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Abstract

In this thesis, the electronic structure of selected atoms was investigated
by means of electron and fluorescence spectroscopy. Synchrotron radiation
was used to excitate atoms in gas phase. In particular, the photoionization
and subsequent Auger decay processes in metal vapours were studied as well
as the resonant Auger decay in rare gases. The experimental results were
analyzed together with theoretical predictions obtained utilizing the multi-
configuration Dirac-Fock method.

Key words: Electron spectroscopy, photoionization, Auger decay, synchrotron
radiation, fluorescence spectroscopy.



11



Acknowledgments

This work has been carried out at the Department of Physical Sciences at
the University of Oulu. I would like to thank the Head of the Department,
Prof. Jukka Jokisaari, as well as the personnel of the Department for placing
the facilities at my disposal. I am very grateful to my supervisor Prof. Helena
Aksela and Prof. Seppo Aksela for not only providing the essential tools
required to perform the experiments and calculations in this work but also
for sharing their invaluable knowledge and enthusiasm for atomic physics.
Thank you for your guidance, support, and patience.

I also want to acknowledge docent Sami Heindsmaki for his patient guid-
ance. | am deeply indebted for the opportunity to work with docent Antti
Kivimaki. His guidance and support is gratefully acknowledged. I am very
thankful for all (especially senior and some former) members of the Electron
Spectroscopy group who have helped me with the small but crucial steps of
this work. Special thanks are dedicated to Leena with whom I have also
shared the ups and downs related to this work.

In addition, Dr. Lorenzo Avaldi, Dr. Kevin Prince, and the other mem-
bers of the Gas-Phase Beamline group are acknowledged for their hospitality
during my visit at ELETTRA. I am also very grateful to Prof. Edwin Kukk
and the group of Materials Science for hosting my stay for the past few years
at the University of Turku. I would also like to thank the National Graduate
School in Material Physics, the Vilho, Yrjo, and Kalle Vaisdla Foundation,
the Finnish Cultural Foundation, and the Faculty of Science at the University
of Oulu for the founding I have received.

Last, but certainly not least, my deepest gratitude belongs to my dear
family, relatives, and friends for being there for me. Especially, I would
like to acknowledge Aili for her contribution as well as my godsons Kasper
and Vincent who have brought so much joy to my life together with their
families. This thesis (as well as many other things) would not have been
possible without the enormous support I have received from my parents and
siblings over the years. I am also very lucky for being able to share my life
with a soul mate - thank you for finding me, Rami.

Oulu, February 2008 Anna Sankari

il



v

LIST OF ORIGINAL PAPERS

The present thesis contains an introductory part and the following papers
which will be referred to in the text by their Roman numbers.

L.

I1.

I1I.

IV.

A. Penttila, S. Heinasmaki, M. Harkoma, S. Fritzsche, R. Sankari,
S. Aksela, and H. Aksela, Effects of electron correlation on the decay

process following the 3p photoionization in atomic manganese, Physical
Review A 71, 022715 (2005).

A. Sankari, R. Sankari, S. Heindsméki, M. Huttula, S. Aksela, and
H. Aksela, 4d photoionization and subsequent Auger decay in atomic
FEu, submitted to Physical Review A.

A. Sankari, S. Alitalo, S. Fritzsche, J. Nikkinen, A. Kiviméki, S. Ak-
sela, and H. Aksela, Fxcitation-energy dependence of the resonant Auger
transitions to the 4p*(*D)np (n = 5,6) states across the 3d§/125p and
3dg/126p resonances in Kr, Physical Review A 76, 022702 (2007); Erra-
tum, Physical Review A 76, 069902(E) (2007).

A. Sankari, R. Sankari, S. Heinasmaki, S. Aksela, H. Aksela, A. Kivi-
maki, M. Coreno, M. de Simone, and K.C. Prince, Interference effects
in the decay of the 3d — 5p, 6p excitations of Kr studied with fluores-
cence spectroscopy, accepted for publication in Physical Review A.

A. Penttila, S. Heindsméki, R. Sankari, S. Aksela, and H. Aksela,
Resolution enhancement by deconvolution, Journal of Electron Spec-
troscopy and Related Phenomena 144-147, 979 (2005).

The author has participated in the measurements related to all papers
except Paper III and the multiconfiguration Dirac-Fock calculations for all
included papers excluding the direct photoionization amplitudes in Paper III
computed by S. Fritzsche. The Hartree-Fock calculations in Paper IV were
performed by R. Sankari. The author has also analyzed the experimental
data for all papers except Paper III and been the corresponding author in
all papers.



In addition, the author has participated in the following paper that is not
included in this thesis.

1. E. Kukk, R. Sankari, M. Huttula, A. Sankari, H. Aksela, and S. Ak-
sela, New electron-ion coincidence setup at MAX-II: fragmentation of
acetonitrile following N 1s core excitation, Journal of Electron Spec-
troscopy and Related Phenomena 155, 141 (2007).



vi



Contents

Abstract
Acknowledgments
List of original papers
Contents

1 Introduction

2 Electronic transitions

2.1 Atomicstate. . . . . . . ...
2.2 Photoabsorption . . . ... ... ... ... ...
2.3 Decay processes . . . . . . . ..

2.3.1 Radiativedecay . . . . . .. ... ...

2.3.2 Non-radiative Auger decay . . . . . . ... ... .. ..
2.4 Selectionrules . . . . . . ...
2.5 Angular distribution . . . ... ..o o000

Experiment

3.1 Synchrotron radiation . . . .. . ... ... ... ... .. ..

3.2 Endstations . . . . . ... ...
3.2.1 Hemispherical electron analyzer . . . . .. ... .. ..
3.2.2 Fluorescence spectrograph . . . . .. ... .. .. ...

3.3 Linewidth . . . . ... ... ... ... ... ... ...

Data analysis

4.1 Corrections . . . . . . . ...
4.1.1 Energy calibration . . . . . ... ... ... ... ...
4.1.2 Transmission correction . . . . . . . . ... ... ...
4.1.3 Detector efficiency . . . . .. ...
4.1.4 Variations in experimental conditions . . . . . . . . ..

4.2 Data processing . . . . . . . ...

4.3 Deconvolution . . . . . . .. ... Lo

vii

13
13
15
16
18
19



Viil

5 Calculations

5.1 Wave functions and energies . . . . . . ..
5.2 Transition probabilities . . . . . . . . . ..

5.2.1 Photon-atom interaction

5.2.2 Coulomb interaction . . .. .. ..

5.2.3 Resonant photoionization
6 Summary of the included papers
Bibliography

ORIGINAL PAPERS

CONTENTS



Chapter 1

Introduction

The fundamental purpose of physics is to understand and explain the ob-
served physical phenomena. Theories, laws, and principles have been formu-
lated to describe the behaviour of matter and its interactions. Even more
important than seeking regularities in observations is questioning the current
beliefs and suggesting alternative explanations. After centuries of critical ex-
aminations of physical theories we can no longer expect such a revolutionary
new idea as the concept of light quanta introduced by Planck in 1901 [1] that
began the era of modern physics and led to the development of quantum
mechanics.

The foundations of quantum mechanics such as the Schrodinger wave
equation [2] and Heisenberg uncertainty principle [3] were discovered as early
as in the 1920’s. Exact solution of the Schrodinger equation for a many-
electron system cannot be found and therefore many approximative numeri-
cal methods have been derived decades ago (e.g. [4]). However, these numeri-
cal methods require huge computational resources and progress in computing
power has enabled the application of the theoretical methods in practice bit
by bit.

The quality of theoretical predictions is always tested by comparing the
results with experimental data. The devices that are used to obtain exper-
imental results, such as the synchrotron radiation light sources used in this
work, are constantly under development and new, more precise measure-
ments are performed all the time which leads to a demand for more precise
theoretical predictions and new kinds of calculations.

In the present thesis, the experimental results obtained with electron and
fluorescence spectroscopy are compared with calculated predictions. The
calculations have been performed using pre-existing programs in order to
test their applicability and the quality of the obtained results. In Papers I-
I1, the photoelectron and normal Auger spectra of metal atoms (Mn and Eu)
have been measured with high resolution and the results have been compared
with the calculations. In Papers I1I-V, the resonant Auger decay of Kr and
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Ne has been investigated again together with the calculations. Before the
discussion of the included papers, the used concepts and both experimental
and theoretical methods are briefly introduced.



