring is also possible
but requires a much longer LINAC increasing the overall size of the facility
(e.g. MAX IV in Sweden). A schematic illustration of a typical modern
synchrotron radiation facility is shown in figure 4.2.

Synchrotron radiation has a number of useful properties compared to
other radiation sources and therefore it is a popular research tool in physics,
chemistry, biology and materials engineering as well as in medicine. Useful
properties of synchrotron radiation include the collimation, the possibility of
using a relatively narrow wavelength range, i.e. monochromaticity, variable
photon energy, and the pulsed time structure of radiation, which allows the
study of time-dependent processes as well as multicoincidence studies. In
addition polarization of the radiation is well defined and can be selected in
many modern insertion devices, the cross-section area of the radiation beam
is small and the photon flux is high, which makes the synchrotron radiation
very bright [39–41].
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Figure 4.2: A schematic illustration of a typical modern synchrotron radiation
facility.

4.3 Experimental set-up

The radiation generated by the magnetic devices is guided through the beam-
lines to the end stations, where the sample and the experimental instruments
are located. In a typical synchrotron radiation based electron spectroscopy
set-up, the radiation from the synchrotron has to be focused, aligned and
monochromaticized. Soft X-rays are absorbed into the glass, which means
that conventional lenses cannot be used. In monochromatization, the energy
of the radiation used in the experiment is separated from the beam by a
monochromator. In the case of hard X-rays, monochromatization can be
performed by the means of X-ray diffraction from a crystal. If the radiation
is a soft X-ray or UV light, diffraction grating can be used for monochromati-
zation. The selected bandwidth of the energy is essential since in the primary
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interaction of photon and sample it is not possible to achieve more accurate
energy resolution in the measurement than the exciting radiation has. After
monochromatization, the radiation is focused on various mirror systems until
it is introduced into the sample chamber.

There must be a vacuum in the entire measuring equipment, otherwise
the propagation of the electrons would not be possible. In general, many
sample elements need to be evaporated at high enough temperatures in
order to investigate their properties in free atomic form. A resistively (or
inductively) heated oven is often used for this purpose. The electrons released
by the interaction of radiation and the sample are guided to the analyzer.
In the articles included in this thesis a magnetic bottle time-of-flight (TOF)
spectrometer and conventional hemispherical analyzers were used.

4.4 Electron energy analyzers

The measurement of the electron intensity distribution as a function of the
kinetic energy of the electrons is performed with an electron spectrometer.
The design of the electron spectrometer has two main objectives, one of
which is the highest possible energy resolution to separate close lying spectral
lines. On the other hand, the spectrometer should have the best possible
transmission, i.e. the ability to collect electrons as efficiently as possible in
the spectrometer. Typically, these objectives are contradictory - increasing
the transmission of the spectrometer reduces the energy resolution and vice
versa. In practice, spectrometers are compromises between these requirements
- of course, depending on the application for which the spectrometer is to be
used.

The electron spectrometers can be divided into different types according to
the operating principle of the spectrometer. Spatially dispersive electrostatic
spectrometers include, for example, hemispherical, cylinder and plate analyz-
ers. In these, the energy of the electron is determined by the electron impact
point at the detector. Another spectrometer type is the so called time-of-flight
(TOF) spectrometer where the energy of the electron is determined by the
electron flight time through the spectrometer.

4.4.1 Hemispherical electron energy analyzer

After the electron has been ejected from the sample its kinetic energy can
be measured, for example, with a hemispherical electron energy analyzer
which is illustrated in figure 4.3. In the first part of the analyzer electrons
pass through an array of electrostatic lenses, which focuses and accelerates or
decelerates the electrons with adjustable electric fields. The second part of
the hemispherical analyzer consists of two concentric conductive hemispheres.
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Figure 4.3: Schematic illustration of a typical hemispherical electron energy
analyzer.