Chapter 2

Electronic transitions

The discovery of the electron in 1897 [5] revealed that atoms have an in-
ternal structure. Until then, atoms had been considered to be the smallest
building blocks of all matter. In fact, atoms are composed of a very small,
heavy, and positively-charged nucleus (containing protons and neutrons) sur-
rounded by a negatively-charged electron cloud. It is the electron cloud that
dictates most of the physical and chemical properties of the atom such as
its reactivity, electronegativity, the way it forms compounds and so forth.
Therefore, understanding the structure and dynamics of the electron cloud
is of fundamental importance and the motivation of this thesis.

2.1 Atomic state

Electrons do not revolve arbitrarily around the nucleus but are confined to
certain regions in space. Within the central-field approximation, the electron
states are specified by three quantum numbers n, [, and m; as depicted in
Fig. 2.1. In addition a fourth quantum number (my) is needed to determine
the state of an atomic electron explicitly. The principal quantum number n
(n=0,1,2,...) defines a shell and the orbital angular momentum quantum
number [ ([ =0,1,...,n — 1) divides the shell into subshells. Instead of the
orbital magnetic quantum number m; (m; = —I,...,l — 1,1) and the spin
magnetic quantum number m, (mg = £1/2), the total angular momentum
quantum number j (j = [ £+ 1/2) and its magnetic quantum number m;
(mj = —j,...,j — 1,7) is also used, in particular for heavy elements and
more generally for atomic inner shells.

In the ground state of a many-electron atom, the subshells are filled in a
way that minimizes the total energy of the atom starting from the smallest n
and [ values. Obeying the Pauli exclusion priciple [7] according to which no
two electrons can share the same set of quantum numbers, the occupation of
a subshell nl is limited to the number equal to 2(2/ 4 1). The occupation of
the subshells in an atom is often given in the form (nil;)? (naly)® . .. (ngly)%

3



4 CHAPTER 2. ELECTRONIC TRANSITIONS

1s 2 3p 4d
gt 1“7&;\”' &
e O ¢ $o0 @

m=z%1 m=+2

o N
‘C !'

m=0 =

Figure 2.1: Atomic orbitals (nl) for different combinations of n,l, and my
(modified from [6]).

(where [ is denoted as s, p, d, f, ... corresponding to values 0,1,2,3, ... and gy
gives the occupation of the subshell k) which is referred to as electron configu-
ration. For the ground state of Ne, the electron configuration is 1522522p% and
all the shells are said to be filled. In Mn ([Ar]3d°4s%) and Eu ([Xe]4f76s?), 3d
and 4f shells, respectively, are half-filled while all the other shells are filled
in the ground state.

The orbital angular momentum, 1, and the spin angular momentum, s, of
an electron in a many-electron atom are coupled together as well as with the
momenta of the other electrons in order to form the total angular momentum,
J, of the atom. In the LS-coupling scheme, the orbital and spin angular
momenta of electrons are coupled first separately

L:Zli S:ZSZ" (2.1)

where L and S are the total orbital and spin angular momenta of the atom.
These are then coupled together to give the total angular momentum

J=L+S. (2.2)

A particular atomic state described by the angular momenta L, S, and J is
often denoted by a shorthand notation

2541y (2.3)
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where numerical values are used for 25+1 and J, and L is replaced by an ap-
propriate capital letter (S, P, D, F, ... corresponding to values 0,1,2,3,...).
4

Due to historical reasons, the LS-symbols are still used even though in
relativistic calculations, such as those performed in all included papers, an-
other coupling scheme is used. In the jj-coupling scheme, the total angular
momentum of an electron is first obtained by coupling its 1 and s

j=1+s. (2.4)

The total angular momenta of the electrons are then coupled together in
order to determine the total angular momentum of the atom [§]

J= ZJ (2.5)

In case of completely filled subshells all of total angular momenta (L, S, and
J) are zero (only possible state is thus 1.S;) and therefore they are frequently
omitted in notations. Often many electron states are a mixture of different
LS-terms corresponding to the same total J value and naming the dominant
term is a nontrivial issue.

2.2 Photoabsorption

The fundamental physical phenomenon, on which the photoelectron spec-
troscopy is based on, is the photoelectric effect first observed by Hertz in
1887 [9] and explained by Einstein in 1905 [10]. As an atom is irradiated
with photons, a photon is absorbed and the energy of the photon (hv) is
transferred to an electron. If the energy exceeds the binding energy of the
electron (Epg), the electron is ejected from the atom with a kinetic energy
(Ek) equal to

EK = hv — EB- (26)

In electron spectroscopy, the kinetic energies of the ejected electrons are
analyzed which provides information about the photoionization process illus-
trated in Fig. 2.2(a). As a result, the atom X is ionized

hv+X — Xt +e” (2.7)

and a vacancy is created in the electron cloud. In Papers I-I1, the photoion-
ization process of metal vapours has been investigated.

If the energy of the photon is not enough to ionize an electron but equals
to the energy needed to excite the electron to a higher-lying, unoccupied
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hv

a) b)

Figure 2.2: a) Photoionization and b) photoexcitation processes.

orbital nl (i.e. hv = Ep,; — Ep), a photoexcitation occurs [see Fig. 2.2(b)]
and the atom is excited
hv+ X — X*. (2.8)

Measuring the absorption spectrum by recording either the total ion or elec-
tron yield as a function of photon energy provides information about the
structure of the electron cloud. In Fig. 2.3 the total ion yield spectrum of Kr
recorded in the energy region of 3d — np (n > 5) is shown. The spectrum is
closely related to Papers III-IV where excitations to 5p and 6p orbitals were
studied.

2.3 Decay processes

Absorption of a photon creates a vacancy in a subshell and the atom (or the
created ion) is usually left in an excited state. According to the principle
of minimum energy, the atom (or ion) will decay further until no vacancies
can be found in the inner subshells. There are two kinds of decay processes
which are often classified as radiative and non-radiative processes [12].

2.3.1 Radiative decay

The most familiar form of radiative decay processes is the visible UV-fluores-
cence radiation seen e.g. in auroras. It is a consequence of an electronic tran-
sition between the outer subshells e.g. 3s — 2p in Ne as shown in Fig. 2.4(a).
The energy of the emitted photon is equal to the energy difference of the
subshells, i.e. in this case

hy = E35 - Egp. (29)
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Figure 2.3: Total ion yield across the Kr 3d — np resonances [11].

In Paper IV, the visible fluorescence emitted in the transition 4p*5p —
4p*5s was investigated in Kr. If the initial vacancy is in the inner subshell, the
same process is called X-ray fluorescence according to the energy of emitted
photons [13].

Before electron spectroscopy, the electronic structure of atoms was inves-
tigated by means of optical spectroscopy. However, the fluorescence transi-
tions obtained from excited atoms limit the investigation to valence shells
and electron spectroscopy has substantially enlarged the data base of energy
levels. Nevertheless, the optical data tables [14] are still widely used and
they have served as useful references throughout this work.

2.3.2 Non-radiative Auger decay

In 1923, secondary electrons were observed after photoionization [15]. In
Auger decay, the created vacancy is filled by an electron from an upper
subshell and instead of a photon, one of the outer electrons is emitted [see
Fig. 2.4(b)]. The kinetic energy of this Auger electron (Fk) is obtained as
the difference of the many-electron hole states as

Ex = E(one-hole state) — E(two-hole state) (2.10)

and it depends only on the energy levels of the atom and not on the exciting
photon energy. As the binding energies of photoelectrons and the wave-
lengths of emitted fluorescence, also the kinetic energies of Auger electrons
are characteristic properties of atoms. Therefore, they are widely used e.g. in
chemical analysis [16].
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Figure 2.4: a) UV fluorescence emission due to the transition 3s — 2p, b)
normal Auger decay (1s™! — 2p2), ¢) spectator Auger decay (1s~'3p —
2p~23p), and d) shake-up in the course of transition 1s~'3p — 2p~24p.

The Auger transition following a photoionization [depicted in Fig. 2.4(b)]
is called a normal Auger decay. If the vacancy and the other electron involved
in the Auger decay are in the same shell, the process is called Coster-Kronig
decay. If all three involved electrons are from the same shell, as in the
3p~! — 3d~? transition in Mn studied in Paper I, the process is called super-
Coster-Kronig decay [17].

Three decades ago, in 1978, when synchrotron radiation provided the
possibility to tune photon energy, Eberhardt et al. [18] observed resonant
Auger lines for the first time. Resonant Auger decay follows a photoexcitation
and if the excited electron does not participate in the Auger decay that fills
the inner-shell vacancy, the process is known as spectator Auger decay [see
Fig. 2.4(c)|. If the excited electron is ejected during the decay, the process is
called participator Auger decay or autoionization [19].

During the spectator Auger decay, the excited electron can also ’shake
up’ (or down) to a higher (lower) unfilled orbital, which is illustrated in
Fig. 2.4(d). In Papers III-IV, the resonant Auger decay of Kr has been
studied by scanning the photon energy across the 3d — 5Hp, 6p resonances
where the shake-up transitions have been shown to have remarkable contri-
butions [20]. The resonant Auger spectrum following the 1s — 3p excitation
in Ne, which was under investigation in Paper V, also has a clear shake-up
contribution.
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2.4 Selection rules

The above discussion introduced the electronic transitions that have been
studied in the included papers. However, there are not just a multitude of
transitions that can occur in an atom. Some transitions are stronger than
others and some are hardly detectable. In a transition, the energy, angular
momenta, and parity [defined as IT = ( —1)Zili] of the system are conserved.
If one of the conservation laws is violated, the transition is forbidden i.e. it
is most improbable.

In a dipole transition, which applies to photoexcitation and fluorescence
emission, the initial and final states must have opposite parity (Al = +1)
and the angular momenta have to obey the following selection rules

AL = 0,£1 (but not from 0 to 0),
AS = 0, and (2.11)
AJ = 0,£1 (but not from 0 to 0).

In photoionization, the ejected electron (also referred to as a continuum
electron) is coupled together with the final ionic state and together they
satisfy the above conditions. [4]

Auger transitions are caused by the Coulomb interaction® between those
electrons that participate directly in the transition [21]. Thus in Auger decay,
the final state of the system, composed of the ion and the Auger electron,
has to satisfy the selection rules

AL=AS=AJ=0, II=II,. (2.12)

A shake-up excitation is a result of a sudden, instantaneous change in the
central potential of an atom which might occur e.g. in the course of Auger
decay. The electron is initially on a nl orbital and after the change finds itself
on another orbital (n'l) as the orbitals are readjusted to the new potential.
Shake-up is an example of a monopole transition, where only the principal
quantum number (n) changes [16].

2.5 Angular distribution

The experiments performed in all included papers have utilized linearly po-
larized synchrotron radiation and the following discussion is valid in case of
linearly polarized light only. The polarization vector of the radiation serves
as a reference plane and as a consequence of a photoionization (or excitation)
the ion (atom) will be aligned [22]. The angular momentum of the photon

!The Coulomb interaction is mediated by a scalar operator and thus the angular mo-
mentum quantum numbers are preserved in an Auger transition.
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is transferred to the electron and during the decay, it is shared between the
outgoing electron and the ion [23]. This leads to nonisotropic angular distri-
bution of the photoelectrons [24] as well as Auger electrons [25]. In dipole
approximation?, the angular distribution of the electrons obeys the following

relation I

Iy = 4:): [1+ BPy(cos )], (2.13)
where I is the intensity at an angle 6 with respect to the polarization vector,
I, is the total intensity, 3 is the angular distribution parameter, and Py(x)
is the second order Legendre polynomial [Py(z) = 3(32% — 1)].

The (8 parameter can vary between -1 and +2 and the angular distribution
of different ( values are demonstrated in Fig. 2.5. Photoionization of ns
electrons (in closed-shell atoms) leads to an angular distribution of g = 2
[24]. However, some electrons are still emitted to the direction § = 90° and
deviations from [ = 2 are seen e.g. in the 3 value of Xe 5s in the threshold

region [26].

90

270

Figure 2.5: Angular distribution with 3 values -1, 0, and 2.

In Auger decay, the alignment of the initial state is shared between the

2Dipole approximation will be discussed in Chapt. 5.
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ion and the Auger electron. The angular distribution parameter of the Auger
electron depends on the polarization state in the initial state (Agy) and
on a coefficient determined by the Auger decay amplitudes (as). In brief,
B = asAg [25]. In Papers III and V, the § parameters of resonant Auger
lines were determined from experimental spectra and compared with the cal-
culated values.

The emitted fluorescence has also an angular distribution which obeys an
equation similar to Eq. (2.13) if the fluorescence is detected regardless of the
polarization of the emitted light [27]. This was the case in the measurements
related to Paper V but the experimental settings did not allow measurements
at different angles. The information provided by the angular distribution of
the emitted fluorescence can also be obtained by studying the polarization
of the photons. This is widely used in the determination of the alignment of
excited states [28] but also angle-dependent fluorescence measurements have
been performed [29].



12

CHAPTER 2. ELECTRONIC TRANSITIONS



Chapter 3

Experiment

In all Papers I-V, the main role has been on the experimental results. The
calculations have been performed in order to explain the observed features
and to test the limitations of computations. Without experimental baseline
nothing can be said about the quality of theoretical results. In this chapter,
the most essential aspects of the experiments related to the present thesis
are discussed.

3.1 Synchrotron radiation

The fundamental basis of synchrotron radiation lies in the theory of elec-
tromagnetism according to which an accelerating charge produces electro-
magnetic radiation. Synchrotron radiation is generated when small, charged
particles (such as electrons or positrons) are forced to move along a curved
trajectory at relativistic speeds. Storage rings are special devices where elec-
trons circulate and produce radiation when accelerated transversely. The
storage rings include straight sections and curved sections as schematized in
Fig. 3.1. The curved sections are bending magnets that bend the trajectories
of the electrons and produce radiation as a by-product. [30]

Third-generation synchrotron facilities, such as MAX-II in Lund and
ELETTRA in Trieste, have many straight sections where specially optimized
insertion devices containing periodic magnetic structures produce very bright
radiation. Insertion devices are classified to wigglers and undulators depend-
ing on the amplitude of the oscillations the electrons experience as they
traverse the periodic magnetic field [see Fig. 3.2(a)] [31]. If the number of
the magnetic periods is N, the flux produced in a wiggler is 2N times that of
a bending magnet, whereas the flux from an undulator is N? times brighter
[32].

The radiation emitted by electrons moving at relativistic speeds is con-
centrated around a direction tangential to the electron trajectory. In an
undulator, relativistic effects lead to interference and a typical undulator

13
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Figure 3.1: Illustration of a storage ring used to produce synchrotron radia-
tion.

spectrum consists of several sharp peaks as shown in Fig. 3.2(b). In addition
to a highly collimated photon beam and high intensity, synchrotron radiation
is also highly polarized in the plane of the storage ring. This feature has been
utilized in the angle-dependent measurements in Papers III and V. Without
synchrotron radiation and the possibility to select any desired photon energy
the resonant Auger decay studies (such as those in Papers I1I-V) would not
have been feasible. Invaluable is also the high photon flux of third generation
synchrotron radiation sources which is needed in the measurement of high-
resolution electron spectra of metal vapours (Papers I-1T) where a photon
flux of at least 10 2= jg required in the interaction region [34].

Before entering the experimental chamber, the radiation produced in the
storage ring travels through a beamline. The optical elements (gratings,
mirrors, and slits) of the beamline diffract, reflect, and spatially select the
radiation. Due to optical properties of soft X-rays and vacuum ultra-violet
radiation (hv > 50 eV) grazing incidence monochromators have to be used.
Essentially all materials (including air) interact with the photons of these en-
ergies and therefore ultra high vacuum (UHV) is needed inside the beamlines.
Typically, the pressure inside a monochromator chamber is 1071 mbar. [32]
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Figure 3.2: a) Path of the electrons in an undulator and b) the undulator
spectrum at the beamline 1411 [33].

Experiments in Papers I-II1, and V have been performed at the beamline
1411 (MAX-IT) [33, 35] and the experimental part of Paper IV took place
at the Gas-Phase Beamline (ELETTRA) [36]. Both of these beamlines are
specially designed for gas phase measurements where the pressure in the
experimental chamber is in the range of 107°-107% mbar. To avoid undesired
pressure increase along the beamline, an additional differential pumping stage
is necessary [33].