The electric potential difference between the inner and outer halves creates
a static hemispherical symmetric electric field between them. This electric
field forces the energetically different electrons into individual radial flight
paths dispersing them spatially. Only electrons with a narrow kinetic energy
interval can pass through the hemisphere and by adjusting the potential
difference between the halves it is possible to select the desired electron
energy range [43]. After the analyzer, electrons travel to microchannel plates
(MCPs), which generate cascades of electrons for each initial electron. After
that, the amplified signal hits a position sensitive detector, for instance a
charge-coupled device (CCD) camera or a resistive anode plate. A part
of the measurements in article II were carried out with Scienta SES-200
hemispherical electron energy analyzer at the Advanced Light Source (ALS)
synchrotron radiation facility. Details of the experimental arrangement are
described in [44].
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4.4.2 Magnetic bottle time-of-flight electron spectrom-
eter

The time-of-flight spectrometer determines the kinetic energy of electrons
based on the electron flight time in a defined vacuum distance. Timing of the
electron flight can be started from the radiation pulse and it can be ended
when the electron is detected. A sufficiently discrete pulsed time structure
is therefore required from the radiation source as the electrons generated by
the first pulse have to be detected before the electrons generated by the next
radiation pulse reach the detector. It is possible to use electron guns and
synchrotron radiation sources in such a pulsed mode.

In an electron coincidence experiment, detected false coincidence events
may originate from electrons associated with different successive light pulses.
Because of the high repetition rate of electron storage rings even when operated
in single bunch mode, it may be beneficial to reduce the number of light
pulses received at the end station. This can be done with the mechanical
chopper, which is used to stretch the interval between successive light pulses
longer than the time-of-flight of zero kinetic energy electrons (a small electric
field can be applied to accelerate zero energy electrons to several tenth of
an eV). The mechanical chopper set-up described in [45] was used in the
multicoincidence experiments in the articles I – III.

MCP light detectorSample
vapour

Magnet

X, Y and Z

mo�on
Synchrotron

radia�on

Mumetal screen

Solenoid

MCP

electron

detector

Figure 4.4: Schematic illustration of a typical magnetic bottle experimental
set-up based on [46].

In a magnetic bottle type of TOF spectrometer, the magnetic fields are
used to both improve the spectrometers’ detection efficiency i.e. transmission
and to harmonize and extend the electron flight paths in the spectrometer.
A strong conical permanent magnet placed close to the interaction region
causes a strongly inhomogeneous magnetic field that acts as a magnetic
mirror, guiding nearly all of the emitted electrons into the flight tube. After
alignment of the flight paths, the longitudinal magnetic field caused by the
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solenoid around the flight tube directs the electrons to the detector along the
spiral flight path ensuring that all of the electrons can pass through the flight
tube all the way to the detector at the end of the tube.

Advantages of the magnetic bottle spectrometers over conventional hemi-
spherical energy analyzers include very high electron collection efficiency. This
combined with the time-of-flight type of measurements allows the coincidence
detection of multiple electrons originating from a single photoionization event.

The HERMES magnetic bottle set up (described in [46,47]) was used to
carry out the multicoincidence experiments in all the included articles [46–48].
A schematic illustration of the set-up is presented in figure 4.4.

4.5 Data handling

The background of the experimental spectra caused by the scattering, direct
double photoionization, secondary processes like Auger cascade (i.e. multiple
subsequent Auger transitions) and electronic noise is subtracted. Energy
calibration is done with the assistance of well known rare gas reference
transmission lines. The electron analyzer does not necessarily collect electrons
with the same efficiency at all kinetic energies and so the intensities may not
be comparable for different parts of the spectrum. Transmission calibration is
often based on comparing the intensity relation between the photoionization
line to the corresponding Auger electron line while altering the photon energy
as the Auger decay rate from the photoionized state stays constant.

The measured experimental spectra is fitted with Voigt line shapes which
are convolutions of the Gaussian and Lorentzian line shapes. The purpose
of the Gaussian distribution is to model the spectral broadening caused by
the experimental instruments and the Doppler broadening caused by the
thermal motion of the sample particles. The Lorentzian component is used as
a model for the life time of the metastable electronic states i. e. the natural
broadening of the measured spectrum. The energies of the spectral lines are
obtained as a position of the fitted lines and the areas correspond to the
relative intensities of the lines. The theoretical prediction can be made more
comparable with the experimental spectrum by setting line shapes for the
calculated intensity peaks that resemble the line shapes of the experimental
spectrum.