3.2 End stations

The discussion above is only concerned with the production of photons
needed in the experiments. The actual measurements take place at the end
stations of the beamlines. The spectrometer located at the end station is fo-
cused at the source volume (or interaction region) which is a small region (<
1 mm x 1 mm) where the photon beam intersects the target atoms in a gas
cell or a qas jet produced by a gas needle or an oven. In the experiments of
Papers I-11, a resistively heated oven (and also an induction oven) was used
to produce an atom beam. In Papers III and V, a gas cell was used and in
Paper IV, a gas needle produced the gas jet. In all experiments, the gas jet
(if present), the photon beam and the focus of the spectrometer intersected
perpendicularly to one another.

The measurement of electrons in Papers [-1I1, and V has been performed
with a hemispherical electron analyzer, whereas a fluorescence spectrograph
was used in Paper IV. These instruments are briefly described in the follow-
ing.
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3.2.1 Hemispherical electron analyzer

To analyze the kinetic energies of electrons, an electric or magnetic field is
used in the energy dispersion. This is based on the Lorentz force according
to which a charged particle (such as an electron) with a charge ¢ moving with
a velocity v in an electric (E) and magnetic (B) field is subject to a force

F=¢E+vxB). (3.1)

The hemispherical analyzers SES-100 and SES-200 (manufactured by
Scienta) use a constant electric field between two concentric hemispherical
plates. The field is optimized so that only electrons with a specific energy
can reach the detector on the opposite side of the hemisphere. This energy
is called the pass energy of the spectrometer. The pass energy together with
the entrance slit determine the energy resolution of the analyzer: in princi-
ple, the smaller the pass energy and/or the smaller the slit, the better the
resolution.

However, a constant pass energy would be a major limitation of measure-
ments if no electron with a kinetic energy other than the pass energy could
be observed. For this reason, a retarding lens (a multi-element electrostatic
lens) is mounted in front of the entrance slit of the analyzer. The selection
of the kinetic energy of interest is made by decelerating (or accelerating) the
electrons in the retarding lens before they traverse the entrance slit with the
selected pass energy. [37]

Two kinds of experiments were performed in the present thesis. In Papers
I-11, and V, the photon energy was kept constant and the kinetic energy of the
electrons was scanned. In Paper III (as well as in Paper IV), a kinetic energy
(or wavelength) region of interest was kept fixed and the photon energy was
scanned. The latter type of experiment provides information about photon
energy-dependent changes in the spectra.

The acceptance angle of a hemispherical analyzer is relatively small (less
than +10°). As a consequence, the transmission of the analyzer is also low,
which is a disadvantage of these analyzers. On the other hand, the small
acceptance angle offers also a possibility to perform angle-dependent mea-
surements utilized in Papers III and V. As said before, the polarization
vector of the incoming radiation together with the wave vector determine a
reference plane which coincides with the plane of the storage ring. By rotat-
ing the analyzer with respect to this plane, measurements at different values
of # in Eq. (2.13) can be carried out.

Convenient choices of the angle 6 are 0°, 54.7°, and 90°, for which Eq. (2.13)
reduces to
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Itot 1

Measurement at two angles would be sufficient for the determination of the (3
parameter, but both in Papers III and V, the angle-dependent measurements
were performed at three angles. Especially, if 3 = 2 or f = —1, the use of
two angles 0° and 90° in the determination of the 3 parameter leads to
most uncertain results. For the experiments in Papers I-1I, the analyzer was
rotated to the so-called 'magic’ angle (54.7°) to avoid any distortion of the
intensities due to the angular dependence.
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2= ELECTRON LENS
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Figure 3.3: Hemispherical electron analyzer (1) mounted with a resistively
heated oven (3) accompanied by a cold trap (4) perpendicular to the direction
of the photon beam.

Figure 3.3 represents a schematic view of a hemispherical electron ana-
lyzer SES-100 used in the measurements of Papers I-II. The spectrometer
was mounted on the one-meter section of the beamline 1411 preceding the
stationary end station, which comprises of a similar but bigger hemispher-
ical analyzer (SES-200) [37]. The latter was used in the angle-dependent
measurements of Papers III and V.



18 CHAPTER 3. EXPERIMENT

3.2.2 Fluorescence spectrograph

The apparatus used in the experimental part of Paper IV is schematized
in Fig. 3.4. Unlike the electron analyzers, the UV-fluorescence spectrome-
ters are operated in air, which limits the observed wavelength region above
200 nm. The experimental chamber was separated from the fluorescence
monochromator by a quartz window. Opposite to the window a spherical
mirror that reflected the emitted fluorescence towards the monochromator
was mounted. After the quartz window, a lens focused the fluorescence into
the entrance slit, which determines the resolution of the spectrograph (and
restricts the transmission). A Czerny-Turner type monochromator (manufac-
tured by McPherson) was used and a nitrogen-cooled charge-coupled device
(CCD) camera (from Roper Scientific) registered the fluorescence spectra.
The fluorescence monochromator was in the plane of the polarization vector
of synchrotron radiation (i.e. § = 0) and therefore the obtained results in
Paper IV are angle-dependent.

CCD detector Gas Phase
Beamline

/

\ N “ SPher‘ical
\ / j /U @ mirror

Interaction
region

Mirrors

Czerny-Turner Grating Lens

monochromator
Gas needle

Figure 3.4: Schematic view of the fluorescence spectrograph used in Paper
IV.

Fluorescence spectrometry has experienced a renaissance during the past
two decades after it was first combined with the endless possibilities of syn-
chrotron radiation. This photon-induced fluorescence spectroscopy (PIFS)
offers a competent tool for investigating excited states that radiate [38, 39].
For instance, no other technique is capable of studying neutral but excited
fragments that cannot decay via autoionization (such as H*) created in a
molecular dissociation [40]. In addition to molecular dissociation investiga-
tions, many of the PIFS studies (see e.g. [41] for early works, and Paper IV
or [42] for recent studies) have been dedicated to investigating photon energy
dependence in rare gas atoms.
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The inherently high resolution of fluorescence spectroscopy is the major
advantage of the method in comparison with electron spectroscopy. The
major drawback of PIFS is related to the cascade contribution [39, 43]. The
intensity of the fluorescence depends only on the population of its initial state
but it is insensitive to the different routes populating it. Thus, if the fluores-
cence originating from a resonant Auger final state (populated nonradiatively
via direct photoionization or resonant Auger decay) is investigated, one has
to remember that radiative processes (cascade transitions from higher-lying
states) can also populate the same state. This complicates the study of a
specific decay process preceding the fluorescence decay as noted in Paper IV.

3.3 Line width

A spectral line observed in a fluorescence or electron spectrum is not in-
finitely narrow but has a width that is a result of different line broadening
mechanisms. The profile of the line depends on the profiles of the contribut-
ing broadening mechanisms. Usually, these are approximated by a Gaussian
or a Lorentzian distribution which are depicted in Fig. 3.5. Figure 3.5 also
shows a Voigt profile, which results from the convolution of a Lorentzian and
a Gaussian profile. [12]

A\
Gaussian [ | Lorentzian || Voigt /\

Figure 3.5: Gaussian, Lorentzian and Voigt profiles. Voigt profile has a equal
contribution from Gaussian and Lorentzian line profiles.

Lifetime width

The inherent lifetime width (I';) stems from the Heisenberg uncertainty prin-
ciple [3]. An inner-shell vacancy has a finite lifetime (7) which depends on
the transition rates to all possible final states. The lifetime width is inversely
proportional to the lifetime as

I >

RS,

(3.3)
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and the line profile is a Lorentzian.

Non-radiative decay is typically much faster than UV fluorescence decay !
and a longer lifetime of the fluorescence initial state is reflected as a narrower
broadening in a fluorescence spectrum. Photoelectron lines of a valence shell
(such as Xe 5p and Ne 2s photolines) have a negligible lifetime broadening
for the same reason since for these states the nonradiative decay is energeti-
cally forbidden. Therefore valence photolines are often used to evaluate the
contribution of other line broadening mechanisms as in Papers I-1I, and V.

Doppler broadening

Especially in experiments where a gas cell is used, the atoms move randomly
in the interaction region. The velocity of the atom relative to the analyzer
may shift the observed kinetic energy of the ejected electron and the result is
called Doppler broadening (I'p). The line profile is a Gaussian and the line
width (in meV) depends on the mass of the atom (m in amu), temperature
in the chamber (7 in K), and the kinetic energy of the electron (Ej;, in eV)
as [44]

Ty = 0.7215- | 2ol (3.4)

m

Doppler broadening can be diminished by minimizing the velocity com-
ponent of the atoms in the direction of the analyzer. In other words, a par-
allel atom beam directed perpendicular to the analyzer needs to be achieved
e.g. using a velocity selection [45].

Spectrometer broadening

In both electron and fluorescence analyzers the finite size of the entrance slit
is directly affecting the observed line width. The shape of the spectrometer
broadening (I'y,) is assumed to be a Gaussian.

Photon bandwidth

The contribution of the finite photon bandwidth (I';,) should not be forgot-
ten either even though it is present only in the photoelectron and resonant
Auger spectrum. The normal Auger and UV-fluorescence lines, whose en-
ergy does not depend on the excitation energy, are free from this contribution.
Photon bandwidth is determined by the monochromator exit slit and its line
profile is also a Gaussian.

In KrT, a nonradiative decay rate is in the pico or femtosecond range whereas fluo-
rescence decay varies between micro and nanoseconds.
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Total line width

As a result, the total line width of a photoline (I',) is a convolution (marked
with an asterisk) of all above-mentioned contributions

Dip =T, % Tpx Dy % Ty (3.5)

and Eq. (3.5) was used in Papers I-II, where the lifetime widths I'; were
extracted from the experimental total line widths.

Pressure (or collision) broadening caused by collisions of target atoms is
not included since it is not an issue with the limited pressures used in the
experiments, even though pressure-induced effects were checked in the study
of Paper IV. Eq. (3.5) applies also to Auger lines if the photon contribution
(the last term) is omitted and the lifetime width (I',) represents also the
lifetime of the Auger final state.

In case of resonant Auger lines, Eq. (3.5) applies if the photon bandwidth
is greater or equal to the lifetime width of the excited state (i.e. 'y, > T';).
If the photon bandwidth is substantially smaller, the resulting broadening
reflects only the photon bandwidth as observed first by Brown et al. [46] and
shown theoretically by Aberg and Howat [47]. This line sharpening is due to
the Auger resonant Raman effect and the total experimental broadening is
equal to

Liot = (07 - Thy) x Tp % Ty, (3.6)

Figure 3.6 shows how the product (instead of convolution) in Eq. (3.6) reduces
the lifetime width in the resonant Raman regime provided that 'y, < I', and
resonant Auger lines with subnatural line widths can be observed [48].

2.0 3.0

r}/T\ [\

/\ 1

hv

0.0 0.0

Figure 3.6: Product of the photon bandwidth and the lifetime broadening in
case I'; > I'y,.
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Chapter 4

Data analysis

In the course of the measurements, the experimental conditions change. The
photon flux decreases exponentially, the pressure in the chamber goes through
variations and the transmission of the analyzer alters for different photon or
electron energies. Before deriving any results from the experimental data,
the effects of possible error sources must be taken into account.

4.1 Corrections

Any instrument, whether it is a thermometer, a pressure gauge, an elec-
tron spectrometer, or a fluorescence spectrograph, has a finite accuracy. The
instruments are calibrated by their manufacturer but under different experi-
mental conditions a recalibration is often needed. Nonetheless, the obtained
readings are indicative.

4.1.1 Energy calibration

The wavelength scale of a fluorescence spectrograph as well as the kinetic
energy scale of an electron spectrometer needs to be calibrated if accurate
wavelengths or energies are wanted. The calibration is made using some
well-known lines measured during the experiment and thus under the same
experimental conditions. An additional wavelength calibration of the fluo-
rescence spectrograph in Paper IV was unnecessary since the investigated
lines themselves are well-known from optical data [14]. A comparison with
the known values and the spectrograph readings revealed that the latter ones
had shifted approximately 3 nm.

In Papers I-II, where the binding energies of Mn 3p and Eu 4d photolines
were determined, a careful energy calibration was essential. In case of Mn
(Paper I), the 3p photolines happen to lie close to the well-known Xe 4d
photolines [49] and the binding energy calibration was made by measuring
an electron spectrum containing both Mn 3p and Xe 4d photolines.

23
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For Eu 4d photolines, there are no suitable photolines nearby. Utilizing
the fact that the kinetic energy of photolines is a linear function of excitating
photon energy [cf. Eq. (2.6)] and the kinetic energy of Auger lines is always
the same, the unknown photolines can be shifted to overlap partially with
known Auger lines [e.g. Xe Ny50230.3 ' Auger lines [50]]. This way one
obtains the correct kinetic energies of the photolines but before applying
Eq. (2.6) the used photon energy also requires a calibration with a known
photoelectron line (such as Xe 4d used in Paper II).

When performing experiments requiring a resonant excitation such as
the resonant Auger studies in Papers III-V, the correct excitation energy
has to be found by measuring an absorption spectrum (in practice, a total
ion or electron yield, see Fig. 2.3). The energy of photons passing through
the monochromator exit slit shifts as the optical elements are warmed up
under the radiation exposure. Therefore, in the study of Paper V, the exact
position of the resonance was checked from time to time in order to measure
with a photon energy exactly on top of the Ne 1s — 3p resonance.

4.1.2 Transmission correction

In Papers I-11, electron spectra were measured over a range of several dozens
of eVs. This requires considerable changes in the voltages of the retarding
lens and produces variations in the transmission of the electron analyzer.
Typically, the transmission decreases as a function of the kinetic energy but
due to different experimental conditions, a transmission correction should be
made each time the experimental parameters have been modified, especially
if the relative intensities of the electron lines are to be compared with one
another or with calculated values. By observing the intensity ratio between
a photoline and the subsequent Auger lines at different photon energies the
transmission of the spectrometer can be deduced [51]. In Papers I-1I, the Xe
4d photolines were followed as a function of the photon energy and compared
with selected Xe Ny 5023053 Auger lines.

4.1.3 Detector efficiency

The detection of electrons in SES-100 and SES-200 analyzers is carried out
by scanning an electron peak across the detector and summing the intensity
from each channel together. Consequently, deficiencies in some channels do
not contribute to the final outcome.

However, the fluorescence spectrograph used in Paper IV utilizes so-called
fixed mode to record a wavelength interval A + A\ and in the course of the
data analysis few of the channels were found to give only a zero contribution.
In order to compensate efficiency changes, a strong fluorescence line was

I'Notation N4,502303 3 is equal to 4d—! — 5p~2.
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scanned across the CCD detector. The intensity of the line at different points
of the detector provided the variations in the efficiency after accounting for
the decreased photon flux during the measurements.

4.1.4 Variations in experimental conditions

During a measurement, the experimental conditions should be kept constant.
Any optimization required is made in advance to avoid sudden changes that
might alter the results. However, not all parameters can be kept constant
and one of these is the photon flux.

In Papers III-IV, the photon energy was scanned across the Kr 3d — np
(n = 5, 6) resonances. Tuning the photon energy has an influence on the
photon flux that has to be taken into account. Therefore, the reading of the
photodiode current, which measures the flux behind the interaction region,
was recorded and used in the data analysis to normalize the flux variations.

Another fluctuating parameter in gas phase experiments is the chamber
pressure. In normal conditions, the pressure is approximately constant over
time but it has to be monitored for unexpected changes that might endanger
the ultra-high vacuum of the monochromator.

4.2 Data processing

In order to extract information from an experimental spectra, the spectra is
fitted with analytical curves characterized by a peak position, an intensity,
a Lorentzian and a Gaussian line width component, and an asymmetry pa-
rameter. The sum of these curves constitutes an envelope and the goodness
of the fit can be evaluated by calculating the square of the differences be-
tween the data points (Y;) and the value of the envelope at that point (y;)
[i.e. (Y; —y;)?]. The optimal result is achieved by minimizing this quantity
as the peak positions, intensities, widths, and asymmetries are varied under
the restrictions given beforehand.

As aresult of this fitting procedure, the characteristics of the spectral lines
(energy, intensity, width components, and possible asymmetry) are obtained.
Comparing the intensity obtained from measurements at different angles, the
angular distribution parameter can be calculated according to Eq. (2.13) for
the ejected electron as well as for the emitted fluorescence. The normalization
of the spectra from different angles relative to each other usually requires that
one (or more) 3 parameter is known. In Paper V| the spectra were normalized
with the help of (!D)3p2D (8 = —0.99) and 2s photoline (3 ~ 2).