In the case of multi electron events (where two or more electrons originating
from the same process are detected) it is often convenient to present measured
data as a two dimensional electron density map. In these kind of coincidence
maps, the measured intensities are presented as a function of two variables.
For example, as a function of the kinetic energies of photoelectron and
the subsequent Auger electron. The conventional one dimensional electron
spectrum can be obtained as a projection along a chosen axis and processed
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in a similar way as any conventional one dimensional electron spectrum from
a non-coincident measurement. Unique in the multicoincidence spectrum is
that the population of the (final) ionized states are obtained by summing
up the intensities along the diagonal lines of the 2D map. This technique
can be used to reveal the populations of the states beyond natural lifetime
broadening observed in conventional one dimensional electron spectrum as
demonstrated for example in article IV. It is also possible to perform the
integration for only a chosen section of the map to achieve state selectivity as
seen for example in article III.

4.5.1 PCI phenomena

PCI (post collision interaction) is a phenomenon in which the photoelectron
emitted in the photoionization process and the electron emitted in the Auger
process interact with each other. This can happen when the kinetic energy
of the photoelectron is (significantly) smaller than the kinetic energy of the
Auger electron. In this case the faster Auger electron may bypass the slowly
advancing photoelectron which then shields the doubly charged ion. This
results in an exchange of energy between the electrons so that the faster
Auger electron gains kinetic energy and the photoelectron loses the same
amount of energy. This is seen several ways in the electron spectrum: the
positions of the spectral lines shift on the energy scale, the photoelectron
line spreads more to its lower kinetic energy side and the Auger electron line
spreads towards higher energy i.e. the symmetry of the spectrum lines breaks
down [49].
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Chapter 5

Summary of the included articles

5.1 Magnetic bottle spectrometer as a research
tool in the electronic structure

A magnetic bottle (MB) type of electron spectrometer is unique in its excep-
tional ability to detect almost all electrons emitted in a single photoionization
event. Thus MB is well suitable for multielectron coincidence technique stud-
ies. This allows selective observation of intermediate steps leading to multiply
ionized states and studying of processes with particularly low experimental
intensity such a direct double ionization processes. The included articles
demonstrate that with the aid of theoretical methods suitable for handling
many electron atoms, magnetic bottle is a powerful tool for studying electronic
structure and dynamics of atoms.

Article I

Article I provides information on the energy levels of multiply charged alkali
atoms. The energy levels of doubly, triply and quadruply charged potas-
sium and rubidium ions are directly measured by multielectron coincidence
spectroscopy using a MB spectrometer and assigned using theoretical calcula-
tions. In the case of K2+ ions, the methods provide more precise data than
presently contained for example in the NIST atomic spectral database [50].
In particular, previously unreported K2+ states are observed and assigned
using ab initio calculations based on both non-relativistic multiconfiguration
Hartree-Fock (MCHF) and relativistic (MCDF) schemes.

In figure 5.1 experimental results obtained for K2+ and Rb2+ ions are
compared. It is seen that the energy level structures of the doubly ionized
states are very similar at lower binding energies: doublet ns2np5 states are
followed by ns1np6 state and the remaining states at the higher binding
energy. This is apparent due to the similar electronic structure of K2+ and
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Figure 5.1: Histogram of the energy sum of two electrons detected in coinci-
dence for Rb (top) and K (bottom) displays the population of double ionized
K2+ and Rb2+ states. Vertical bars correspond to the energy levels as listed
in the NIST database. The peak ’A’ was missing in the NIST tables. The
analogue peak ’B’ in Rb corresponds to the 4s24p4(3p)4d 4D state in the
NIST database.

Rb2+. Unlike the structures, the larger spin-orbit splitting of the rubidium
spectrum can be clearly seen in the splitting of the ns2np5 states. Also there
are more energies in the NIST tables for Rb.

The state corresponding to the peak denoted with ’A’ in figure 5.1 located
at 56.83±0.03 eV was previously not reported to exist [50]. The analogue peak
in rubidium spectrum marked with ’B’ corresponds to the group of states with
the configuration 4s24p4(3P)4d4D (J = 1/2, 3/2, 5/2, 7/2). This suggested
that the peak with missing tabulation corresponded to the 3s23p4(3P)3d 4D
states in K.

To confirm the experimental findings the ab initio calculations shown
in figure 5.2 were carried out in order to get the predictions for energies
and identifications to these unknown K2+ states. The calculated values
were aligned to match to the experimental energy of the K2+3s13p6 2S state.
Red lines in figure 5.2 connect the predicted binding energy value to the
previously reported NIST binding energy value of the corresponding state.
Blue lines connect the corresponding theoretical values that are not found
in the reference tables and green lines connect the states that are identified
differently by the HF and MCDF calculations. It is seen that even if some of
the predicted states are missing in the NIST tabulations, reasonable agreement
is found between the experiment, NIST tables and theoretical predictions
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Figure 5.2: Experimental and calculated binding energies of K2+ states. The
K2+ spectrum measured at 100 eV photon energy is displayed by the red curve
on the left. The predicted binding energies obtained with HF (Cowan) and
MCDF (Grasp) schemes are compared with experimental binding energies
from the NIST database [50].

below 65 eV binding energy. The binding energy splittings are slightly better
predicted by the MCDF calculations. The HF scheme seems however to be
more consistent in providing more reliable ordering of the states compared to
the previous assignments. Both calculation schemes validated the presence of
the 3s23p4(3P)3d 4D states around 57 eV binding energy.

It is also seen in figure 5.2 that above 65 eV the differences of the theoret-
ically predicted and the tabulated binding energies are generally significantly
larger, which may indicate that some of these states are not correctly as-
signed. Also there should be a number of missing 3s23p44d states around
70− 75 eV binding energy, where some structures can be seen in experimental
spectra. This indicates that the state presently assigned as 3p4(3P)3d1 2D
would instead belong to the 3s23p44d (or 3s23p45s) configuration.
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Article II

Photoionization studies of the valence ns shells are reported for many other
alkali-metal atoms than potassium. No direct experiment of initially neutral
potassium atom was, to the best of our knowledge, found in the literature. One
objective of article II was to provide information about the binding energy,
lifetime and Auger decays of the K+ 3s−1(1,3S) states. The single configuration
approximation was found to be unable to predict the experimental findings.
The configuration interaction between the 2s14s and 3p43d14s1 configurations
was found to be essential in the predictions of the lifetime broadenings. The
major part of the study concerns the subsequent Auger decay process of the
3s−1 states which involves low energy (5 eV) Auger electrons. The coincidence
method, which is made possible by the magnetic bottle electron spectrometer,
is very important to allow the separation of the Auger transition lines as a
function of the K2+ final states. In noncoincident experiments these structures
would overlap, making the identification impossible.

Figure 5.3: Kinetic energy correlation of slow and fast electrons measured at
44.5 eV photon energy. The diagonal lines, in which the sum of the slow and
fast electron energies is constant, are associated with K2+ states.

In figure 5.3 the coincidence counts are presented as a function of the
fast electron energy (horizontal axis) and slow electron energy (vertical axis).
Diagonal structures in the 2D map present the K2+ final states. Direct
doubleionization is evidenced by the homogenous background intensity all
along the two diagonal lines. An intense Auger process occurs, following the
photoionization to the 3s−1 vacancy, releasing a ∼ 4 eV Auger electron.
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Figure 5.4: Energy sharing between the two electrons emitted upon formation
of the two K2+ 3p−14s−1 states: 2P3/2 in a) and 2P1/2 in b). Obtained
from figure 5.3 (measured at hν = 44.5 eV) as the intensities along the
corresponding diagonal lines.