As described before, the total line width is composed of a Lorentzian and
a Gaussian line profile. The only Lorentzian contribution comes from the in-
herent lifetime width. By estimating the magnitude of the other broadenings
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in Eq. (3.5) (i.e. I'p, I'yp, and I'y,) the Lorentzian component of the total
width can be extracted by fixing the Gaussian component and running the
fitting procedure. This was applied in Papers I-II where the lifetime widths
of Mn 3p and Eu 4d photolines were obtained.

4.3 Deconvolution

In case of a line group that has large line widths and small energy separations
between the lines, the individual lines are smeared out, which complicates
the interpretation of the spectrum. Since the experimental conditions are the
same for each of the lines, the line broadenings resulted from the Doppler
effect, the spectrometer, and the photon band are also the same. By decon-
volving these contributions from the spectrum, the resolution enhances and
individual lines are better resolved.

Deconvolution is an inverse process of convolution. In practice, obtaining
a functional deconvolution program is not a trivial task due to experimental
background noise. If the noise is handled appropriately, the deconvoluted
spectrum might reveal features not observed before. Otherwise, the only
benefit of the procedure is visual.

In Paper V, the deconvolution program RECOVERY [52]| was tested. The
program is based on a maximum likelihood method, which provides the ulti-
mate resolution enhancement compared with any other non-parametric meth-
ods or with linear methods. The goal of the program is to determine the esti-
mate of the unknown function (i.e. signal) as accurately as possible from the
random function (i.e. the measured spectrum). In the computations of the
required convolutions, RECOVERY exploits a fast Fourier transform program.



Chapter 5

Calculations

The relativistic atomic structure calculations performed in all included papers
are based on the multiconfiguration Dirac-Fock (MCDF) method. These ab
initio calculations are derived from relativistic quantum mechanics without
reference to any empirical data. Consequently, while they provide a basis for
the interpretation of the experimental data, they also serve as a validity test
of quantum mechanics. Nowadays, even after decades of testing, quantum
mechanics is considered to be the best description we have for atoms.

5.1 Wave functions and energies

The MCDEF method originates from the time-independent Schrodinger equa-
tion [2]
HY = EV, (5.1)

where the state of the system (in this case an atom) is described by a wave
function ¥, H is the Hamiltonian operator for the system, and E the total
energy. For a system with N electrons, the Dirac-Coulomb Hamiltonian
utilized in the relativistic MCDF method is of the form (in atomic units)

Hpe = Yoleai) - B() + 00 + V)] + 3| ! R

where r; is the position vector of an electron ¢, ¢ is the velocity of light,
a(i) and ((7) are the Dirac matrices, and p(i) is the momentum operator.
The first sum includes the one-electron Dirac Hamiltonians in the spherical
potential energy V' (r;) and the latter sum represents the interactions amongst
the electrons. [53, 54]

In practice, the calculation of the Coulomb repulsion between the elec-
trons is first evaluated in the central-field approximation by an average
screening of the stationary nuclear charge and the solutions ¥ are found
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by variating the total energy (E = (¥|H|¥)) as long as a stationary solu-
tion is obtained [53]. Subsequently a more accurate estimate of Coulomb
interaction is obtained by configuration mixing.

Dirac orbitals, which are solutions of the one-electron Dirac equation [55],
are of the form

wnﬁm(r) — % Prm(r> Xn,m(67 Qb) (53)

iQrm(r) X*I{,m(97 ¢) ’

where m = m;, P,.(r) and Q,.(r) are radial functions, x, (¢, ¢) are spin-
orbit functions, and & is the relativistic quantum number [k = —2(j —1)(j +
3)]. Using these one-electron orbitals, antisymmetrical Slater determinants
are formed for an N electron atom as

1
V= Vol det [ (1)¢(2) - - - (N)]. (5.4)

These determinant functions could be used, but instead, coupled wave func-
tions, which are more concise, are used in calculations. [54]

In the relativistic atomic structure program GRASP92 [56], a configura-
tion state function (CSF) WO which is characterized by specific values
of I, J, and M}, is constructed from the one-electron orbitals in the jj-
coupling scheme. The jj-coupled wave function can be expanded to linear
combinations of uncoupled Slater determinants [57] if needed in numerical
computations of e.g. transition probabilities of radiative transitions.

An atomic state function (ASF) UA5F | describing an atomic state with
given J and II, is a linear combination of the CSFs

nc
YA =" w5, (5.5)

=1

where ¢; are mixing coefficients and n¢ is the number of CSFs included. If
more than one configuration is used in the formation of the CSFs the mix-
ing of these configurations via mixing coefficients ¢; is called configuration
interaction (CI). A calculation with only one configuration is referred to as
single-configuration (SC) approximation, whereas two or more configurations
make up a multiconfiguration (MC) calculation. Especially in Paper I the
effects of CI were studied by comparing the results of SC and MC calcula-
tions.

If the orbital wave functions are fixed, the solving of the ASFs and cor-
responding eigenenergies is reduced to a set of equations

(H — E;I)c; =0, (5.6)

for each state j. Above, ¢; is the j component of a vector with ne com-
ponents, I is a ng X ne unit matrix, and H is the Hamiltonian operator
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matrix. Orbitals and mixing coefficients can be optimized self-consistently
either separately, when it is called an average-level (AL) calculation (uses
an average energy of the configuration in orbital optimization) or together,
which is known as an (extended-)optimal level [(E)OL] calculation [uses the
energy of one (or more) specified ASF].

5.2 Transition probabilities

The wave functions and energies obtained from GRASP92 have been used
in Papers I-V to calculate transition probabilities and angular distribution
parameters. In the sudden approximation [58], the transition is considered
to be an abrupt change in the potential but the initial (¥;) and final states
(Uf) can be assumed to be well defined.
Calculation of any property related to a transition stems from the tran-
sition amplitude
T = (U|V]T), (5.7)

where the transition between the initial and final states is mediated by an
operator V. If an electron is emitted in the transition, the final state consists
of the continuum electron (/) and the final state of the atom (¢¢) i.e. [Uy) =
|95 €l).

The transition probability (or rate) P;s of a selected transition is propor-
tional to the square of the transition amplitude [59]

2T
Py = ?‘Tif‘Q- (5.8)

This is also known as Fermi’s golden rule.

5.2.1 Photon-atom interaction

In a direct photoionization, the photon-atom interaction leads to an emission
of an electron. The photon is described as an electromagnetic wave A o
é - exp(ik - r), with the characteristic polarization vector of the field (e),
wave number vector (k), and the position vector of the wave (r). In dipole
approximation, only the first term of the Taylor expansion

. 1
eZk'r:1+ik-r—§(k-r)2+--- (5.9)
is taken into account. This reduces the photon-atom interaction to Vp =

YiPi-A ox Y pi-€. The momentum of the electron can be expressed either
as r; (in the length form) or as —hV; ! (in the velocity form) [60]. The

In atomic units, A = 1.
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length and velocity forms of the transition amplitude are, however, exactly
equal for exact eigenfunctions of the many electron Hamiltonian only. In ap-
proximative calculations, the length and velocity forms are equal if relaxation
is neglected for one electron orbitals, calculated in local potentials.

In Papers I-II, the photoionization transition probabilities were approxi-
mated by a program called PHOTION? [61], which exploits the ASFs obtained
from GrASPI2 for the initial () and final ionic states (f)

U =" U (), U = g0 (). (5.10)
a B

By comparing the mixing coefficients (¢;, and cyg) and multiplying the coeffi-
cients with the same parent configuration together, the transition probability
is obtained by taking a square of the multiplied coefficients summed together
and multiplying the square with an angular momenta dependent weight fac-
tor A(J;, 7, Jr). In other words,

T;I;I = A(Ji,ju, Jf) ‘ Zaﬁ Caic,@f(SXaYg ? y (511)
where j, is the momentum of the ionized orbital, X, refers to the con-
figuration associated with the final ionic state and Yj to the same parent
configuration in the initial state [62]. This approximation does not provide
any information about the photoelectron but, in the light of the results in
Papers I-11, it is sufficient for providing a rough estimation. The results of
this program also indicate if the ASFs® are poor by giving a result far from
the one observed.