The energy sharing between the photoelectron and the Auger electron is
given by the intensity along the diagonal lines in figure 5.3 and is reported in
figure 5.4. The MB coincidence technique enabled the separation of the K2+

final state: K2+ 3p−14s−1 2P3/2 in figure 5.4 (a) and K2+ 3p−14s−1 2P1/2 in
figure 5.4 (b). Photoelectron peaks appear at the same kinetic energies in the
two curves at around 3.7 eV, but Auger electrons are shifted, as determined by
the energy difference between the two K2+ final states. The 3s photoelectron
peak is seen to be double with a thin main peak associated to the K+ 3s−1 3S
state and a broader component corresponding to the K+ 3s−1 1S component.
The last part of the study was devoted to the PCI effect, which was probed
as an evolution of the Auger line shapes as a function of the excess energy.

The high resolution photoelectron spectrum presented in figure 5.5 was
measured at the Advanced Light Source (ALS) synchrotron radiation facility
with a Scienta SES-200 hemispherical analyzer in order to get more detailed
spectroscopic information from the K3s−1 states. Details on the experimental
arrangements can be found in Cubaynes et al. [44]. 100 eV photon energy
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was used in order to eliminate PCI effects. Fitting of the spectrum with two
Voigt profiles gave the experimental binding energies and natural linewidths
of the two 3s−1 components (97 meV for 3S and 287 meV for 1S).

Figure 5.5: K 3s−1 photoelectron spectrum measured at ALS with Scienta
SES-200 analyzer and 100 eV photon energy showing the two spin-orbit
components 3S and 1S.

As said earlier, it is observed that, similar to Rb [51] and Cs [52] cases,
the inner valence ionization in the ns shell leads to two states of very different
lifetimes as the 1S multiplet seems have almost three times shorter lifetime
than the 3S one. Partanen et al. [52] showed that the configuration interaction
between the 5s−1 and 5p−25d1 configurations was essential in predicting the
lifetime broadenings. In article I these results obtained for K 3s−1 case were
analyzed with the aid of multiconfiguration Dirac-Fock (MCDF) theory in
order to compare with the Rb and Cs cases and to get a better insight to this
phenomena.

Single configuration [Ar]4s1 was used for describing the potassium ground
state. Binding energies and lifetimes of the 3s−1 states were first calculated
by using non-relativistic configurations 3s13p64s1 and 3s13p63d1 as a basis
and the non-relativistic configurations 3s23p5, 3s23p4(3d, 4s, 5s)1 were used
as basis for the double ionized states. These calculations were found out to
give 5 eV too high binding energies for the 3s−1 states and the linewidth 443
meV for the 3S state and 80 meV for the 1S state, which deviate from the
experimental values of 97 meV for the 3S state and 287 meV for the 1S state.

In order to find a role of configuration interaction, MCDF calculation for
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the 3s−1 state was carried out using the configurations 3s13p6(3d, 4s, 4d, 5s)1,
3s23p4(3d, 4s, 4d, 5s)2, 3s23p43d4d, 3s23p43d1ns1 and 3s23p44d1ns1, n = 4−
5. The configuration interaction between the 3s13p64s1 and 3s23p43d14s1

configurations was found to be strong and essential in predicting the lifetime
broadenings as it interchanges the transition rates of the 3s−1 multiplet states
by remarkably increasing the broadening of the singlet state to 225 meV
and decreasing the broadening of the triplet state to 145 meV. However, the
3S line remains still too broad and 1S too narrow in comparison with the
experiment. Also the binding energies of the states are significantly improved,
but still they are more than 1 eV from the experimental values. This could
be explained with the size of the CSF basis but since already the fourth
configuration of the ASF expansion has the weight factor of only 1%, the
required enhancement would be really significant.

5.2 The role of the valence electron in an inner
shell Auger decay

The role of the valence electron in inner shell Auger decay was observed in
articles III and IV.

Article III

The core (4f) – valence (5d, 6s) double photoionization in atomic mercury was
studied using multielectron coincidence method and synchrotron radiation by
Huttula et al. [53] The Auger decay of these core (4f) – valence (5d, 6s) double
ionized states has been studied in article III. In this case, the multicoincidence
measurements carried out with the magnetic bottle electron spectrometer
allowed to obtain the complete image of multiple ionization and Auger decay
processes since the coincident detection of photoelectrons and following Auger
electron are resolved in energy.

The core valence double ionization process and its decay in atomic mercury
can be described as follows:

Hg + hν → Hg2+4f−1(5d, 6s)−1 + e−ph1 + e−ph2 (5.1)

→ Hg3+(5d, 6s)−3 + e−Auger (5.2)

In figure 5.6, the coincidence counts are presented as a function of the
Auger energy (horizontal axis) and of the sum of the photoelectron energies
Eph1+Eph2 (vertical axis). Diagonal structures in the 2D map present the Hg3+
final states. Projection on the horizontal axis provides the experimental double
ionization (DI) spectrum. The projection of the map on the Auger electron
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Figure 5.6: Energy correlations between three electrons detected in coincidence
upon triple ionization of Hg atoms with 175 eV photons. The sum of the
energies of the two photoelectrons is shown (vertical axis) as a function of
fast Auger electron energy (horizontal axis). The horizontal projection of
the two-dimensional coincidence map reveals the Hg2+4f−1(5d, 6s)−1 double
ionized states (red curve on the right).

kinetic energy axis provides the conventional Auger spectrum corresponding
to the decay of individual double ionized state structures.

In order to predict the transition energies and populations of the triply
ionized Auger final states, the Auger decay spectra of Hg2+ 4f−1(5d, 6s)−1

structures were calculated using multiconfiguration Dirac-Fock theory. The
results are shown together with the corresponding experimental spectra in
figure 5.7.

From the results of the calculations it can be seen that the general trend
observed in the experiment is well reproduced; DI states of higher binding
energy decay to Hg3+ state of higher binding energy. In general, similar to
the case of 4f 135d106s states, two 5d electrons are taking part in the decay
process, while 6s electrons stay in their original positions as spectators. And
although the prediction of the intensities of the direct double ionization is
problematic due to the challenging many particle problem, the decay of the
doubly ionized states were shown to be understood in good accuracy.
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Figure 5.7: Experimental (left) and predicted (right) Auger decay spectrum
of selected Hg2+4f−1(5d, 6s)−1 structures presented as a function of binding
energy of the Hg3+ states. The numbers refer to figure 5.6.

Article IV

In article IV the 2s photoionization and subsequent Auger decay of initially
neutral atomic potassium has been studied using synchrotron radiation and
magnetic bottle spectrometer and the experimental spectra were analyzed
with the aid of MCDF calculations that provided good agreement with the
experiment. As being one of the alkali metals, the electronic configuration
of potassium resembles the rare gas argon apart from an outer shell electron
[Ar]4s. The overall structure of Auger decay spectrum of the 2s hole states
seems to be very similar compared to the Ar case as the only difference seems
to be the minor additional structures caused by the spin orbit splitting.

In figure 5.8, the K2s electron-electron coincidence counts are presented as
a function of the fast electron energy (horizontal axis) and slow electron energy
(vertical axis) in coincidence with a third electron of 200-250 eV energy. The
red curve in figure 5.8 presents the K 2s photoelectron spectrum obtained as a
projection on the horizontal axis (fast kinetic electron energy axis). The total
kinetic energy of the electrons is Etot = E1 +E2 = hν−E(K2+) which is seen
as a diagonal structures in the 2D coincidence map. Each of these diagonal
structures correspond to populations of a certain K2+(2p−1v−1) core valence
state. K2+ populations shown in figure 5.10 are obtained as a summation
along the diagonal lines. Coincidence measurement allows also the selection
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Figure 5.8: Decay of 2s and 2s satellite to 2p−1v−1 state: E1 vs E2 when
detected in coincidence with a third electron of 200− 250 eV.

of the K2+ populations corresponding to 2s main and 2s satellite states.
The experimental 2s ionization spectrum shown in figure 5.9 displays a

wide strong peak at the binding energy of 385.3 eV and a weaker peak around
391.6 eV. The spectrum was fitted with the superposition of two Voigt profiles
with Gaussian linewidth of 1.2 eV, resulting in Lorentzian linewidths of 2.6
eV and 2.3 for the main and satellite lines, respectively. This is significantly
larger than the lifetime broadening of the Ar2s vacancy at 2.25 eV [54] due
to the presence of an additional 4s electron and increased number of Auger
decay channels in K. The singly ionized K2s−1 state was modelled with
MCDF method using a basis set including non-relativistic configurations
1s22s12p63s23p6ns1 (n = 4− 6) and 1s22s12p63s23p63d1. These calculations
yielded ionization energies of 386.37 eV and 386.63 eV for 2s−1(1S) and
(3S) states, respectively. So the calculated energy difference of the states is
∆E = 260 meV, and thus not resolved in the experiment.