The resonant Auger final states 4p~2np in Kr studied in Papers III-IV are
also populated via direct photoionization. To study the interference between
different population mechanisms in Paper III the direct photoionization am-
plitudes were calculated using a new PHOTO component [63] of the RATIP
package [64]. PHOTO utilizes the nonorthogonality of separately optimized
orbitals in the initial and final states of the transition and gives the results
both in the length (also known as Babushkin) and in the velocity (also known
as Coulomb) gauges.

In Papers III-1V, photoabsorption (or excitation) probabilities were also
calculated using a program called RE0OS99 [65], which requires that the
ASFs are expanded to a determinant basis with its accompanying compo-
nent CESD99 [57].

5.2.2 Coulomb interaction

In Papers I-11, and V, the Auger decay has been treated as a simplified two-
step process in which the Auger decay from an ionized or excited state is

2Nowadays, the revised version of this program is known as IONIS.
3actually, the mixing coefficients of the ASFs
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considered to be a separate and independent event. In this approximation,
the transition probability is simply proportional to the square of the transi-
tion amplitude in Eq. (5.7) with the Coulomb interaction operator (V = V),
ie.
T = (4] X ), (512)
i<j !

In the frozen core approximation, all but the participating subshells are
assumed to be left unchanged during the transition nl, R nelngly Leala
and Eq. (5.12) is reduced to a two-electron matrix element that in turn can
be calculated with the help of Slater integrals as

<bA IM | =] cd; J/M’> Z/ / [P(1)Po(1) + Qu(1)Qe(1)]

X[Pa(2)Pis(2) + Qa(2)Qa(2)] kildrldrg, (5.13)

where P,;(r) and Q,;(r) are radial wave functions and the notation r. (rs)
is used for min(ry,7r5) [max(r, 7"2)] [34]

The Auger decay rates (o |T;}|*) in Papers I-IT have been computed by
utilizing a program called AUGER [66] which also provides the [ parameters
of Auger electrons if requested as in Paper V. The program can also print the
radial integrals, a feature which was utilized in Paper I. The SC calculation
predicted too pronounced super-Coster-Kronig decay rates whereas in the
MC approximation these decay rates were contracted. A closer inspection
of radial integrals revealed that this was due to a cancellation of amplitude
components with different signs.

If the calculated Auger decay spectrum is plotted as in Papers I-1I, the
Auger decay rates (PA) have to be multiplied with the photoionization prob-
abilities of the intermediate state j (PP Iy and devided by the total decay rate
(>, Pjy) ie.

P PP I
Z]
where N4 is the number of electrons [61].

The calculations performed with AUGER are limited to transitions in-
volving two-electrons only [cf. Eq. (5.13)]. This excludes the calculation of
shake-up (or down) transitions including three active electrons, which actu-
ally sometimes are dominating transitions in resonant Auger decay [20].

The probabilities of resonant Auger transitions including a shake process
nl — n'l' (n # n') can be evaluated in the strict spectator approximation
[67] according to which the interaction between the spectator electron and
core electrons is so weak that it can be ignored. Then the amplitude of a
transition ¢;nl — ¢n'l’ can be expressed in a simplified form [68]

(U |Ve|pml) = (n'U'|nl) (¢l Ve|ginl), (5.15)

(5.14)
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where ¢;(y) is the initial (final) state configuration without the excited elec-
tron and (n'l’|nl) represents the overlap integral of the orbitals n'l’ and nl.

As aresult, for a specific final state ¢ snylj, the transition amplitude from
an initial state ¢;nl can be expressed as

(il Velginl) = D (nili|n'U) (¢ n'U'|Ve|ginl), (5.16)

n/

where the summation includes the case n’l’ = nl as well and has a restriction
> (nili|n'l') = 1. The right side of the equation is non-zero also for cases
n'l" # nl if configuration interaction is included and it mixes the configura-
tions considerably. This was the case for Kr 4p*np (n > 5) states in Papers
III-1V.

5.2.3 Resonant photoionization

The two-step formalism has been considered to be adequate also in the de-
scription of resonant Auger decay provided that the photon energy is chosen
from the top of an isolated resonance [69]. In case of close-lying resonances
with large lifetime widths that overlap, the two-step approximation is no
longer valid and the interference between these two channels (i — Ry — f
and i — Ry — f) is observed [70].

The transition amplitude between the initial and final states ¥; and ¥,
when accounting for resonance channels via excited states Wpg is expressed
as [47]

Vs Ve [ Vr)(Vr|VD|V:)
hv — Eg +1g/2

where I'g and ER are the lifetime width and energy (relative to the initial
state) of the resonance R. The first term of the expression is the direct
photoionization mediated by a dipole operator (Vp), whereas the summation
represents the resonance contribution, which can be computed in the two-step
formalism. The photoexcitation amplitude (¥ |Vp|¥;) can be calculated us-
ing RE0S99 and the subsequent Auger amplitude (V |V | W) using AUGER.

On top of a resonance R only one term of Eq. (5.17) dominates and the
use of the two-step model is justified. However, if the direct contribution is
large, the interference between the direct and the resonant channel has to
be taken into account. In case of two overlapping resonances, as the 3d; /125p

T = (W |Vip|W;) +§Rj < (5.17)

and 3dg/126p resonances in Kr (see Fig. 2.3) investigated in Papers I1I-IV, the
interference between the resonance channels, which is also called coherence,
needs to be taken into account.

Interference can be seen as asymmetric line shapes, also known as Fano
profiles, of the intensity as a function of photon energy [71]. However, the in-
terference seen in the intensities is sometimes rather subtle since it is propor-
tional to the square of the transition amplitude. Instead, the  parameters
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are calculated from the transition amplitudes as a coherent sum and they
therefore contain more direct information about the phase differences of the
contributing channels (or partial waves), which are responsible for interfer-
ence effects [72]. Therefore, a complete experiment that provides the relative
amplitudes and their phases (and all the other information of the decay) re-
quires the determination of the [ parameter (and spin-polarization) of the
electron [73]. For Xe, a complete experiment has been performed by combin-
ing the data of § parameters and spin-polarization of the electron with the
alignment of the ion obtained from PIFS measurements in a resonant Auger
decay 4p;56p — 5p*6p [74].

In Papers III-IV, the interference was investigated at the Kr 3d — np
resonances with the MCDF calculations. The public RATIP package lacks
a code calculating the direct amplitudes, which had prevented this kind of
computations from us until then. Others had already performed interference
calculations earlier, Sorensen et al. in 1994 [75] and Lagutin et al. [76] more
recently.
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Chapter 6

Summary of the included
papers

The history of both electron and fluorescence spectroscopy can be divided
into two eras: the time before and the time after synchrotrons. The possibil-
ities of the era after synchrotrons have increased the number of experiments
in both of these fields and, most of all, they have enhanced the scope of acces-
sible problems. As said before, the high-resolution photoelectron studies of
metal vapours (Papers I-II) could not have been done without the high flux
of synchrotron radiation. On the other hand, it is the tunability and small
bandwidth of synchrotron radiation that has made resonant Auger studies
in the Raman regime (Papers I1I-V) possible.

The latter era also brought new challenges for theoreticians. A great many
new experimental observations were achieved with a better resolution that
required more accurate or completely new theoretical predictions. At the
same time, the computational power of computers has increased providing
the necessary tools for performing the required calculations.

This thesis consists of five original papers which all include an experimen-
tal part obtained using synchrotron radiation and a theoretical part with new
calculations. In the following, the motivation and the results of these papers
are briefly summarized.

Papers I-1I: Metal vapours

A decade ago, the third generation synchrotron light source MAX-II was
built. Soon after, the first measurements were performed at the beamline 1411
[33] and among them, some electron spectra of atomic Mn were measured.
One of the several photoelectron and Auger spectra contained both the 3p
photoelectron spectrum and the subsequent Auger spectrum that looked like
a mirror image of the photoelectron spectrum. This feature persuaded us to
perform new measurements concentrated on the 3p photoionization and its

35
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Auger decay.

There are several earlier studies of the Mn 3p photoelectron spectrum
which have been reviewed recently by Martins et al. [77]. One of these studies
[78] had already investigated the 3p photoelectron spectrum in detail together
with the calculations from the Cowan code [4]. The studies on the Auger
decay following the 3p photoionization are far more rare and they have been
measured with a rather moderate resolution. To demonstrate this, Fig. 6.1
shows the results obtained by Véyrynen and Aksela in 1981 [79] and the ones

published in Paper I.
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Figure 6.1: Auger spectra of Mn measured using electron bombardment (up-
per panel)[79] and synchrotron radiation (lower panel).