The calculations resulted in 2.41 eV and 2.43 eV linewidths for the 2s−1(1S)
and (3S) states, respectively. Not all the possible decay channels were included
in the calculations but the absent channels were estimated to have only a
small contribution to the estimated linewidths. These theoretical predictions
indicate that the weaker structure at binding energy of 392.4 eV originates
from a transition from the ground state to 2s−15s satellite states as transition
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Figure 5.9: Experimental and theoretical spectrum corresponding to K2s
ionization. Theoretically modelled spectrum is shifted with 2 eV in order to
match the experimental spectrum.

to 2s−16s states is so weak that it could not be extracted from the background.

Figure 5.10 shows the natural lifetime broadening of the conventional 2s
Auger spectrum compared to populations of the K2+ states measured with
the coincidence technique. It is seen that the coincidence spectroscopy allows
to observe the populations of the K2+ states beyond the natural lifetime
broadening.

In table 5.1, the relative abundances of multiply charged Kn+ and Arn+
are presented. It can be seen that the dominant portion of the Ar 2s Auger
cascades end up populating the Ar3+ final states. In comparison, significantly
larger portion of K2s cascades end up in K4+ states due to the presence of
additional 4s electron.
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Figure 5.10: The K 2s Auger spectrum (blue) broadened by the natural
lifetime resolution and the populations of the K2+ obtained from electron-
electron coincidence measurement.

Auger transitions following 2s ionization

L1 - MM

In the valence Auger transitions, an electron from 3s or 3p valence shell
fills the 2s vacancy. The experimental spectrum together with the theoret-
ical predictions of the valence Auger decay of the K2s−1 states are shown
in figure 5.11. The non-relativistic configurations of (3s, 3p)6(4s, 3d, 5s)1,
(3s, 3p)53d1(4s, 5s)1, 3s23p5 and 3s13p6 were included in the calculations of
the valence final states. In order to simulate experimental results, the theo-
retical energies and intensities were convoluted with Voigt profile (red line).
It is seen from the figure 5.11 that the K2+ 3s-13p-1 configuration dominates
the spectrum but the 3p−14s−1 and 3s−14s−1 configurations are also clearly
visible in both experimental and theoretical spectra. The highly mixed state
consisting of 3s−13p43d14s1, 3s−23p64s1 and 3s−13p43d15s1 configurations
around 123 eV binding energy is also clearly visible. The involvement of the
3d orbital is a typical signature of the ”3d collapse” i.e. re-adaptation of the
orbital to the charge of the core electron configuration (2s−1). The state
3p53d14s1 present at the calculated spectrum is not distinguishable in the
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Table 5.1: Relative abundances of multiply charged Kn+ and Arn+ ions [54]
produced by de-excitation of the K 2s and Ar 2s holes. Values are given in
%.

Final ionic charge Auger K2s Auger Ar2s

+2 0.5 3
+3 56 89
+4 42 8
+5 1 0.3

Figure 5.11: L1 - MN and L1 - MM: K2s Auger spectrum associated with
decay to K2+ valence final states. Calculations (bars) are convoluted with a
Voigt profile (red line) to simulate experimental spectra.

experiment.

L1 – LM and L1 – LN

Non-relativistic configurations 2s22p53s13p6 (3d, 4s, 5s, 6s)1, 2s22p53s23p5

(3d, 4s, 5s, 6s)1, 2s22p53s23p43d1(4s, 5s, 6s)1, 2s22p53s23p44s1(5s, 6s)1 and 2s2

2p5 3s23p45s16s1 were used as a basis for modelling the K2p−1v−1 states. As
a first step, the calculations were carried out using these basis sets without the
5s and 6s orbitals. In the second step the 5s and 6s radial wave functions were
calculated upon these while keeping either one of the 5s or 6s and the wave
functions obtained in the first step of the calculation fixed. Experimental and
theoretical K2+2p−1v−1 core-valence states populated by the decay of the 2s
vacancy are shown in figure 5.12 (background was estimated and subtracted)
and contributions from 2s satellite lines are shown in figure 5.13 Very good
agreement between the experimental spectrum and the theoretical spectrum
was observed.
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Figure 5.12: L1 - LM: Experimental and calculated spectra corresponding to
the total contribution of the decay of K2s main states to final states with
2p−1v−1 configurations.

Both theoretical and experimental results show that decay from 2s−14s ini-
tial states populates mainly 2s22p53s23p54s1 and 2s22p53s13p64s1 final states
and the decay from 2s−15s initial states populate mainly 2s22p53s23p55s1

final states. The K2+ populated by either 2s−14s or 2s−15s Auger decay are
very similar as the outer electron stays as a spectator in the process. On the
other hand, compared to the Auger decay of K 3s−1 states populate mainly
3p−14s−1 states which is clearly different from what is seen in K 2s−1 case.
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Figure 5.13: L1 - LM: Experimental and calculated spectra corresponding to
the total contribution of the decay of K2s main states to final states with
2p−1v−1 configurations.
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Chapter 6

Conclusions

The fundamental research of the electron structure of metal atoms provides
vital information about material structures. The synchrotron radiation in-
duced electronic transitions such as photoionization and the subsequent Auger
decay were studied using multielectron coincidence spectroscopy as well as
conventional electron spectroscopy experiments. The focus of this thesis was
to use the relativistic MCDF method based atomic structure program together
with some nonrelativistic HF based calculations to aid the interpretation of
the experimental electron spectra and electron coincidence data.

The study of the decay of core valence doubly ionized states in atomic mer-
cury showed the efficiency of electron multicoincidence experiments as a tool
of studying the process involving many emitted electrons. The experiments
were compared with MCDF calculations which turned out to agree in a good
accuracy although the prediction of direct DPI intensities is problematic.

The lifetime widths of potassium atom 3s−1 (1S) and (3S) states were
obtained from conventional photoelectron spectra measured in a Scienta
hemispherical electron analyzer at Advanced light source (ALS). In this study,
the MCDF calculations were utilized to demonstrate that the observed longer
lifetime of the 3s−1 (3S) state originates from a strong electron correlation
effect and the influence of the unoccupied 3d orbital.

The 2s photoionization and subsequent Auger decay of vapor phase potas-
sium atoms were studied with multicoincidence technique. Obtained experi-
mental results were analyzed with the aid of the theoretical MCDF predictions
and compared with the decay of argon 2s vacancy. The experimental and
theoretical results were found to agree with a good accuracy.

The spectroscopy ofKn+ and Rbn+ ions with ionization degrees of n = 2−4
were performed by detecting all the emitted electrons in coincidence. The
comparison with previous study of Rb2+ and Ar+ as well as the comparison
with MCDF and HF energy level calculations allowed the assignment of the
previously unidentified K2+3s23p4 (3P ) 3d1 4D state.

Continuing the long tradition of fundamental atomic structure research
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Chapter 6. Conclusions

in Nano and molecular systems research unit (NANOMO), this work shows
how the multicoincidence electron spectroscopy combined with theoretical
simulations can be applied to gain new information about the electronic
structure and dynamics of certain metal atoms. The development of the
modern (synchrotron) radiation sources with higher brilliance and the better
time structure in addition to the improving energy resolution of the future
magnetic bottle electron energy analyzers hopefully provides a possibility
for faster multielectron coincidence experiments. For many-electron atoms
and ions, an accurate simulation of many electron processes, such as direct
DPI, still presents a challenge to the application of atomic theory. Despite
this, the development of new atomic structure programs [55] along with
the modernization of the existing ones [56] may be expected to allow more
accurate calculations as well as theoretical simulation of time dependent and
more complex processes.
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