The data analysis revealed that the most prominent Auger lines (around
FEx =~ 25 — 28 eV) are slightly broader than the most prominent photolines
corresponding to the initial states of these Auger transitions. Our computa-
tions showed that this was indeed the case. The three lines in the Auger spec-
trum originated from transitions 3p°(2P)3d°4s*"P; — 3d*4s'®Dj (where
J=4,3,2and J' =9/2—1/2) and were composed of a group of final states



37

instead of one final state explaining the broader structure.

Followed by the success of our calculated Auger spectrum in MC approx-
imation, the Eu 4d photoionization and the subsequent Auger spectrum were
measured in order to perform a similar study. These measurements provided
us the same information as the ones of Mn: the experimental binding ener-
gies, intensity ratios, and lifetime widths of the most prominent photolines
with higher accuracy than earlier [78, 80].

However, the calculations for Eu became considerably more complicated.
Whereas the CSF basis for an extended calculation of a rare gas atom has
some dozens of states and the MC calculation for Mn performed in Paper I
consists of several hundreds of states, a SC calculation for some Auger final
states in Eu deals with thousands of states. Even though the most prominent
features of the 4d photoelectron spectrum of Eu were very well reproduced
by our rough photoionization approximation (as was the case also in Mn),
the desire to compare the calculated Auger spectra obtained from the SC
and MC approximations had to be buried.

In Mn (Paper I), the initial ionic state configuration interaction (IISCI)
was found to be in a major role in reproducing the Auger spectrum. In
the LS-coupling scheme, super-Coster-Kronig transitions from the 3p~! " P;
states to the 3d~? final states are completely forbidden. The jj-coupling
scheme does not propose such a restriction and in SC approximation, the
super-Coster-Kronig transitions were overestimated judging by the compar-
ison with experimental spectrum. In the MC approximation, the mixing of
the 3p°3d®4s?, 3p°3d®4s', and 3p°3d” configurations (IISCI) resulted in a re-
duction in the transition probabilities to the 3d~2 final states in accordance
with the observed spectrum. Thus, Auger decay was found to be a more sen-
sitive tool for investigating the computational details than photoionization.

Due to the restricted computational feasibility, only few of the Auger
transitions following the Eu 4d photoionization could be analyzed. However,
in the light of the obtained calculations, the most prominent features in
the Auger spectrum can be attributed to Coster-Kronig transitions to the
4f715p~1 and 4f7'5s7! final states (structures around Ex = 88 eV and
65 — 70 eV, respectively).

Paper III-I1V: Interference effects in Kr

Among the first experiments performed at the brand-new beamline 1411 were
also the angle-resolved measurements of the Kr 4p*(!D)np (n = 5, 6) states
across the overlapping 3d /125p and Sdg/126p resonances. This study aroused
from the earlier observations of the lifetime interference (or coherence) be-
tween these resonances in the intensities of these line groups [70]. However,
the obtained experimental results lacked a theoretical counterpart for several
years.
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In the meantime, PIFS measurements of the alignment parameters be-
came popular (see e.g. [81]) and the alignment of the resonant Auger final
states 4p5p was investigated a great deal [82]. The experiments were first
confined to specific energies at the top of the resonances and interpreted
with the help of the two-step calculations, which was also the evolution of
the Auger electron 3 parameter studies of the Kr 4p*5p states [83]. During
the past five years, the alignment studies have been extended to cover several
energies across the 3d — np (n = 5, 6) resonances and all the channels in
Eq. (5.17) have been included in the Pauli-Fock calculations [76, 84].

Published in 2007 [85], the photon energy-dependency of the 3 parameters
across the 2p — 3d, 4s resonances in Ar were calculated within the MCDF
theory. Soon after, similar calculations were also performed for Kr in order
to interpret the above-mentioned experimental results (Paper III) as well as
the new results from PIFS measurements performed in 2006 (Paper IV).
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Figure 6.2: Electron and fluorescence spectra of 4p*(* D)5p 2Ds 9, 2Py /2, and
2Djyo states.

As mentioned earlier, the § parameters of Auger electrons (as well as
the alignment parameters) are far more sensitive to interference effects than
intensities [72], which is evident from the results of Paper III. The experi-
mental 3 values show very pronounced variations especially for the 4p*(1D)6p
states as the photon energy is scanned across the 3d; /125p and Sdg/126p reso-
nances. Unfortunately, the PHOTO package was unable to predict any direct
contribution for states with J > 3/2, even though these lines have also been
observed outside the resonances as in the fluorescence spectra of Paper IV.
The lack of direct contribution was clear from the difference between the cal-
culated and measured behaviour of the # parameter for one line, where the
only contributing channels were via the 3d; /125p resonance and direct pho-

toionization. In contrast, for another line the 3d5/126p resonance channel had
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a major contribution as well and the correspondence between the experimen-
tal and calculated § parameter enhanced greatly when the shake transitions
were accounted for and the lack of the direct contribution was not so evident.

The experimental resolution in Paper I1I was less than 30 meV but it was
not sufficient for separating all the (4p*(*D)5p, 6p) states. For example, line 1
was a superposition of three final states (*Ds 2, P /2, and ?Dj5). Fascinated
by the outmost resolution of PIFS measurements, the fluorescence emitted
from these states was measured and even though the experimental resolution
was a compromise between the resolution and the transmission, these lines
were resolved easily. Figure 6.2 shows these lines measured with the electron
spectrometer (SES-200) and with the fluorescence spectrograph.

However, since the fluorescence measurements were performed in the
plane of the electric vector of incident photons, the results were angle-depen-
dent. In other words, the intensity varies as a function of the photon energy
due to the changes in the 3 parameter. Another reason which complicates the
interpretation of the intensity ratios is the cascade contribution from higher-
lying states. The transition scheme related to this problem is sketched in
Fig. 6.3.
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Figure 6.3: Transition scheme of the population and the subsequent decay
of the Kr 4p*5p states.

Due to the minor outcome from the experimental side in Paper IV, an
extended set of calculations was performed. Again, the initial state config-
uration interaction (ISCI) was found to be important. The inclusion of 7p
orbitals both in the initial and final states did not affect the composition of
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the final states much but changed the mixing coefficient of the initial states
considerably. Consequently, the Auger amplitudes were changed and a re-
versed interference in the intensity behaviour, in contrast with the earlier
calculations and the experimental results, was observed.

Paper V: Resolution enhancement

The resonant Auger decay following the 1s — 3p excitation in Ne has also
been the subject of several investigations [19, 86]. However, the photon en-
ergy needed to excite the 1s electron to the 3p subshell is about 867 eV
and with a 5 gm monochromator exit slit, the photon bandwidth is approx-
imately 200 meV at the beamline 1411. In addition, the Doppler broadening
for Ne with large kinetic energies (Ex > 800 eV) is greater than 80 meV.
Consequently, the observed resonant Auger lines are broad.

Beamline 27SU [87] at the synchrotron facility SPring-8 offers a possibility
to reduce the photon bandwith below 100 meV at hr = 867 eV. In such a
case, the Doppler contribution becomes an important factor in the total
width. To overcome this broadening, the Doppler-free measurements were
performed by restricting the motion of neon atoms [45]. Using a parallel
atom beam eliminates the Doppler broadening but decreases the intensity in
comparison with the gas cell measurements.
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Figure 6.4: Original (upper panel) and deconvolved (lower panel) resonant
Auger spectrum following the Ne 1s — 3p excitation.
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The resolution at the beamline 1411 could also be enhanced by using a
gas jet and restricting the photon bandwidth. However, obtaining sufficient
statistics with these settings would increase the recording time out of reason-
able range. Therefore, the resolution enhancement applied afterwards was a
tempting alternative.

Figure 6.4 shows the angle-independent resonant Auger spectrum after
1s — 3p excitation. The spectra measured with three different angles were
deconvoluted with different broadenings. To demonstrate the result of the
deconvolution, a deconvolved spectrum is shown in the lower panel of Fig. 6.4.
The 3 parameters were determined from the original and deconvolved spectra
to ensure no information loss occured in the deconvolution process. The /3
parameters were compared with calculated and previously published values
[86] which showed that the deconvolution is a practicable tool for resolution
enhancement.
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